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(2E)-N,N-dibutyl-3-(4-hydroxy-3-methoxyphenyl)acrylamide
Induces Apoptosis and Cell Cycle Arrest in HL-60 Cells
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Abstract. Background: Ferulic acid is one of the most
ubiquitous phenolic compounds in nature, which has
antioxidant and anticancer activities. However, ferulic acid
derivatives, such as ferulamide have never been reported.
Materials and Methods: (2E)-N,N-dibutyl-3-(4-hydroxy-3-
methoxyphenyl)acrylamide (compound 8), a ferulamide
derivative was synthesized in our laboratory. In this study, HL-60
cells were treated with various concentrations of compound 8,
and its effects on cell growth, cell cycle, apoptosis and related
measurements were investigated. Results: Compound 8 inhibited
cell growth in a concentration- and time-dependent manner with
significant cytotoxicity, and the concentration required to inhibit
growth by 50% (ICsy) was 8.2 uM for 24 h. The cell cycle
analysis indicated that compound 8 treated cells were arrested
in the G,/M-phase and followed by apoptosis. Microscopic
examination showed that treatment with compound 8 displayed
typical morphological features of apoptotic cells, with cell
shrinking and formation of apoptotic bodies. Reverse
transcription-polymerase chain reaction (RT- PCR) analysis
showed a dramatic induction of CDK inhibitor p21, which
inhibited the expression of cyclin B, thereby resulting in G,/M
phase arrest. After G,/M-phase arrest, cells underwent apoptosis
via significant down-regulation of Bcl-2 expression. Conclusion:
These results enhance our understanding of the mechanisms of
action of compound 8-mediated anticancer effects.

Abbreviations: ATCC, American Type Culture Collection; HBSS,
Hank’s balanced salt solution; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; PBS, phosphate-buffered saline;
PI, propidium iodide.
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Leukemia is classified as myeloid or lymphoid, depending
on the cell line which is affected, and is also divided into
broad categories of acute or chronic phenotypes.
Approximately 33,440 new cases of leukemia are currently
diagnosed annually in the United States, of which 36
percent (an estimated 11,920 new cases) corresponds to
acute myelogenous leukemia (AML), the most common
type of leukemia in adults (1). Although mortality has
declined and 5-year survival rate has increased in certain
forms of this disease, it has been estimated that 22,570
Americans will have died in 2005 (1). Similar data for
leukemia have also been documented in Taiwanese
statistics. Leukemia is the eighth most common form of
malignancy in Taiwan, and is the leading cause of cancer
death among children (2). Incidentally, leukemia will be a
serious problem in human public health in all developed
countries in the future.

Clinical therapies for leukemia include radiation therapy,
chemotherapy (sometimes in combination with stem cell
transplantation) or immunotherapy. Chemotherapy is the
primary curative treatment modality used in the management
of leukemia. Chemoprevention, which refers to the
administration of synthetic or naturally occurring agents to
prevent initiation and promotional events associated with
carcinogenesis, is being increasingly appreciated as an
effective approach for the management of neoplasm (3-7).
Recent studies have demonstrated that there is currently a
great deal of interest in the health benefits of ferulic acid
(Table I), one of the most ubiquitous phenolic compounds in
nature, especially rich as an ester form in rice bran pitch (8).
Ferulic acid has antioxidant properties (8), and has shown
beneficial effects in diabetes (9, 10), cardiovascular disease
(11), cancer (12, 13), neuroprotection (14), bone
degeneration (15), menopause and immunity (16, 17).
However, making other compounds related to the ferulic acid
skeleton as potential anticancer agents is still an unexplored
field. Several ferulamide derivatives have been synthesized
and screened for their anticancer activities in human
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Table 1. Cytotoxic effects of compounds L and 1-9 in HL-60 cells.
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Ferulic acid (L, 1-9)

Compound R, R, ICs( (uM)
L H H 91.4
1 CH; H >100
2 (CH,),CHj H >100
3 (CH,);CH; H 49.8
4 (CH2)4CH3 H >100
5 CHj CHj >100
6 CH,CH,4 CH,CH,4 >100
7 (CH,),CH; (CH,),CH; >100
8 (CH,)3;CH3 (CH,)3;CH3 8.2
9 (CH,),CH, (CH,),CH, 474

Table II. PCR primers used in this study.

Primers Sequence

Cyclin B1 5-AAGGCGAAGATCAACATGGC-3
5-AGTCACCAATTTCTGGAGGG-3’

CDK1 S-TTTTCAGAGCTTTGGGCACT-3
5-AAATCCAAGCCATTTTCATCC-3’

p21 5-AGTGGACAGCGAGCAGCTGA-3’
5-TAGAATCTGTCATGCTGGTCTG-3

Bax 5-CATGAAGACAGGGGCCCTT-3
5-CATCTTCTTCCAGATGGT-3

Bcl-2 5-CGACTTCGCCGAGATGTCCAGCCAG-3’
5-ACTTGTGGCTCAGATAGGCACCCAG-3¥

B-actin 5-GCTCGTCGTCGACAACGGCTC-3

5’-CAAACATGATCTGGGTCATCTTCTC-3’

promyelocytic leukemia HL-60 cells in our laboratory.
Preliminary screening results indicated that (2E)-N, N-dibutyl-
3-(4-hydroxy-3-methoxy-phenyl)acrylamide (compound 8,
Table I) has a strong growth-inhibitory effect in HL-60 cells.
Furthermore, an attempt was made to explore the
mechanisms by which compound 8 mediated cancer cell
growth inhibition, through a detailed analysis of the effects
of compound 8 on cell cycle progression.

Materials and Methods

Test materials. Ten ferulamide derivatives have been synthesized in
our laboratory (18). These tested compounds were initially
dissolved in DMSO to a stock concentration of 100 mM, which was
then diluted to appropriate concentrations before each experiment.
The final concentration of DMSO in the culture medium was kept
below 0.1%. All chemicals were purchased from Sigma Chemical
Co. (St. Louis, MO, USA) unless otherwise specified.
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Figure 1. Compound 8 induced cytotoxic effect. Cells (1x105 cells/ml)
were treated with various concentrations of compound 8 for the indicated
periods. (A) HL-60 cells were treated with compound 8 (1-20 uM) for 9,
12 and 24 h. Cell growth effect was determined by MTT assay. (B) Human
normal leukocytes (PBMC cells) were treated with culture medium alone
or compound 8 (10 and 50 uM) for 24 h. The viability was analyzed by
flow cytometry. Each point is presented as mean*SD from three
independent experiments.

Cell culture. The human promyelocytic leukemia cells HL-60,
American Type Culture Collection (ATCC) were maintained in
RPMI-1640 medium, supplemented with 10% fetal bovine serum
(GIBCO/BRL), penicillin (100 U/mL)/streptomycin (100 pg/mL)
(GIBCO/BRL) and 1% L-glutamine (GIBCO/BRL), at 37°C in a
humidified atmosphere containing 5% CO,. Logarithmically
growing HL-60 cells were used for all experiments.

Cytotoxicity assay. HL-60 cells or human normal leukocytes (1x10°
cells/mL) were treated with tested compounds or culture medium
alone for the indicated periods. The cytotoxicity effect was assessed
using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay (19). Ten pL of MTT solution (5 mg/mL) was
added to 50 uL of cells suspension in Hank’s balanced salt solution
(HBSS) in a 96-well plate and incubated at 37°C in the dark for 2 h.
Treatment of living cells with MTT produced a dark blue formazan
product, whereas no such staining was observed in dead cells. The
formazan product was dissolved by adding 150 uLL. DMSO and then
the absorbance was measured on an ELISA reader at a best
wavelength of 570 nm.
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Control 3h 6h 9h 12h
Sub-G, 0.1+0.1 0.1+0.1 0.5+0.8 1.0+0.9 35+1.5"
G,/G, 358%138 34.6 +0.9 21120777 13.0+08""  146+06 "
S 55.7+1.2 55.8+0.9 63.8+0.7"  626+24"  455+0.6
G,/M 8.9+0.7 7.9+0.3 1484027 21.6+20™ 401037

Figure 2. Compound 8 induced G,/M arrest in HL-60 cells. Cells were treated with 10 uM compound 8 for 3, 6, 9 and 12 h. After treatment, the cell
cycle distribution was examined by flow cytometry. The data is presented as mean=SD from three independent experiments. **p<0.01; ***p<0.001;
compared with control.
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Figure 3. Compound 8 induced apoptosis in HL-60 cells. (A) Morphologically observed (x200). Cells were treated with 10 uM compound 8 for 12 h. (B)
DNA fragmentation analysis. After treatment with compound 8 for 3, 6, 9 and 12 h, DNA was isolated and separated on a 1.5% agarose gel.
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Figure 4. Effects of compound 8 on the expression of G,/M-associated
genes in HL-60 cells. (A) Cells were treated with 10 uM compound 8 for
2, 4, 8 and 12 h, then harvested and subjected to RT-PCR analysis. (B)
The panels show quantitation of gene expression levels, normalized to f3-
actin (fold induction). Data was presented as mean=SD from three
independent experiments. *p<0.05; ***p<0.001; compared with control
for the indicated periods. —/+: without/with compound 8.

Cell cycle distribution analysis. Cell cycle analysis by flow
cytometry was performed, as described in a previous report (19).
After treatment, the cells were collected, washed with cold
phosphate-buffered saline (PBS), and fixed with 70% ice-cold
ethanol at -20°C overnight. Then the cells were centrifuged and
suspended in a staining solution containing 1% Triton-X 100, 0.1
mg/mL RNase and 4 pg/mL propidium iodide (PI) for 30 min at
37°C in the dark and analyzed by fluorescence-activated cell
sorter flow cytometry (FACS-caliber, Becton Dickinson, San Jose,
CA, USA), and all histograms were analyzed by ModFit software.

DNA fragmentation analysis. HL-60 cells (5x105 cells/mL) were
treated with compound 8 or culture medium alone for DNA
fragmentation electrophoresis assay. The DNA was prepared using
the GNOME® DNA Isolation Kit (BIO 101, La Jolla, CA, USA)
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as described in a previous report (19). DNA electrophoresis was
performed in 1.5% agarose gel containing 0.5 ug/mL of eithidium
bromide at 70 Volt for 70 min and DNA fragments were visualized
by exposing the gel to UV light and were photographed.

RNA extraction and reverse transcription-polymerase chain reaction
(RT-PCR). HL-60 cells (5x105 cells/mL) were treated with
compound 8 or culture medium alone for RT- PCR analysis. Total
RNA was isolated from cells using RNeasy® Mini Kit (Qiagen) as
described previously (19). RNA yield and purity were assessed by
spectro-photometric analyses. Total RNA (5 pg) from each sample
was subjected to reverse transcription with dNTPs in a 12 uL total
reaction volume. PCR was performed on cDNA, using Tag
polymerase, dNTPs and the corresponding primers. Sequences for
the specific primers used in the PCR are summarized in Table II.
The resulting PCR products were analyzed by 1.5% agarose gel
containing 0.5 ug/mL of ethidium bromide.

Statistical evaluation. Values are expressed as the mean=SD of
three independent experiments. Student’s f-tests were used to
assess the statistical significance of the differences, with p-values
of less than 0.05 being considered statistically significant.

Results

Cytotoxicity assay. The cytotoxic effect of ten structurally
related ferulamide derivatives was initially investigated.
Exponentially growing cultures of HL-60 cells were
continuously cultured in the absence or presence of different
concentrations of these derivatives (L, 1-9). After 24 h of
treatment, the cytotoxicity was determined by MTT
reduction assay. As shown in Table I, compound 8 strongly
inhibited HL-60 cells growth. Exponentially growing HL-60
cells rapidly underwent growth inhibition with the addition
of various concentrations of compound 8, as evidenced by a
decrease of cell proliferation over the experimental periods
(Figure 1A). The concentration required to inhibit growth
by 50% (ICs) was approximately 8.2 uM for 24 h. Whether
or not compound 8 caused cytotoxic effects in normal human
leukocytes (PBMC) was also tested. PBMC cells treated with
high concentrations of compound 8 (10 and 50 uM) for 24 h
did not show any significant difference from controls (Figure
1B). These data suggest that compound 8 can selectively kill
leukemia HL-60 cells without significant cytotoxicity against
normal PBMC cells.

Induction of apoptosis after G,/M-phase arrest. To assess
whether compound 8-induced growth inhibition of the cells
is mediated via alterations in cell cycle regulation and
apoptosis, the effect of compound 8 on cell cycle distribution
and fragmentation of DNA was evaluated. As shown in
Figure 2, when HL-60 cells were treated with 10 uM
compound 8, the percentage of cells in the G-phase was
substantially lower as compared to control at all treatment
periods. The decrease in the G;-phase was reflected in a
slight increased S-phase population after 3-9 h of treatment
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and an apparently increased G,/M-phase population after
6-12 h of treatment, with approximately 40.1% of cells in
G,/M-phase at 12 h compared to 6.9% in the control.
Additionally, it was also found that HL-60 cells treated with
compound 8 displayed typical morphological features of
apoptotic cells, such as cell shrinking and formation of
apoptotic bodies (Figure 3A). DNA electrophoretic analysis
was performed to confirm the morphologic observations.
Compared with DNA from control cells, treatment with
compound 8 induced apoptosis, as shown by the formation
of distinct intenucleosomal DNA fragments. The intensity of
DNA ladder progressively increased in a time-dependent
manner. The DNA fragmentation was initially detectable
after 6 h of treatment (Figure 3B).

Regulation of cell cycle-related genes by compound 8. To gain
insights into the molecular mechanism of compound 8-
induced G,/M arrest, several important genes involved in
controlling G,/M-phase transition and checkpoint activation
were analyzed. Following exposure of compound 8 to 10
uM, the levels of cyclin B1, CDK1 and p21 were analyzed
over a 12-h period. As shown in Figure 4A and B,
compound 8 appeared to have a significant suppressing
effect on the level of cyclin Bl in a time-dependent manner,
and p21 expression was initially suppressed at 2-4 h and
then enhanced at 8-12 h. However, there was no significant
change in other gene expressions.

Down-regulation of Bcl-2 gene level by compound 8. Some
evidence has demonstrated that the Bcl-2 family is located
in the mitochondrial outer-membrane and the Bax/Bcl-2
ratio plays an important role in either inhibition or
promotion of apoptosis (20, 21). To clarify whether the
expression of these cell death-associated molecules is
involved in compound 8-mediated apoptosis, the levels of
Bcl-2 and Bax were examined. Results from RT-PCR
analysis demonstrated that exposure of HL-60 cells to
compound 8 caused a marked decrease in Bcl-2 gene
expression, but did not apparently affect the gene expression
of Bax (Figure 5A). Thus, exposure to compound 8 had a
greatly enhancing effect on the Bax/Bcl-2 ratio (Figure 5B).

Discussion

In recent years, naturally occurring antioxidant
compounds present in the diet and beverages consumed
by humans have gained considerable attention as cancer
chemo-preventive agents. Ferulic acid, especially rich as
an ester form in rice bran pitch, is a potent antioxidant
with multiple pharmacological actions. In this study,
ferulamide L was selected as a new lead skeleton to
synthesize some structurally related derivatives (1-9) and

their anticancer activities in HL-60 cells was screened. As
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Figure 5. Effects of compound 8 on the expression of apoptosis-associated
genes in HL-60 cells. (A) Cells were treated with 10 uM compound 8 for
2, 4 and 12 h, then harvested and subjected to RT-PCR analysis. (B)
Analysis of Bax/ Bcl-2 ratio. Data was presented as mean=SD from three
independent experiments. **p<0.01; ***p<0.001; compared with control
for the indicated periods. —/+: without/with compound 8.

shown in Table I, the ICy value for the lead compound
(L) was 91.4 uM. When the NH,-group of L was replaced
by n-alkylamino monosubstituted (-NHR) (1-4) or
n-alkylamino disubstituted (-NRR) (5-9), only compound
8 expressed significant cytotoxicity against HL-60 cells
(IC59=8.2 uM). Beside human leukemia HL-60 cells,
whether or not compound 8 had cytotoxicity against
human normal leukocytes (PBMC) was also tested. Its
ICs( in PBMC was more than 50 uM compared to 8.2 uM
in HL-60 cells. The data suggest that compound 8 is a
promising anticancer agent candidate with selective killing
effect on leukemia cells.

To examine the possible mode of action of compound
8, the involvement and mechanism of cell cycle regulation
and apoptosis during cell growth inhibition by compound
8 in HL-60 cells was further investigated. Compound 8
treatment of HL-60 cells resulted in significant: (a) cell
growth inhibition, (b) G,/M-phase cell cycle arrest, and
(c) apoptosis in a time-dependent manner. These are
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important observations because the regulation of cell
cycle and apoptotic machinery are important for the
growth and development of cancer cells, and in recent
years, cell cycle regulation and apoptosis have been being
increasingly appreciated as targets for intervention against
cancer (22-26).

Several structurally related phenolic compounds have
been shown to induce the cell cycle arrest and apoptosis of
cancer cells, but mechanisms appeared to vary. These
compounds have been demonstrated to arrest cells at G-
or G,/M-phases, depending on different cell type (13, 27-
29). In this study, the data indicated that compound 8, a
ferulamide derivative, significantly induced HL-60 cells
arrest in the G,/M-phase. Cyclin Bl and CDKI1 are
intricately involved in the progression of the cell cycle
through the G,/M-phase transition (30, 31) Compared to -
actin (internal control), compound 8 decreased the mRNA
expression level of cyclin Bl in a time-dependent manner,
which correlated with the cell cycle arresting process.
Compound 8 also significantly increased the mRNA
expression level of p21 at 8-12 h (Figure 4A, 4B). Similar
findings, described by other authors, have also indicated
that decrease of cyclin B1 with the induction of p21 could
cause an arrest in the G,/M-phase of the cell cycle (32, 33).
p21 is also known to be up-regulated by the tumor
suppressor gene p53, and both of these are integrated in Gy
and G, arrest machinery in response to DNA damage (34,
35). The results of this study suggest that the mechanism of
action through which compound 8 up-regulates p21
expression is through a p53-independent pathway because
HL-60 cells are deficient in functional p53.

Mitochondrial homeostasis plays a pivotal role in
regulating apoptosis. Many reports have demonstrated that
Bax and Bcl-2 are located in the mitochondrial outer-
membrane and that the Bax/Bcl-2 ratio regulated the release
of mitochondrial cytochrome C to cytosol (20, 21). These
observations clearly indicate that compound 8-induced
apoptosis is via a mitochondrial-mediated activation pathway.

In conclusion, a clear picture of the molecular ordering
of compound 8-induced events has emerged. It was
apparent that down-regulation of cyclin B1 and up-
regulation of p21 caused arrest of the cell cycle at G,/M-
phase transition. After G,/M-phase arrest, compound 8
treated cells underwent apoptosis by down-regulation of
Bcl-2 as the major cause. Compound 8 is an attractive
anticancer agent candidate. These molecular findings may
provide important information for ferulamides, which could,
therefore, be considered as novel chemotherapeutic agents.
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