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ABSTRACT: Recently, we reported that 3-amino-6-(3-aminopropyl)-5,6-dihydro-5,11-dioxo-11H-indeno[1,2-c]isoquinoline
(AM6-36), sharing structural similarity with naturally occurring isoquinolines, induced activities mediated by retinoid X receptor
(RXR) response element accompanied by antiproliferative effects on breast cancer cells. To further characterize the biologic
potential of AM6-36, we currently report studies conducted with HL-60 human leukemia cells. AM6-36 significantly inhibited
cellular proliferation in a dose- and time-dependent manner with an IC50 value of 86 nM. When evaluated at low test con-
centrations (≤0.25 μM), AM6-36 induced arrest in the G2/M phase of the cell cycle. At higher concentrations (1 and 2 μM), the
response shifted to apoptosis, which was consistent with the effect of AM6-36 on other apoptotic signatures including an increase
of apoptotic annexin V+ 7-AAD− cells, loss of mitochondrial membrane potential, induction of poly(ADP-ribose) polymerase
cleavage, and activation of several caspases. These apoptotic effects are potentially due to up-regulation of p38 MAPK and JNK
phosphorylation and down-regulation of c-Myc oncogene expression. Taken together, AM6-36 might serve as an effective
anticancer agent by inducing G2/M cell cycle arrest and apoptosis through the activation of MAPKs and inhibition of c-Myc.

I soquinolines are prevalent in nature and capable of mediat-
ing a variety of biological responses.1 For example, this class

of compounds includes anesthetics, antihypertension agents,
disinfectants, and vasodilators. Effects are also mediated that are
relevant for the prevention or treatment of cancer. Berberine,2,3

sanguinarine,4 dicentrine,5 and tetrandrine6 induce cell cycle
arrest or programmed cell death (apoptosis) via modulation of
cancer-related biomarkers such as COX-2, PGE2 receptor, p38
mitogen-activated protein kinase (p38 MAPK), stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/JNK), and
EGFR. Nitidine, sharing the isoquinoline backbone structure
with indenoisoquinolines, has been reported to inhibit top-
oisomerase I (top1).7 Indenoisoquinolines are well-known
inhibitors of top1,8 but various other activities are known, such
as induction of cell cycle arrest, overcoming multidrug
resistance, and enhancing the differentiation-inducing activity
of retinoids.9−11

Our research group has invested major effort and resources
in the structure-based design and synthesis of indenoisoquino-
line top I inhibitors, two of which (LMP400 and LMP776) are

in phase 1 clinical trials at the NCI.12 During these studies,
several indenoisoquinolines were subjected to an ongoing screen
designed to discover retinoid X receptor (RXR) agonists. Of a
total of 5000 substances tested, only one, our indeno-
isoquinoline 3-amino-6-(3-aminopropyl)-5,6-dihydro-5,11-dioxo-
11H-indeno[1,2-c]isoquinoline dihydrochloride (AM6-36; 1),
was found to induce the transactivation of the RXR response
element (RXRE) in a cell-line-based dual luciferase assay system.13

RXRE is one of the cis-acting hormone response elements
in the promoter region of target genes, which consists of two
repeated consensus hexamers (AGGTCA) separated by one
nucleotide, and can be transactivated by RXRs.14 Both naturally
occurring and chemically synthesized rexinoids, including 9-cis-
retinoic acid, AGN194204, CD3254, LG100268, LGD1069
(bexarotene), and SR11237, have shown promise in the
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prevention and treatment of cancer by inducing differentiation
and apoptosis.15 Notably, bexarotene is used for the treatment
of cutaneous T cell lymphoma, and promise has been demon-
strated for the treatment of acute myeloid leukemia.16

Leukemia is reported to be the most common mortal cancer
in males under the age of 40, and acute lymphocytic leukemia
is the most common cancer in children.17 Therefore, after dis-
covering the inductive transcriptional activity of AM6-36 on RXRE,
we further investigated the activity of AM6-36 on a leukemia cell
line, HL-60. We now report AM6-36 showed G2/M cell cycle
arrest and apoptosis in HL-60 cells, accompanied by cleavage of
poly(ADP-ribose) polymerase (PARP), cleavage and activation of
caspases-3, -7 and -9, and down-regulation of c-Myc. Upstream
signaling molecules were also investigated, and up-regulation in the
phosphorylation of p38 MAPK and SAPK/JNK was observed.

■ RESULTS AND DISCUSSION
The effect of AM6-36 on the proliferation of HL-60 human
acute leukemia cells was evaluated by the measurement of
MTT reduction activity. As shown in Figure 1, MTT reduction

activity of vehicle (DMSO 0.1%)-treated control cells increased
up to 7.42 ± 0.28-fold after 96 h of incubation in comparison
with the initial MTT reduction activity at the starting point of
compound treatment (0 h, fold change: 1). However, treat-
ment of HL-60 cells with AM6-36 in the concentration range
0.0625−1 μM decreased MTT reduction activity in a time- and
dose-dependent manner in comparison with vehicle-treated
control cells, with the half-maximal inhibitory concentration
(IC50) values of 0.80, 0.35, 0.15, and 0.086 μM at 24, 48, 72,

and 96 h of incubation, respectively. Notably, at concentra-
tions of 0.5 or 1.0 μM, cell density was lower than the starting
density. These data suggest AM6-36 might suppress cell prolif-
eration (cytostatic) of HL-60 cells at lower concentrations
(≤0.25 μM) and induce cell death (cytotoxic) as the concentra-
tion increases.
The deregulation of cell cycle machinery due to genetic

alteration of cell cycle-related proteins [e.g., cyclin-dependent
kinases (CDKs), cyclins, CDK inhibitors, and topoisomerases],
proto-oncogenes (e.g., c-Myc), and tumor suppressor genes
(e.g., p53) causes persistent and aberrant cell proliferation,
which is one of the hallmarks of cancer.18,19 Accordingly,
regulation of the cell cycle is one approach for cancer therapy.
Naturally occurring substances such as camptothecin20 and
paclitaxel21 halt the cell cycle by acting on top1 and the
mitotic spindle, respectively, and these compounds and
derivatives are used in the clinic to treat various types of
cancers. We performed further studies with AM6-36 to deter-
mine effects on the cell cycle distribution by measuring DNA
content (ploidy) using flow cytometry. As shown in Figure 2,
treatment with AM6-36 concentrations below 0.5 μM led to
cell accumulation in the G2/M phase (0.0625 μM, 22.0 ±
8.0%; 0.125 μM, 39.6 ± 12.2%; 0.25 μM, 45.0 ± 5.7%; 0.5 μM,
27.6 ± 13.8), up to a 31.8% increase compared to the distri-
bution of control cells (13.2 ± 2.8%). In addition, AM6-36
induced a gradual accumulation of cells in the sub-G0/G1
phase as the concentration increased (0.0625 μM, 4.6 ± 1.3;
0.125 μM, 6.0 ± 1.1; 0.25 μM, 6.1 ± 1.3; 0.5 μM, 11.1 ± 4.4; 1
μM 26.5 ± 8.1%) in comparison with control cells (2.8 ±
0.8%). Therefore, with HL-60 cells, AM6-36 exerted anti-
proliferative activity with G2/M cell cycle arrest at lower
concentrations (≤0.25 μM) and sub-G0/G1 arrest (i.e., apoptosis
or necrosis) at higher concentrations.
The increased sub-G0/G1 peak (Figure 2) may imply total

cell death, including apoptosis and necrosis. To determine if the
sub-G0/G1 peak was due to apoptosis and to measure the
apoptotic status of cells exposed to AM6-36, a quantitative
assessment of cell death was performed. One method to detect
cellular apoptosis is annexin V/7-AAD double staining, which
exploits one aspect of apoptosis, the translocation of
phosphatidyl serine (PS) from the inner to outer leaflet of
the plasma membrane and consequent loss of phospholipid
asymmetry.22,23 FITC-conjugated annexin V binds to PS
specifically located in the outer leaflet of plasma membrane
with high affinity, while 7-AAD stains the nucleus when cellular
plasma membrane integrity is disrupted. Cells stained with
annexin V-FITC without or with 7-AAD staining were
considered as early or late apoptotic cells, respectively.
Since AM6-36 induced the highest sub-G0/G1 peak when

treated at the concentration of 1 μM (Figure 2), HL-60 cells
were exposed to AM6-36 at 1 μM and a 2-fold higher
concentration, 2 μM. The cell population (Figure 3A) of the
control group was localized in the lower left area (92.44% of
total population), which presents viable cells without staining
by both annexin V and 7-AAD. However, treatment with AM6-
36 for 24 h induced early (1 μM, 34.19%; 2 μM, 51.56%) and
partially late apoptosis (1 μM, 5.21%; 2 μM, 6.27%) in
comparison with the control (Figure 3A).
Apoptosis occurs through two major streams including death

receptor-mediated extrinsic and mitochondria-mediated intrin-
sic pathways.24 A loss of mitochondrial transmembrane electric
potential (ΔΨM) has been considered as a critical mediator of
apoptosis.25 The most commonly used dyes for measuring

Figure 1. Effect of AM6-36 on the proliferation of HL-60 cells. Human
acute leukemia cells (HL-60) were seeded at a density of 2 × 104 cells
per well in 96-well cell culture plates. After 24 h of incubation, cells were
treated with AM6-36 in the concentration range from 0.0625 to 1 μM,
and the incubation was continued for 24, 48, 72, and 96 h. Each bar
presents a fold-change (mean ± SD) of OD at 540 nm in each group
divided by the OD at 540 nm of the time zero control group (n = 6 per
group). *p value less than 0.05 is considered statistically significant from
control group (white bars) at each incubation time.
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ΔΨM are carbocyanines and rhodamines.26 In this study, the
changes in ΔΨM by AM6-36 were assessed by staining cells
with cationic lipophilic carbocyanine fluorochrome DiOC6(3).

As shown in Figure 3B, the control peak is markedly shifted
from right to left when treated with AM6-36 (1 μM), which
indicated the fluorescent intensity from DiOC6(3) was

Figure 2. Effect of AM6-36 on the cell cycle distribution of HL-60 cells. Cells were treated with various concentrations of AM6-36 for 24 h and
stained with NIM-DAPI. The cell cycle distribution of each group was evaluated by DNA content using flow cytometry.
(A) Representative histograms of DNA content and (B) percent population in each phase of the cell cycle demonstrated as mean ± SD from
three independent experiments. *p value less than 0.05 is considered statistically significant from control group (white bars) at each phase.

Figure 3. Induction of apoptotic markers by AM6-36 in HL-60 cells. (A) Effect of AM6-36 on annexin V-FITC/7-AAD double staining: HL-60 cells
were treated with AM6-36 for 24 h. The whole cells were collected and then further incubated with annexin V-FITC and 7-AAD. After incubation,
cells were analyzed by flow cytometry within 30 min. Data are presented as biparametric dot plots showing fluorescence intensity of annexin-V FITC
(FL-1) versus 7-AAD (FL-3). Dots in each quadrant represent the cell population containing the information on the status of cell viability: viable
cells in the lower left quadrant (annexin V− 7-AAD−), early and late apoptotic cells in the lower and upper right quadrant (annexin V+ 7-AAD−, and
annexin V+ 7-AAD+), and necrotic cells in the upper left quadrant (annexin V− 7-AAD+). (B) Effect of AM6-36 on the mitochondrial membrane
potential: HL-60 cells were treated with AM6-36 (1 μM) for 24 h and incubated with 100 nM DiOC6(3) for 30 min at 37 °C. The data are
demonstrated as histograms of intensity of fluorescence in FL-1 using a flow cytometer. (C) Effect of AM6-36 on the cleavage of PARP: HL-60 cells
were treated with the indicated concentrations of AM6-36 for 24 h, and protein expression was assessed by Western blot analysis.
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decreased by treatment. Therefore, treatment of HL-60 cells at
the apoptotic concentration of AM6-36 resulted in the decrease
of ΔΨM. Mitochondria are central organelles of intrinsic apoptosis,
since intrinsic apoptosis is accompanied by an increase in
mitochondrial membrane permeability, a decrease in mitochon-
drial membrane potential, and a subsequent release of cytochrome
c. Accordingly, one of the effects of AM6-36 on the induction of
apoptosis in HL-60 cells is depolarization of mitochondrial
membrane potential.
Since the cleavage of PARP is one of the markers observed

during apoptosis,27 we also examined the protein state of PARP
using Western blot analysis. As shown in Figure 3C, PARP
mainly exists as a noncleaved, full length form (116 kDa) in
control cells, while cleaved PARP fragments (24 and 89 kDa)
were detected in cells treated with 1 or 2 μM AM6-36. Even
full-length PARP was nearly completely diminished by
treatment with 2 μM AM6-36. Cleaved PARP (89 kDa) was
confirmed using the cleaved form (Asp214)-specific antibody.
Since the state of the mitochondria is a crucial factor for the

activation of caspases,28 and PARP can be cleaved by caspases,29

we investigated the effect of AM6-36 on major caspases. At
least 14 types of caspases (cysteine-dependent aspartate-directed
proteases) are found in mammals. Some caspases, including caspase-
2, -8, -9, and -10 as initiators and caspase-3, -6, and -7 as effec-
tors, play crucial roles in apoptosis. In general, once initiator
caspases are activated, they propagate apoptosis signals to
downstream effector caspases by activating them through
proteolysis.30 Deregulated expression and activation of caspases
caused by genetic alterations, promoter methylation, alternative
splicing, and posttranslational modifications are commonly
found in various cancer types.31 As shown in Figure 4, only
caspase-3 proenzyme or zymogen, which is functionally inactive,
was detected in control (untreated) cells. However, AM6-36
induced the cleavage of caspase-3, which leads to the enzy-
matic activation of caspase-3. Likewise, the protein expression
level of cleaved caspase-7 was undetectable in control cells, but

increased expression levels were observed in AM6-36-treated
cells. Apoptotic cell death correlated well with activation of
the caspase cascade (caspase-3, -7, and -9) through cleavage
of pro-forms and, thus, formation of cleaved active forms of
corresponding active caspases with higher concentrations of
AM6-36 (1 or 2 μM). In addition, the enzymatic activities
of caspase-3, -7 and -9 were induced by the treatment of
AM6-36 up to 12.6 ± 1.4-fold and 7.8 ± 1.0-fold, respec-
tively, while caspase-8, which is involved in the extrinsic path-
way of apoptosis, was not affected by treatment (Figure 4).
This cascade was activated concomitantly with the apoptosis
responses observed with annexin V/7-AAD and mitochondrial
membrane potential (Figure 3).
Next, we examined the expression levels of other important

signaling molecules. As shown in Figure 5, treatment with
AM6-36 did not affect the total expression of each MAPK.
However, the phosphorylation levels of JNK and p38 MAPK
were enhanced. It has been reported that JNK and p38 can be
activated by reactive oxygen species (ROS), and the apoptotic
effects of compounds including fucoxanthin, CWJ-081, and
shikonin along with ROS generation have been published.32−34

Further investigations along these lines would be of interest.
c-Myc as an oncogene is overexpressed in HL-60 cells.35,36

As shown in Figure 5, c-Myc was completely down-regulated by
treatment with AM6-36, with significant effects observed as
early as 2 h. Since v-myc was identified as a viral oncogene in
1978,37 the cellular homologue of v-myc in humans (c-myc) has
been studied for diverse roles in homeostasis (under normal
conditions) as well as in tumorigenesis. A well-known function
of deregulated c-Myc in carcinogenesis is to up-regulate cell
cycle progression and metabolism.38 Also, it was reported that
c-Myc indirectly results in increased PARP activity and
resistance to DNA-damaging agents.39 Indeed, many cancer
cells, including HL-60, have been observed with overexpressed
c-Myc levels. Since Myc plays pivotal roles in the fate of cells,
the protein level of Myc is tightly regulated at the

Figure 4. Effects of AM6-36 on the expression of caspases. (A) HL-60 cells were treated for 24 h with various concentrations of AM6-36, and
protein expression was measured by Western blot analysis. (B) HL-60 cells were treated with serially diluted AM6-36 for 24 h and then incubated
with the substrates of caspase-3, -7, caspase-8, or caspase-9. The fold induction in comparison with vehicle (DMSO)-treated control is demonstrated
as a bar graph. *p value less than 0.05 is considered statistically significant from control group (white bars) at each time and caspase.
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transcriptional level by various upstream signaling pathways
including Wnt, Ras/Raf/MAPK, JAK/STAT, TGFβ, Notch,
Hedgehog, and NF-κB, as well as at the post-transcriptional
level by protein stabilization and degradation pathways.36 In
fact, there is a correlation between JNK and c-Myc: JNK is an
upstream regulator of c-Myc through the phosphorylation and
ubiquitination degradation of c-Myc.40 JNK knockdown results
in increased c-Myc expression, and JNK addition causes c-Myc
ubiquitination.41 Therefore, the increased phosphorylation of
JNK caused by treatment of cells with AM6-36 (Figure 5)
might result in the rapid degradation of c-Myc. Since the
protein expression of c-Myc was totally diminished within such
a short time (2 h) of AM6-36 treatment, AM6-36 might affect the
stability of c-Myc rather than the expression. It has been reported
that the phosphorylation of the Ser62 residue affects the
stabilization of Myc. This phosphorylation recruits the FBW7
ubiquitin E3 ligase that targets the protein for proteasomal
degradation by ubiquitinating Myc.42

In summary, as demonstrated previously, AM6-36 induced
RXRα transcriptional activity in a COS-1 cell-line-based reporter
gene assay and inhibited the growth of human breast cancer
cells.13 As currently described, we have examined the effect
of AM6-36 on HL-60 cell proliferation as well as cell cycle
distribution. Clearly, AM6-36 demonstrated potent inhibition
of cell proliferation via accumulation of cells in the subG0/G1 and
G2/M phases of the cell cycle. It is known that activation of
RXR-RXR homodimer barely affects the growth or differentia-
tion of HL-60 cells.43 Consequently, it is apparent that AM6-36
is capable of functioning by additional mechanisms, some of
which are described in this article, such as modulation of
MAPKs. Potential value for the treatment of leukemia could
reside in pleiotropic mechanisms and the induction of apoptosis.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Roswell Park Memorial

Institute (RPMI) 1640 medium, fetal bovine serum (FBS), 0.05%
trypsin-EDTA solution (1×), antibiotic−antimycotic solution (100×),
and 3,3′-dihexyloxacarbocyamine [DiOC6(3)] were purchased from
Invitrogen Co. (Carlsbad, CA, USA). DMSO and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Cell lysis
buffer (10×), LumiGLO chemiluminescent detection kit, anti-
caspase-3, anti-cleaved caspase-7, anti-poly(ADP-ribose) poly-

merase, anti-phospho (p)-p44/42 MAPK (ERK1/2) (Thr202/Tyr204),
anti-ERK1/2, anti-p-p38 MAPK (Thr180/Tyr182), anti-p38 MAPK,
anti-p-SAPK/JNK (Thr183/Tyr185), anti-SAPK/JNK, anti-c-Myc,
anti-GAPDH, and anti-β-actin antibodies were from Cell Signaling
Biotechnology (Danvers, MA, USA). Nuclear isolation medium−4′,6-
diamidino-2-phenylindole (NIM-DAPI) and annexin V-fluorescein
isothiocyanate (FITC)/7-aminoactinomycin D (7-AAD) kit was pur-
chased from Beckman Coulter, Inc. (Fullerton, CA, USA). Caspase-
Glo 3/7 assay, caspase-Glo 8 assay, and caspase-Glo 9 assay kits were
purchased from Promega (Madison, WI). Enhanced chemiluminescence
detection kit was purchased from Amersham Biosciences (Piscataway,
NJ, USA). AM6-36 was chemically synthesized as described in the
previous report.12

Cell Culture. The HL-60 human acute promyelocytic leukemia
cell line was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and was cultured in RPMI 1640
supplemented with 10% heat-inactivated FBS, 100 units/mL penicillin,
100 μg/mL streptomycin, and 250 ng/mL amphotericin B at 37 °C in
a humidified atmosphere with 5% CO2.

Evaluation of Proliferation Inhibitory Potential (MTT
Assay). Cell viability was estimated by measuring mitochondrial
dehydrogenase activity of cells according to the method of Mosmann.44

After cells were incubated with serially diluted AM6-36 for the indicated
time, MTT solution (final concentration: 500 μg/mL) was added to
each well and incubated for an additional 4 h. The media were removed
from cells, the remaining purple formazan crystal was dissolved in
100% DMSO, and the OD of each well was measured at 540 nm using
a microplate reader. The effect of AM6-36 on cell proliferation
was calculated as a percentage relative to vehicle-treated control
after the subtraction of time zero (the starting point of AM6-36
treatment), and the IC50 values were determined using TableCurve 2D
(version 4) curve-fitting software (Jandel Scientific, Corte Madera, CA,
USA).

Analysis of Cell Cycle Distribution of HL-60 Cells. Cell cycle
distribution was assessed by staining DNA content with NIM-DAPI
according to the manufacturer’s instructions. Briefly, after incubation
with AM6-36, cells were exposed to NIM-DAPI solution just before
the measurement using a Cell Lab Quanta SC (Beckman Coulter)
flow cytometer. The distribution of cells in each phase of the cell cycle
was calculated using ModFit LT 2.0 program (Verity Software House,
Topsham, ME, USA).

Analysis of Cell Death: Annexin V-FITC/7-AAD Double
Staining. Cells were treated with AM6-36 for 24 h and double-stained
with annexin V-FITC and 7-AAD according to the manufacturer’s
protocol. Stained cells were diluted with 400 μL of 1× binding buffer
and immediately analyzed by a Cell Lab Quanta SC flow cytometer
(Beckman Coulter, Inc., Fullerton, CA, USA). Data are presented as

Figure 5. Effect of AM6-36 on the expression of MAPKs and c-Myc. HL-60 cells were treated for the indicated times with 1 μM AM6-36, and
protein expression was measured by Western blot analysis.
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biparametric, quadrant dot plots showing fluorescence intensity of
annexin-V FITC (FL-1 on x-axis) versus 7-AAD (FL-3 on y-axis).
Measurement of the Activities of Caspase-3, -7, -8, and -9

Enzymes. The effect of AM6-36 on the caspase-3, -7, enzymatic
activities was examined according to the manufacturer’s protocol. After
treatment with AM6-36 in HL-60 cells cultured in a white 96-well
plate for 24, 48, and 72 h, 30 μL of substrate of each caspase was
added and further incubated for 3 h at room temperature. The
luminescence of each well was measured using a luminometer.
Measurement of the Mitochondrial Membrane Potential.

HL-60 cells were treated with vehicle (DMSO) or AM6-36 (1 μM) for
96 h. Cells were incubated with 100 nM DiOC6(3) for 30 min at
37 °C. Cells were washed and resuspended with PBS and immediately
analyzed using flow cytometry (FL-1).
Evaluation of the Protein Expression by Western Blot

Analysis. Cells exposed to various concentrations of AM6-36 and
9-cis-RA for 24 h were lysed, and protein concentrations were deter-
mined by the Bradford method.45 Total proteins (15 μg) in each cell
lysate were subjected to resolution on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), then electrotransferred
onto PVDF membranes. The membranes were incubated for 1 h at
room temperature with blocking buffer [5% skimmed milk in Tris-
buffered saline−0.1% Tween 20 (TBST)], then further incubated with
specific antibodies diluted in 3% skimmed milk in TBS overnight at 4 °C.
After washing with TBST three times, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h
at room temperature and visualized by a LumiGLO chemiluminescent
detection kit using a Geliance 1000 imager (Perkin-Elmer).
Statistical Analysis. Data were expressed as means ± standard

deviation (SD) for the indicated number of independently performed
experiments. Statistical significance between treated and control
groups was determined (assessed, calculated) by one-way analysis of
variance (ANOVA) using Microsoft Excel 2007 software (Microsoft
Corporation, Redmond, WA, USA). p values less than 0.05 (p < 0.05)
were considered statistically significant.
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