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Abstract. Diallyl disulfide (DADS) has shown potential as a 
therapeutic agent in various cancers. Previously, calreticulin 
(CRT) was found to be downregulated in differentiated HL‑60 
cells treated with DADS. The present study investigated the 
role of CRT proteins in DADS‑induced proliferation, inva-
sion and differentiation in HL‑60 cells. The present study 
demonstrated that DADS treatment significantly changed 
the morphology of HL‑60 cells and caused the significant 
time‑dependent downregulation of CRT. Small interfering 
RNA (siRNA)‑mediated knockdown of CRT expression 
significantly inhibited proliferation, decreased invasion ability, 
increased the expression of cluster of differentiation (CD)11b 
and reduced the expression of CD33 in DADS‑treated HL‑60 
cells. DADS also significantly affected cell proliferation, 
invasion and differentiation in CRT‑overexpressed HL‑60 
cells. Nitroblue tetrazolium (NBT) reduction assays showed 
decreased NBT reduction activity in the CRT overexpression 
group and increased NBT reduction in the CRT siRNA group. 
Following treatment with DADS, the NBT reduction abili-
ties in all groups were increased. In conclusion, the present 
study clearly demonstrates the downregulation of CRT during 
DADS‑induced differentiation in HL‑60 cells and indicates 
that CRT is involved in cell proliferation, invasion and differ-
entiation in DADS‑treated HL‑60 cells.

Introduction

Acute myeloid leukemia (AML) is a genetically heterogeneous 
clonal disorder caused by the build up of somatic mutations 
in hematopoietic progenitor cells, which affects the regulation 
of self‑renewal, survival, proliferation and differentiation (1). 

The induction of differentiation is a desired consequence of 
chemopreventive and therapeutic agents, as it often results 
in the elimination of premalignant or malignant cells (2). 
Numerous studies focus on selectively killing tumor cells 
through differentiation induction (3). Therefore, the develop-
ment of novel differentiation‑inducing drugs for blocking 
AML is of clinical significance.

For the past 30 years, studies have explored the use of 
diallyl disulfide (DADS), the main active component of the 
cancer‑fighting allyl sulfides found in garlic, as it has been 
shown to reduce the initiation of carcinogen‑induced cancers 
and inhibit the proliferation of various types of cancer cells (4). 
The actions of DADS include the regulation of cell cycle arrest, 
induction of apoptosis and cell differentiation, and inhibition 
of cell invasion (5‑7). Previous studies at the Cancer Research 
Institute, University of South China (Hengyang, China) 
confirmed that DADS can inhibit the proliferation of human 
leukemia cells in vivo in a dose‑dependent manner (8,9). 
DADS exhibits a dual effect: A medium dose (>1.25 mg/l) 
can induce apoptosis in human leukemia cells (8,9), and a 
small dose (<1.25 mg/l) can induce human leukemia cell 
differentiation (2). The mechanisms of inducing differentia-
tion involve: G2/M‑phase cell cycle arrest; histone acetylation; 
the regulation of regulatory gene expression, including signal 
transducer and activator of transcription 3, v‑myc avian myelo-
cytomatosis viral oncogene homolog, Fos proto‑oncogene 
and Jun proto‑oncogene regulation; and the upregulation 
of cyclin‑dependent kinase inhibitor 1 expression (10‑12). 
Proteomic analysis was also used to explore differentially 
expressed proteins in DADS‑induced differentiation in human 
leukemia HL‑60 cells (13). The results showed decreased expres-
sion of calreticulin (CRT), an endoplasmic reticulum‑resident 
protein, in differentiated HL‑60 cells induced by DADS (13), 
suggesting that CRT is involved in DADS‑mediated induc-
tion of differentiation in HL‑60 cells. Although the role of 
DADS as an antitumor agent has been established, its exact 
cytotoxic mechanism in differentiation is not entirely clear.

CRT, a multi‑process calcium‑buffering chaperone of 
the endoplasmic reticulum, is essential for numerous cellular 
functions, including lectin‑like chaperoning, Ca2+ storage and 
signaling, the regulation of gene expression, cell adhesion, wound 
healing, cancer and autoimmunity (14). Recently, numerous 
studies have shown that CRT is important in tumorigenesis and 
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prognosis (15,16). The increased expression of CRT was indicated 
in the urine samples of patients with bladder cancer, indicating 
CRT as a biomarker in bladder cancer (17). In gastric cancer, 
positive immunohistochemical staining of CRT was correlated 
with high microvessel density, serosal and perineural invasion, 
lymph node metastasis and poor patient survival (18). However, 
in neuroblastoma, which is the most common malignancy in 
infants, positive immunohistochemical staining for CRT was 
associated with a better prognosis and patient survival (19). 
CRT was also differentially expressed in colorectal cancer (20). 
CRT‑overexpressing gastric cancer cells demonstrate increased 
proliferation rates, while CRT‑knockdown gastric cancer cell 
lines demonstrated decreased proliferation rates (20). In addi-
tion, CRT‑overexpressing cells showed greater wound healing 
and migration rates compared with CRT‑knockdown cells (21). 
In a recent preliminary study of 33 breast cancer patients, 
Kabbage et al (22) observed a potential association between 
CRT overexpression and axillary lymph node metastasis in 
breast cancer patients.

Certain studies have indicated that CRT is upregulated in 
all AML subtypes in the French‑American‑British classifica-
tion of leukemia cells (23,24). In addition, the expression of 
CRT was significantly reduced during certain drug‑induced 
leukemia cell differentiation (25).

In the present study, CRT was hypothesized to be an 
important factor in DADS‑induced proliferation, migration 
and differentiation in human leukemia HL‑60 cells. The 
present study examined the role of CRT on migration and 
differentiation in human leukemia HL‑60 cells treated with 
DADS. These results may lead to a better understanding of 
the antitumor molecular mechanisms of DADS and provide 
essential knowledge for the development of differentiation 
inducers to treat leukemia.

Materials and methods

Materials and reagents. Fluka Chemika Company DADS was 
purchased from Sigma‑Aldrich (Buchs, Switzerland). The Total 
RNA Kit II extraction kit was purchased from Omega Bio‑Tek, 
Inc. (Norcross, GA, USA). A High Capacity cDNA Reverse 
Transcription kit was purchased from Promega Corporation 
(Madison, WI, USA). The Bestar™ qPCR RT Kit (#DBI‑2220) 
and Bestar™ SybrGreen qPCR Mastermix (#DBI‑2043) were 
purchased from DBI Bioscience (Ludwigshafen, Germany). The 
CRT (mouse monoclonal; #ab22683; dilution, 1:500), GAPDH 
(mouse monoclonal; #ab8245; dilution, 1:500), cluster of differ-
entiation (CD)11b (rabbit monoclonal; #ab52478; dilution, 1:200) 
and CD33 (mouse monoclonal; #ab119860; dilution, 1:200) 
primary antibodies, and the horseradish peroxidase‑conjugated 
secondary antibodies [goat anti‑mouse IgG H&L (#ab6789; 
dilution, 1:1,000) and goat anti‑rabbit IgG H&L (#ab6721; dilu-
tion, 1:1,000)] were purchased from Abcam (Cambridge, UK). 
Small interfering RNA (siRNA) transfection reagent, siRNA 
transfection medium, CRT siRNA and a O‑GlcNAc Western 
Blot Detection Kit were purchased from Santa Cruz Biotech-
nology (Dallas, TX, USA). Nitroblue tetrazolium (NBT) was 
purchased from Sigma‑Aldrich (St. Louis, MO, USA). The Invi-
trogen plasmids (pcDNA3.1‑12GS0643‑IG‑3, KL121217003) 
and vector (pcDNA3.1) were obtained from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA).

Cell culture. Human AML HL‑60 cells, obtained from 
Central South University (Hengyang, China), were incubated 
in RPMI‑1640 culture medium (Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA) containing 10% calf serum 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C, at saturated 
humidity and 5% CO2. Cell cultures were replaced with fresh 
medium every 2‑3 days. Cells in logarithmic growing phase 
were used for experiments. DADS was diluted to 1.25 mg/l in 
culture medium.

Wright‑Giemsa staining. Cells were collected, smeared on a 
slide and air‑dried. Subsequently, 2‑3 drops of Wright‑Giemsa 
dye solution were added to the cells, and after 1 min, the slide 
was rinsed with distilled water. The sample was dried and 
observed under a microscope.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Expression levels of the CRT gene in HL‑60 cells 
were measured by SYBR Green RT‑qPCR. β‑actin was used 
as an internal control. All primer sequences were designed by 
Premier 5.0 software (Premier Biosoft International, Palo Alto, 
CA, USA) and synthesized by Takara Bio Inc. (Otsu, Japan). 
The primer sequences were as follows: β‑actin sense, 5'‑GGA 
CCT GAC TGA CTA CCTC‑3' and antisense, 5'‑TAG TCG TTC 
GTC CTC ATA C‑3'; and CRT sense, 5'‑GGA AGA TGA GGA 
GGA AGA TGT C‑3' and antisense, 5'‑CAG GAA GGA GAG 
CAG ATG AAA T‑3'. Total cell RNA was extracted according 
to the instructions of the Total RNA Kit II (Omega Bio‑Tek, 
Inc.), and the RNA purity and concentration were measured 
using a NanoDrop® ND‑1000 (Thermo Fisher Scientitic, Inc.). 
Total RNA was subjected to RT by first heating 10 µl of the 
annealing mixture, which contained 2 µg total RNA and 1 µl 
0.5 µg/µl oligo (dT)18, to 70˚C for 3 min. After cooling to 
37˚C for 10 min, 2 µl 10X RT reaction buffer, 4 µl 2.5 mM 
dNTP mixture, 1 µl RNase inhibitor and 200 units of moloney 
murine leukemia virus reverse transcriptase were added. In a 
PCR machine (Applied Biosystems; Thermo Fisher Scientific, 
Inc.), the mixture was first incubated at 37˚C for 1 h, then 
heated to 95˚C for 5 min and cooled on ice. For qPCR, a 25‑µl 
reaction mixture, consisting of 1 µl cDNA, 1 µl Primer1, 1 µl 
Primer2, 2x1 unit Taq Master Mix, 2.5 µl 2.5 mM dNTPs, 
2.5 µl 10X PCR buffer, 1.5 µl MgCl2 and 10,000‑fold diluted 
SYBR Green, was used. All PCR reactions were performed at 
95˚C for 5 min, followed by 40 cycles of 95˚C for 10 sec, 59˚C 
for 15 sec, and 72˚C for 20 sec. In order to establish the melting 
curve of PCR products obtained from the reaction, the samples 
were then heated between 72 and 99˚C, rising 1˚C every 5 sec. 
The results were quantified by dissociation and amplification 
curves (26).

Fast‑forward transfection cell transfection. Experimental 
plasmid (pcDNA3.1‑12GS0643‑IG‑3), negative plasmid 
(pcDNA3.1‑neg‑IRES2‑EGFP) and vectors (pcDNA3.1), 0.4 µg 
each, were dissolved in Tris‑ethylenediaminetetraacetic acid 
(TE) buffer (pH 7‑8; minimum DNA concentration, 0.1 µg/µl) 
with RPMI‑1640 without serum, proteins or antibiotics to a 
total volume of 60 µl. Attractene transfection reagent (Qiagen, 
Inc., Valencia, CA, USA) (1.5 µl) was added to the DNA and 
mixed by pipetting or vortexing, and if necessary, the sample 
was centrifuged for a few seconds to remove any liquid from 
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the top of the tube. The samples were incubated for 10‑15 min 
at room temperature to allow transfection complex formation, 
and then added to 500 µl of freshly harvested cell suspension 
(to a final cell density of 0.4‑1.6x105 cells in 500 µl), which was 
added to a well of a 24‑well plate. Cells were incubated with 
the transfection complexes under normal growth conditions 
and assayed 24 h after the fast‑forward transfection.

RNA interference. Cells were collected through centrifugation 
and the concentration was adjusted to 1‑2x106 cells/ml. The 
cells were then washed once with 2 ml siRNA transfection 
medium. Two various preparations were used: Solution A, 
consisting of 6 µl CRT siRNA duplex in 100 µl siRNA 
transfection medium, and solution B, including 6 µl siRNA 
transfection reagent in 100 µl siRNA transfection medium. 
Solution A was then directly added to solution B using a pipette, 
and the solutions were mixed gently and incubated for 30 min 
at room temperature. siRNA transfection medium (0.8 ml) was 
added to each tube containing the siRNA transfection reagent 
mixture, and the mixture was overlaid onto cells. Cells were 
incubated for 5‑7 h at 37˚C in a CO2 incubator, and then 1 ml 
of normal growth medium containing two times the normal 
serum amount (8% calf serum) was directly added without 
removing the transfection mixture. Cells were incubated for 
an additional 18‑24 h, after which the medium was removed 
and replaced with fresh normal growth medium. At 24‑72 h, 
cells were harvested for analysis.

Western blot analysis. Total cell proteins from the different 
groups were harvested (untreated HL‑60 cells were used as 
the normal control), and 25 µg of each sample was mixed 
with 5X sodium dodecyl sulfate (SDS) loading buffer at 5:1 
ratio, denatured by heating, and separated by 10% SDS‑poly-
acrylamide gel electrophoresis. Samples were transferred to 
a nitrocellulose membrane, and membranes were blocked 
with Tris‑buffered saline and Tween 20 (TBST) containing 
5% non‑fat milk for 2 h. The membrane was washed with 
TBST three times, and incubated with the CRT, CD11b, 
CD33 or GAPDH (internal control) primary antibodies for 
2 h at 37˚C, followed by three washes with TBST for 15 min 
each. The membranes were incubated with the corresponding 
secondary antibody for 1 h, washed with TBST three times 
for 10 min each, and finally developed using BeyoECL Plus 
(Beyotime Biotechnology, Turku, Finland).

Invasion assay. Transwell inserts (pore diameter, 8 µm; 
diameter, 6.3 mm) were inserted in the chamber of a 24‑well 
transwell plate. Serum‑free RPMI‑1640 with BD Matrigel 
(5 mg/ml; dilution, 8:1; BD Biosciences, Franklin Lakes, 
NJ, USA) was added into the bottom of the Transwell 
chamber and plates were incubated at 37˚C overnight. Cells 
(1x106 cells/ml) of the different groups (with untreated 
HL‑60 cells used as the normal control) were added into the 
upper chamber, and RPMI‑1640 medium containing serum 
was added into the lower chamber. The plates were incubated 
for 48 h, the supernatant was removed, and then the plates 
were washed with phosphate‑buffered saline (PBS). Samples 
were fixed with 10% formalin for 20‑30 min, stained with 
hematoxylin for 10‑20 min and air‑dried. The invading cells 
were counted using an inverted microscope.

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl‑tetrazolium bromide 
(MTT) assay. Cell viability was determined using a conven-
tional MTT reduction assay (27). HL‑60 cells (1x104 cells/well) 
in 96‑well plates were treated with 1.25 mg/l DADS for 48 h. 
Untreated HL‑60 cells were used as the normal control. The 
medium was removed and 100 µl of dimethyl sulfoxide was 
added to each well to dissolve the formazan dye crystals for 
15 min. The optical density was measured at an absorbance of 
490 nm with a microplate reader.

Differentiation assay. NBT reduction was performed as previ-
ously described (28). Cells were incubated in 96‑well culture 
plates and collected through centrifugation. Cells were the 
resuspended with 200 µl NBT solution. Following 60 min 
of culture, centrifugation was performed, 200 µl DMSO was 
added and the cells were oscillated for 20 min. Absorbance was 
measured at 570 nm.

Flow cytometry (FCM) analysis. To evaluate the effect of 
CRT siRNA transfection and CRT overexpression on HL‑60 
cells, CD11b and CD33 levels were evaluated. Cells from the 
different groups (with untreated HL‑60 cells included as the 
normal control) were collected, centrifuged at 500 x g for 5 min, 
washed twice with PBS, and the cell concentration was adjusted 
to 1x106 cells/ml. Cells were then fixed with 70% ethanol. Prior 
to FCM analysis, the cells were washed twice again with PBS 
and 500 µl 0.2% Triton‑X 100 was added. The mixture was 
incubated on ice for 10 min. After washing the samples twice 
again with PBS, 50 µl primary antibody was added and cells 
were incubated on ice for 30‑45 min. After washing with PBS, 
50 µl specific fluorescent secondary antibody was added, and 
cells were incubated on ice for 30 min. Subsequent to washing 
with PBS, the cells were immediately measured by FCM 
(FlowJo version 9; FlowJo, LLC, Ashland, OR, USA).

Statistics. SPSS 12.0 statistical software (SPSS, Inc., Chicago, 
IL, USA) was used to analyze the results. Experimental data 
were presented as mean ± standard deviation, and the differ-
ences between experimental and control groups were detected 
by the Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Calreticulin is downregulated during DADS‑induced 
differentiation in HL‑60 cells. As shown in Fig. 1A, the 
treatment of HL‑60 cells with 1.25 mg/l DADS for 48 h 
induced cells to differentiate into granulocyte‑like cells. 
The cytomorphoses of the DADS‑treated cells were clearly 
varied from the controls. RT‑PCR confirmed the significant 
downregulation of CRT messenger RNA (mRNA) levels in 
HL‑60 cells following treatment with 1.25 mg/l DADS in 
a time‑dependent manner, compared with untreated HL‑60 
cells (P=0.042; Fig. 1B). Western blot analysis was consistent 
with the RT‑PCR results, showing a decrease in CRT protein 
levels in HL‑60 cells treated with 1.25 mg/l DADS in a 
time‑dependent manner (P=0.021; Fig. 1C and D).

CRT affects proliferation of DADS‑treated HL‑60 cells. 
The present study then analyzed the functional role of CRT 
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in DADS‑induced effects on HL‑60 cells using CRT over-
expression and CRT downregulation mediated by siRNA. 
The RT‑PCR and western blot analyses confirmed that 
CRT knockdown by RNA interference was ~70%. In the 
DADS+siRNA‑treated group, CRT expression was further 
inhibited (P=0.027). Notably, upon treatment of untransfected 
and CRT‑overexpressing cells with 1.25 mg·l-1 DADS for 
48 h, CRT levels were significantly reduced compared with 
the corresponding untreated cells (P=0.019), indicating that 
DADS could downregulate CRT expression in HL‑60 cells 
(Fig. 2A and B).

MTT assays demonstrated that downregulation of CRT 
by siRNA resulted in decreased proliferation of HL‑60 
cells compared with the controls, while CRT overexpression 

increased cell proliferation (Fig. 2C). These results indicate 
that CRT has a function in HL‑60 cell proliferation. Notably, 
following treatment with DADS for 48 h, the proliferation rates 
of all cells were decreased compared with the corresponding 
untreated groups (P=0.038). Together, these data indicate 
that CRT is involved in cell proliferation in DADS‑induced 
HL‑60 cells.

CRT affects cell invasion in DADS‑treated HL‑60 cells. The 
present study next investigated the role of CRT in cell inva-
sion induced by DADS treatment. Transwell Matrigel invasion 
assays showed that the number of HL‑60 cells that penetrated 
through the Matrigel in the non‑transfected group was 62±6.37, 
compared with 83±11.39 in the CRT overexpression group 

Figure 2. Effect of CRT overexpression and CRT downregulation on proliferation of HL‑60 cells induced by DADS. Inhibition of CRT expression by 
siRNA and CRT overexpression by plasmid transfection in HL‑60 cells were evaluated by (A) reverse transcription‑polymerase chain reaction: 1, HL‑60; 
2, HL‑60/CRT; 3, HL‑60/CRT siRNA; 4, DADS+HL‑60; 5, DADS+HL‑60/CRT siRNA; 6, DADS+HL‑60/CRT (*P<0.05 vs. control cells) and (B) western 
blot analysis: 1, HL‑60; 2, HL‑60/CRT; 3, HL‑60/CRT siRNA; 4, DADS+HL‑60; 5, DADS+HL‑60/CRT siRNA; 6, DADS+HL‑60/CRT. (C) 3‑(4,5‑dimeth-
ylthiazol‑2‑yl)‑2,5‑diphenyl‑tetrazolium bromide analysis in CRT‑overexpressing and CRT‑downregulated HL‑60 cells, with and without DADS treatment. 
*P<0.05 vs. control cells. CRT, calreticulin; DADS, diallyl disulfide; siRNA, small interfering RNA; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.

Figure 1. Downregulation of CRT during DADS‑induced differentiation in HL‑60 cells. (A) Morphological changes of HL‑60 cells after 1.25 mg/l DADS 
treatment for 48 h (Wright‑Giemsa staining; magnification, x100). (B) CRT messenger RNA levels in HL‑60 cells were decreased by 1.25 mg/l DADS 
treatment at 24, 48 and 72 h, as determined by reverse transcription‑quantitative polymerase chain reaction (relative to β‑actin). *P<0.05 vs. control cells. 
(C) Representative western blot analysis of CRT expression using GAPDH as the internal control. (D) Quantification of CRT expression in western blot 
analyses. Values are mean ± standard deviation from three independent experiments. *P<0.05 vs. control cells. CRT, calreticulin; DADS, diallyl disulfide; 
GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.

  A   B

  C   D

  A   B   C
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and 39±2.43 in the CRT siRNA group (Fig. 3A and B). These 
results indicate that CRT overexpression can increase the ability 
of invasion in HL‑60 cells and CRT siRNA transfection can 
decrease the ability of invasion. Following treatment with DADS 
for 48 h, the number of HL‑60 cells that penetrated through the 
Matrigel was 36.2±7.59 in the non‑transfected group, compared 
with 45.6±4.10 and 23.45±3.86 in the CRT overexpressing 

and downregulated groups, respectively. Cellular invasion in 
the DADS treated groups was decreased compared with the 
untreated groups (P=0.034). These results indicate that CRT is 
involved in cell invasion in DADS‑induced HL‑60 cells.

CRT affects cell differentiation in DADS‑treated HL‑60 
cells. The present study finally investigated the role of CRT 

Figure 4. Role of CRT in cell differentiation of HL‑60 cells induced by DADS. (A) Representative flow cytometry results showing CD33 expression. 
(B) Representative flow cytometry results showing CD11b expression. (C) Nitroblue tetrazolium reduction assays: 1, HL‑60; 2, DADS+ HL‑60; 3, HL‑60/CRT; 
4, DADS+HL‑60/CRT; 5, HL‑60/CRT siRNA; 6, DADS+HL‑60/CRT siRNA. Data are the mean ± standard deviation of three experiments. *P<0.05 vs. con-
trol; Student's t‑test. CRT, calreticulin; DADS, diallyl disulfide; CD33, cluster of differentiation 33; CD11b, cluster of differentiation 11b; OD, optical density.

Figure 3. Role of CRT in cell invasion of HL‑60 cells induced by DADS. (A) Representative experiment of Transwell invasion assays (magnification, x200): 
1, HL‑60 cells; 2, CRT‑overexpressing HL‑60 cells; 3, CRT‑downregulated HL‑60 cells; 4, DADS‑treated HL‑60 cells; 5, DADS‑treated CRT‑overexpressing 
HL‑60 cells; 6, DADS‑treated CRT‑downregulated HL‑60 cells. (B) Values are mean ± standard from three independent experiments. *P<0.05 vs. control 
cells. CRT, calreticulin; DADS, diallyl disulfide.

  A
  B

  A   B

  C
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in cell differentiation induced by DADS treatment. As shown 
in Fig. 4A, FCM analysis showed that, compared with control 
cells, the expression of CD33 in the CRT siRNA group was 
markedly reduced (93.53 vs. 51.22%, respectively), while the 
CRT‑overexpressed groups showed slightly increased CD33 
expression (95.76%). Following treatment with DADS for 
48 h, the expression of CD33 was significantly decreased in 
non‑transfected HL‑60 cells (55.46%), CRT‑overexpressing 
HL‑60 cells (63.09%), and CRT siRNA HL‑60 cells 
(31.46%) (P=0.037). As shown in Fig. 4B, compared with the 
control cells (1.00%), the CRT‑overexpressed group showed 
decreased CD11b expression (0.81%) and the CRT siRNA 
group showed significantly increased CD11b expression 
(7.37%). After DADS treatment for 48 h, the control group, 
CRT‑overexpressed group and the CRT siRNA group all 
showed increased CD11b expression (8.24, 6.55 and 12.42%, 
respectively; P=0.033). NBT reduction assays showed 
decreased NBT reduction activity in the CRT overexpres-
sion group and increased NBT reduction in the CRT siRNA 
group (Fig. 4C). Following treatment with DADS, the NBT 
reduction abilities in all groups were increased (P=0.024).

Discussion

Large numbers of cytokines and drugs have been shown to 
induce tumor cell differentiation. Among these, the role of allyl 
sulfides, compounds that are found in garlic, in the prevention 
and treatment of tumors has attracted attention (29). DADS, 
the most active anticancer ingredient in garlic, induces differ-
entiation in several tumor types, including HL‑60 cells (5). 
However, the exact mechanism underlying this process 
remains unclear.

Previous studies have demonstrated that DADS may 
induce differentiation in leukemia cells (12,30). These studies 
analyzed and identified differentially expressed proteins during 
DADS‑induced differentiation in HL‑60 cells, including CRT. 
CRT is a multi‑functional protein that regulates various cellular 
functions, such as calcium homeostasis and intracellular adhe-
sion (31). In addition, increased CRT expression levels have 
been observed in several cancer tissues, including hepatoma, 
neuroblastoma, mammary gland cancer, bladder cancer and 
colon cancer (15). These observations imply that high CRT 
expression levels could be associated with carcinogenesis in 
these cancers.

Subsequent to treatment with DADS, the morphology of 
the HL‑60 cells used in the present study demonstrated differ-
entiation into granulocyte‑like cells. Consistent with a previous 
study (5), the results of the RT‑PCR and western blot analysis 
in the current study confirmed the significant downregulation 
of CRT mRNA and proteins in DADS‑treated HL‑60 cells 
compared with untreated cells. These data suggest that CRT 
is closely associated with DADS‑induced differentiation in 
human leukemia HL‑60 cells.

To further investigate the role of CRT in DADS‑induced 
cellular effects, CRT expression was inhibited using siRNA 
and overexpressed CRT by plasmid transfection in HL‑60 
cells. MTT assays showed that the downregulation of CRT 
resulted in the inhibited proliferation of HL‑60 cells, while 
CRT overexpression increased proliferation. After treatment 
with DADS, cellular proliferation in all cell groups was 

decreased compared with the control. This indicates that CRT 
is involved in cell proliferation in DADS‑induced HL‑60 cells. 
Transwell invasion assays showed that CRT overexpression 
can increase cellular invasion ability and that CRT downregu-
lation can decrease invasion ability in HL‑60 cells. Following 
treatment with DADS, the number of invading HL‑60 cells 
in all groups was reduced compared with untreated groups. 
These results indicate that CRT is involved in cell invasion in 
DADS‑induced HL‑60 cells.

CD33 is a transmembrane receptor expressed on cells 
of myeloid lineage and is usually considered to be myeloid 
specific (32). CD33 is expressed in >90% of AML patients, and 
is not expressed in the hematopoietic stem cell surface, mature 
granule cells and other tissues (33). Thus, CD33 is a good 
target for myeloid leukemia treatment (34). CD11b, also known 
as cluster of differentiation 11b molecule, is expressed on the 
surface of numerous leukocytes involved in the innate immune 
system, including monocytes, granulocytes, macrophages and 
natural killer cells (35). CD11b mediates inflammation by 
regulating leukocyte adhesion and migration and has been 
implicated in several immune processes, including phago-
cytosis, cell‑mediated cytotoxicity, chemotaxis and cellular 
activation (36). Therefore, CD33 and CD11b are important 
indexes to evaluate the differentiation of myeloid leukemia 
cells. FCM analysis showed that the expression of CD33 in the 
CRT siRNA group was markedly reduced, while expression 
was increased in CRT‑overexpressed groups. The expres-
sion of CD33 was significantly decreased in all cell groups 
following treatment with DADS. The expression of CD11b was 
significantly increased in the CRT siRNA group, and increased 
in the CRT‑overexpressed group. The expression of CD11b 
was significantly increased in all groups following treatment 
with DADS. These data demonstrate that DADS‑induced 
HL‑60 cells are differentiated to mature neutrophil cells. NBT 
reduction assays showed that NBT reduction was increased in 
the CRT siRNA group and reduced in the CRT overexpression 
group. After treatment with DADS, NBT reduction abilities 
were increased. These results indicate that CRT is involved in 
cell differentiation in DADS‑induced HL‑60 cells.

In conclusion, the present study clearly demonstrates the 
downregulation of CRT during DADS‑induced differentia-
tion in HL‑60 cells and indicates that CRT is involved in cell 
proliferation, invasion and differentiation in DADS‑induced 
HL‑60 cells. The data first demonstrated that CRT could 
play an essential role in AML cell proliferation and inva-
sion, and therefore may be an important target for future 
research of human AML. The exact mechanisms underlying 
DADS‑induced tumor cell differentiation require further 
investigation.
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