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Introduction

The development of agents that induce differentiation
and/or apoptosis isa promising avenue for the treatment of
human acute myeloid leukemiaHL-60 cells. Epidemiologic
studies offer evidence that a high garlic consumption re-
duces the risk of colorectal and stomach cancers”. These
observations are supported by in vivo experiments carried
out in rodents, concluding that garlic extract or garlic pow-
der intake reduces chemically-induced carcinogenesisin dif-
ferent organs (the skin and the mammary gland)®*. Diallyl
disulfide (DADS) isa naturally occurring organosul fur com-
pound derived from crushed garlic, which is the predomi-
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Abstract

Aim: Toexaminethedifferentiation induction and growth inhibition of HL-60 cells
by diallyl disulfide (DADS), and its relationship with the alterations of histone
acetylation and p21"** expression in vitro and invivo. M ethods: Differentiation
was studied by nitrobluetetrazolium (NBT) reduction of HL-60 cdl in vitro. HL-60
cells 5x10° were injected into the right side of the peritoneal cavity of severe
combined immunodeficiency (SCID) mice. When the peritoneal neoplasmswere
detected, the SCID mice wererandomly divided into 3 groups and received an ip
injection of vehicle alone (NS), DADS or sodium butyrate (SB). The growth
inhibition of peritoneal neoplasms induced by DADS was observed by a growth
curve. Thecycledigribution of HL-60 cellsin SCID mice was monitored by flow
cytometry. The expression of acetylated histone H3, H4 and p21"AF* were mea-
sured by Wegtern blot. Results: After treatment with DADS for 0—72 h, the NBT
reduction ability of HL-60 cellsincreased in a time-dependent manner, compared
with no trestment of HL-60 cdlls. IntheHL-60 cdlstreated with DADSfor 24 h, the
expression of acetylated histone H3, H4, and p21"*™ increased obviously. After
treatment with DADS, tumor growth was markedly suppressed. HL-60 cellsfrom
micetreated with DADS were blocked in the G, phase, from 25.4%1t0 63.4%. The
tumors from the mice treated with DADS showed an increase of acetylated his-
tone H3, H4, and p21"*. Conclusion: DADS could induce differentiation and
inhibit the growth of HL-60 cellsthrough increasing the expression of acetylated
histone H3, H4, and p21"AF* in vitro and in vivo.

nant lipid-soluble sulfidein essential garlic oil'®. Some stud-
ies have shown that the antiproliferative activity of DADSis
believed to be dueto its ability to induce differentiation and/
or gpoptosisandto arrest cdlsin the GG, or G/M phasd®in
A549 human lung cancer, T24 human bladder cancer, bread,
colon cancer cdls, etc’®*!, DADS-induced apopto-sisin
human leukemiaHL-60 cdllsistriggered by thegeneration of
hydrogen peroxide, activation of caspase-3, degradation of
poly(ADP-ribose) polymerase (PARP), and fragmentation of
DNA™. In addition to the antiproliferative activity in cell
culture and tumor xenograft models, DADS is highly effec-
tive for the prevention of chemically-induced cancersin ani-
mal models. Wattenberg et al werethe first to demonstrate
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that N-nitrosodiethylamine-induced neoplasia of the fore-
stomach in female A/J mice was inhibited by 90% upon po
DADS administration prior to the carcinogen challenge™.
The intragastric intubation of DADS also prevented colon
and renal neoplasiain the multi-organ carcinogenesis model
inmale F344 rats™.

The acetylation of histones appears to be an important
mechanism for theregulation of genetranscriptiont*?4, The
acetylation of specific lysine residues, which occurs within
the N-terminal domain of core histones, is one of the mecha-
nismsinvolvedin themodification of the chromatin structure,
and isgenerally correlated with transcriptional gene activity.
Histone acetylase (HAT) and deacetyl ase (HDAC) are emerg-
ing asimportant components of protein complexesthat af-
fect the dynamics of chromatin folding during gene
transcription. Innormal cells, histone acetylation levelsare
thought to result from an equilibrium between competing
HAT and HDAC®?, Histone acetylation is often associ-
ated with activated transcription, and deacetylation corre-
lates with transcriptional silencing. Recently, some studies
have shown that DADS antiproliferation is related to the
increase of histone acetylation. DADS antiproliferative ef-
fectsin human colon tumor cell lines HT-29 and Caco-21%2,
and in DS19 mouse erythroleukemic cell$* ,were associ-
ated with atransient increase of histone acetylation; more-
over, DADS could inhibit nuclear HDAC activity. We previ-
ously reported that DADS could significantly inhibit the
growth of MGC803 cdllsin vitro and in vivo, by activating
p38 MAPK pathways to induce G2/M arrest of cells?>%],
DADS had a significant antiproliferative effect and could
alsoinducedifferentiation in leukemiaHL-60 cellS? ), The
objective of the present work was to establish whether
DADS suppresses proliferation and induces differentiation
of HL-60 cells through increasing histone acetylation and
the expression of p21"A"in vitro and in vivo.

Materials and methods

Reagents DADS (purity 80%, the remaining 20% being
dialyl trisulfide and diallyl sulfide), purchased from Fluka
Co (Milwaukee, Wisconsin, USA), was dissol ved in Tween 80
at 8 g/L and stored at -20 °C. Sodium butyrate (SB), which
was purchased from Sigma Co (St Louis, Montana, USA),
was dissolved in PBS at 100 mmol/L and stored at -20 °C it
was used as the positive control.

Animals Thesevere combined immunodeficiency (SCID)
mice, e ghteen 3-4-week-old male(11-12 g), purchased from
the Experimental Center of the Chinese Academy of Science
in Shanghai, were fed common mouse feeds with eggs and
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maintained under specific pathogen-free conditions in the
animal laboratory of our Cancer Research Institute.

Cell culture HL-60 cells, obtained from the Cancer
Research Ingtitute, XiangyaMedical College, Center South
Universityin China, wereculturedin RPM1-1640 mediumwith
10% fetal calf serum at 37 °Cin a5% CO, incubator.

Differentiation assays Nitrobluetetrazolium (NBT) re-
duction was performed by the previously described meth-
ods to measure the differentiation induction of the HL-60
cells?,

Protein extraction Culturesof HL-60 cellsin theloga-
rithmic growth phaseat a density of 2x10° cells per mL were
culturedwith 1.25ug/mL DADSfor 12, 24,48, or 72h at 37°C.
Cdls cultured without DADS were harvested for compari-
son of histone acetylation levels. At the appropriate time
point, the cells were harvested, washed with ice-cold PBS
and suspended in 0.5 mL lysis buffer [10 mmol/L Tris-HCI
(pH7.6), 100mmol/L NaCl, Lmmol/L EDTA (pH 8.0) and 100
pg/mL PMSF] containing proteaseinhibitor aprotinin (1 pg/
mL). Lysateswere centrifuged at 10 000xg for 10 min, and
extracts were quantified using a background-corrected ab-
sorbance (BCA) protein quantified kit (Pierce, Rockford, IL,
USA).

Inoculation of SCID mice HL-605x10°cdlsintheloga
rithmic growth phase were injected into theright side of the
peritoneal cavity per mouse, and the mice were monitored
until the peritoneal neoplasmswere detected (28 d after the
inoculation of the HL-60 cells).

Treatment of SCID micewith DADS SCID micebearing
HL-60 peritoneal neoplasms were randomly divided into 3
groups (6 miceper group). Themicereceived anipinjection
of vehiclealone (NS), 42 mg/kg DADS or 73 mg/kg SB 3
times per week, for atotal treatment period of 21 d. Injection
volumes were kept constant at 0.2 mL for each mouse. Tu-
mor length and width and abdomen circumferencewere mea-
sured twice weekly by vernier calipers, and tumor volume
was cal culated using the following formula:

Tumor volume=lengthx(width)? xm/6

After 21 d of treatment, at which timethe control animals
(third and fifth) had large neoplasms which required the ani-
malsto be sacrified, all of themicewerekilled 12 h after the
final injection and the neoplasms and livers were removed.
Tissueswereflash-frozenin liquid nitrogen or fixed in forma-
lin and embedded in paraffin. During the treatment period,
the mice were weighed twice weekly and monitored for any
overt signs of toxicity.

Cycledigribution analyssof HL-60 cellsin SCID The
cycledistribution of HL-60 cellsin SCID was monitored by
flow cytometry analysis as follows: 100 mg tumor tissues
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were cut into mono-cell suspension in ice-cold PBS. The
suspension cells were enumerated by a counter, and 1x10°
cells were pelleted by centrifugation. The supernatant was
aspirated and the cellswere resuspended in 1 mL of ice-cold
ethanol (75%) and stored for 24 hat 4 °C. After the ethanol
was removed, the cellswere incubated with PBS containing
RNase at 37 °C for 30 min and then stained for 30 min with
propidium iodide. Sampledatawere collected using aBecton
Dickinson FACS (Franklin Lakes, NJ, USA) and analyzed
with Verity Winlist Software (Verity Software House,
Topsham, ME, USA).

Tissueprotein extraction Frozen tumor tissues100 mg
were ground under liquid nitrogen and washed in ice-cold
PBS, the PBS was discarded and the tissues were suspended
in0.5mL lyssbuffer [10 mma/L Tris-HCl (pH 7.6), 100 mmd/L
NaCl, 1 mmol/L EDTA (pH 8.0) and 100 pg/mL PMSF] con-
taining proteaseinhibitor apratinin (1pug/mL). After centrifu-
gation at 10 000xg for 10 min, the supernatant collected was
analyzed for protein content using a BCA protein quantified
kit (Pierce, Rockford, IL, USA).

Western blot analysis Total proteins (2025 ug/point)
were separated by 12% SDS-PAGE and transferred to a
polyvinylidene fluoride membrane. The blots were blocked
in 5% nonfat milk in Trisbuffered saline (TBS) containing
0.1% Tween 20 for 2 h at room temperature, and incubated
for 2 h at room temperature with the 1:1000 dilution of the
acetylated histones H3 and H4 rabhit polyclonal primary an-
tibodi es (Upstate Biotechnol ogy, Lake Placid, NY, USA) and
with the 1:400 anti-p21"“*™ antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The blots were
washed for 3x5 min in TBS-T and then incubated with a 1:
1000 dilution of peroxidase-conjugated secondary antibody
for 1 h at room temperature. The blotswere again washed for
3x10minin TBS-T and then devel oped by an enhanced chemi-
luminescence plus (ECL Plus) kit (Amersham Biosciences,
Buckinghamshire, England). Whereindicated, theblotswere
stripped and reprobed with antibodies directed against -
actin (Sigma-Aldrich, St Louis, Montana, USA).

Statistical analysis Data were expressed as MeanSD.
Group t-test was used to compare data between every 2
groups. One-way analysis of variance (ANOVA) was used
to determine statistically significant differences among mul-
tiplegroups. P<0.05 was considered statistically sgnificant.

Results

Differentiation induction by DADSin HL-60 cells Table
1 showed the NBT reduction ability of HL-60 cells treated
with DADS increasedin atime-dependent manner, compared
with no treatment of HL-60 cdlsin vitro (P<0.05).

Table 1. Effects of NBT reduction ability on HL-60 cells treated by
DADS at different concentrations (As;, nm). MeanxSD. °P<0.05 vs
NS.

NBT reduction Incubation time/h

positive 24 48 72 96

NS 0.11+0.02 0.15+0.02 0.25+0.03 1.01+0.21
DADS 0.13+0.07 0.26+0.03° 0.31+0.05° 1.45+0.22°
B 0.14+0.04 0.26+0.03° 0.30+0.03° 1.360.17"
Tween80 0.10+0.03 0.13+0.02 0.15+0.02 0.16%0.03

Induction of histone H4 and H3 acetylation in HL-60
cellsbhy DADS DADS increased the acetylation levels of
histonesH4 and H3in HL-60 cdls. Theeffect of 1.25 pg/mL
DADS on histone H4 and H3 acetylation was studied by
Western blot. DADS induced histone H3 and H4 hyper-
acetylation after 24 h incubati on with significant 2.0-fold and
2.4-foldincrease, respectively (Figurel).
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Figure 1. Effects of DADS on expression of acetyl H3 and acetyl H4
in HL-60 cells. Cells were treated with 1.25 pg/mL DADS for 0, 12,
24, 48, or 72 h. Western blot analysis was performed on a 12% SDS-
PAGE with 25 pg total protein extracts. (A) a representative West-
ern blot: lane 1, control; lanes 2-5: DADS treatment forl2 h, 24 h,
48 h, and 72 h, respectively; (B) acetyl H3 and acetyl H4/B-actin
ratio expressed as Mean+SD. n=3. 2P>0.05, "P<0.05, °P<0.01 vs
control.

DADS increases p21"AF* protein expression in HL-60
cells The p21"A** protein is an essential regulatory protein
of cell cycle progression. Expression of its geneis partly
regulated by histone acetylation. Since we observed that
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1.25 pg/mL DADS induced histone hyperacetylation and in-
creased HL-60 cell differentiation, we studied its effects on
p21"A™ protein levels. DADS 1.25 pg/mL induced signifi-
cant increasesin p21"*** protein level s after 24-h incubation
(Figure2).
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Figure 2. Effects of DADS on the expression of p21"AF in HL-60
cells. Cells were treated with 1.25 pg/mL DADS for 0, 12, 24, 48, or
72 h. Western blot analysis was performed on a 12% SDS-PAGE with
20 ug total protein extracts. (A) a representative Western blot: lane
1, control; lanes 2-5: DADS treatment for12 h, 24 h, 48 h, and 72 h,
respectively; (B) p21"A™/B-actin ratio expressed as Mean+SD. n=3.
3P>0.05, "P<0.05, °P<0.01 vs control.

Growthinhibition of the peritoneal neoplasm by DADS
In order to eval uate the effects of DADS on HL-60 cell growth
in vivo, we examined its antitumor efficacy using a SCID
mousemodel. After 21d of treatment, theanimal swerekilled
and the tumor sizeswere determined. The mean tumor vol-
umein mice treated with NS was 5.47+0.57 cm?, the mean
tumor volumein micetreated with DADSwas 1.85+0.30 cm?,
and that in thegroup treated with SB was 1.92+0.30 cm®. The
differencein tumor size between themicetreated with DADS
and those treated with SB did not achieve statistical signifi-
cance (P>0.05), whereas the group treated with DADS
showed markedly suppressed tumor growth compared with
theNScontral (P<0.01) (Figure 3).

To monitor any possible toxicity arising from the
treatment, the mice from all of the treatment groups were
wel ghed twi ce weekly during the 21-d treatment period, No
difference was detected among bundles and no mouse died
throughout the treatment period.

Cycledistribution of HL-60 cellsin SCID Thecycle
distribution of HL-60 cellsin SCID mice was monitored by
flow cytometry analyss. The percentages of GG, or Sphase
cdlsinthe NS group were 25.4% and 61.7%, repectively. In
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Figure 3. DADS ip injections resulted in significant inhibition of
tumor growth in vivo. (A) mice treated with NS had visible tumors,
whereas mice treated with 42 mg/kg DADS or 73 mg/kg SB had re-
duced tumor volumes; (B) growth curves of HL-60 cell tumors treated
with DADS. HL-60 cells were inoculated into peritoneal cavitiesin
SCID mice. The mice were monitored until peritoneal neoplasms
were detected (28 d after HL-60 cell inoculation). At this time, the
mice were divided into 3 groups and injected (ip) with NS, DADS or
SB. Tumors were measured every 3 d, for a total of 7 times. MeantSD.
n=6. °P<0.01 vs NS control.

contrast, the42 mg/kg DADS and 73 mg/kg SB treatment led to
a gignificant inhibition of DNA synthesis as evidenced by
the fact that the percentages of G,/G, phase cellsincreased
10 63.4%; the S phase cells decreased to 27.8% in the DADS
group (Figure4).

DADS increases acetylated histonesin vivo Proteins
wereisolated from the excised tumors of 3 micein each treat-
ment group at the end of the 21-d treatment period. The
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tumors removed from the mice treated with 42 mg/lkg DADS
showed significant increase of acetylated histone H3 and
H4, 4.1-fold and 3.2-fold increases, respectively, compared
with the tumorsfrom the NS group. Therewas no difference
compared with the tumors of the mice treated with 73 mg/kg
SB, an inhibitor of histone deacetylase (Figure 5).

Increase of p21"AF* expression in tumor cellsby DADS
Protein lysateswere isolated from the sample removed from
3 micein each group and analyzed for expression of the
p21"*Fprotein. Thetumorsfromthemicetrestedwith DADS
showed a 2.8-fold increase in the expression of the p21*4™
protein, compared with tumorsfrom the NS group; therewas
also aresemblanceto the expression in the SB-treated group,
an inhibitor of histone deacetylase (Figure 6).

Discussion

Thisstudy demonstratesthat DADS is apotent inhibitor
of HL-60 cdl growth invitro and invivo. Invitro, our previ-
ous work showed that 1.25 pg/mL DADS inhibited HL-60
cell proliferation and induced differentiation. The cell sur-
face differentiation antigen CD11b increased from 12%
(untreated) to 44% (treated by 1.25 pg/mL DADSfor 3 d) (P
<0.01). GO/G1 cellswere added to 44.6% (P<0.01), but Sand
G,/M phase cells descended to 48.5% and 6.9% (P<0.01),

Figure 4. Flow cytometry analysis demonstrating the effects of DADS
on the cell cycle of HL-60 cellsin SCID mice. (A) NS; (B) DADS; (C) SB.
DADS induced the G, phase proportion and decreased the S phase propor-
tion of HL-60 cellsin SCID mice. n=3. Mean+SD. °P<0.01 vs control.

respectively (theratio of GJ/G,, S, and G,/M phase in un-
treated HL-60 cells were 23%, 66% and 11%, respectively),
and the cell cyclewas arrested at the G, phase. Kinaseactiv-
ity of Janus kinase (JAK)/ signal transduction and activa-
tors of transcription (STAT) was tested by Western blot.
The results demonstrated that the activity of phosphory-
lated Jak1 and Stat3 kinase was inhibited, the expression of
Stat3 and c-myc gene decreased, c-fos and c-jun gene ex-
pression increased in HL-60 cells treated by DADS. The
above results suggest that DADS could induce HL-60 cells
differentiation toward granul ocytic lineage, theinhibition of
phosphorylated Jak1 and Stat3 was involved in HL-60 cell
differentiation induced by DADS, and its possi ble molecular
mechanism might relate to the modul ation of proliferation-
associated gene expression and inhibition of DNA synthe-
sis®2*  |n the present study, the NBT-reduction assay
showed that the percentage of NBT-positive cells markedly
increased after treatment with DADS, which suggests that
DADS can induce differentiation of HL-60 cells. Invivo, the
administration of DADSto SCID mice bearing HL-60 cells
caused significant growth suppression of tumors at dose
(42 mg/kg) with little detectable toxicity. Some studies have
indicated that DADS inhibitsthe proliferation of human co-
lon tumor cells%#, DS19 mouse erythroleukemia cells and
K562 human leukemia cells?¥ by increasing acetylated his-
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Figure 5. Effects of DADS on the expression of acetyl H3 and
acetyl H4 in SCID mice bearing HL-60 peritoneal neoplasms. SCID
mice bearing HL-60 peritoneal neoplasms were treated with 42 mg/kg
DADS, 73 mg/kg SB or vehicle alone (NS) 3 times per week for a
total treatment period of 21 d. Western blot analysis was performed
on a 12% SDS-PAGE with 25 pg total protein extracts. (A) a repre-
sentative Western blot: lane 1, control; lane 2, DADS; lane 3, SB; (B)
acetyl H3, acetyl H4/B-actin ratio expressed as Mean+SD (n=3. °P
<0.01 vs control).
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Figure 6. Effects of DADS on the expression of p21"*! in SCID
mice bearing HL-60 peritoneal neoplasms. SCID mice bearing HL-60
peritoneal neoplasms were treated with 42 mg/kg DADS, 73 mg/kg
SB or vehicle alone (NS) 3 times per week for a total treatment
period of 21 d. Western blot analysis was performed on a 12% SDS-
PAGE with 20 pg total protein extracts. (A) a representative West-
ern blot: lane 1, control; lane 2, DADS; lane 3, SB; (B) p21"AFY/B-
actin ratio expressed as Mean+SD (n=3. °P<0.01 vs control).

tonein vitro. Inthe present study, we found that DADS
caused the increase of acetylated histone in HL-60 cells cul-
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tured with the agent within 24 h. Theincrease of acetylated
histone was observed in the HL-60 cell xenografts after the
administration of 42 mg/kg DADS by ip injection 3timesa
week in SCID mice. The effects were similar to that of SB,
which is a potent histone deacetylase inhibitors (HDI)®Y,
Consequently, we presume that DADS may serve as a po-
tential HDI and inhibits HL-60 cell growth. HDI have been
reported to induce G, or G, phase arrest and regulate the
transcription of a number of cell cycleregulator genes, in-
cluding p21, c-myc, cyclin and cdk®*1, HDI arecurrently
receiving considerable attention as antitumor agents because
of their ability toinduce cell cyde arrest and/or cell death in
awide range of transformed cellsin vitro and in vivot,
Our previous work shows that DADS induced cell cycle
arrest at the Gy/G, phase on HL-60 cellsinvitro®. Herewe
found that DADS also induced cell cycle arrest at the GG,
phase on HL-60 cdlsin SCID miceinvivo. The cycle-depen-
dent kinase inhibitor p21**** has been identified as a target
induced by HDI in transformed cells$*. The expression of
p21"A" in transformed cells after treatment with HDI was
preceded by localized hyperacetylation of histonesin the
chromatin region containing the p21"™ gend®**. These
findings suggest that these agents act directly to induce
hyperacetyl ation and thereby alter the chromatin structure
in the region of the p21**™ gene. Our results show that
DADS could induce hyperacetylation of histones and in-
crease the expression of p21"*** in HL-60 cells. We then
presume that DADS has an antitumor effect on HL-60 cells
in vitro and in vivo because it could possibly cause hyper-
acetylation of histonesin the promoter region of the p21*4™
gene. However, thisrequires further confirmation by chro-
matin immunopreci pitation assay.

In conclusion, DADS significantly inhibitsthe growth of
human acute myeloid leukemia HL-60 cellsin vitro and in
vivo. Theanticancer mechanism may involvetheincrease of
histone acetylation, upregulation of p21"A™ and G/G, phase
arrest. DADS may be a potent antitumor agent for the man-
agement of human acute myeloid leukemia.
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