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Abstract. Curcumin, a polyphenol derived from the rhizome 
of Curcuma, is a potential tumor inhibitor through affecting 
signaling pathways and epigenetic regulation. The mammalian 
target of rapamycin (mTOR) gene serves a crucial role in the 
carcinogenesis of multiple myeloma. The curcumin‑induced 
epigenetic regulation of mTOR, including promoter DNA 
methylation in multiple myeloma, has not yet been fully eluci-
dated. In the present study, antitumor effects of curcumin were 
investigated in RPMI‑8226 and NCI‑H929 cells using an MTT 
assay and flow cytometry. The expression of mTOR and DNA 
methyltransferase proteins were determined by western blot 
analysis, and the methylation status of the mTOR promoter 
were detected by sequencing following bisulfite conversion. 
The results of the present study revealed that the half‑maximal 
inhibitory concentration of curcumin was 10 µM in myeloma 
cells. Following curcumin treatment, the mRNA and protein 
expression levels of mTOR were decreased by 43.31 and 
39.34% in NCI‑H929 cells, respectively. The promoter of 
mTOR, located in chromosome 1 (chromosome position, 
11262153‑11263153), contains a CpG island that was hyper-
methylated in myeloma cells following curcumin treatment. 
The expression levels of DNA methyltransferase (DNMT)3a 
and DNMT3b were increased in curcumin‑treated cells. 
Collectively, these results indicate that curcumin serves a role in 
the epigenetic regulation of mTOR expression, and that mTOR 
downregulation is due to promoter hypermethylation, which 
may be associated with DNMT3a and DNMT3b upregulation. 

The results of the present study contribute towards improving 
the understanding of curcumin treatment in multiple myeloma 
and provide novel insights into the molecular mechanisms 
underlying the epigenetic regulation of mTOR.

Introduction

Multiple myeloma is a B‑cell malignancy characterized by 
abnormal plasmacyte proliferation in the bone marrow (1). 
The morbidity contribution of multiple myeloma is ~1% of 
all tumors and 10% of blood system tumors (1,2). Multiple 
myeloma is the second most common malignancy of the blood 
system. An Australian study identified that the survival time 
for the majority of cases was between 5 and 8 years in elderly 
patients, accounting for 20% of hematological mortalities (2). 
Although various treatments have been tested, including thalid-
omide, lenalidomide, bortezomib and hematopoietic stem cell 
transplantation, multiple myeloma remains an incurable blood 
cell cancer (3,4). Therefore, the development of more effective 
antitumor drugs and novel therapeutic strategies for multiple 
myeloma is urgently required.

Curcumin is a polyphenol derived from the rhizome of 
Curcuma, and has long been used for treating various types of 
cancer, including colorectal carcinoma, glioma and lung cancer, 
by inhibiting the proliferation and promoting the apoptosis of 
the cancer cells (5‑9). As a potential cancer inhibitor, curcumin 
inhibits almost every phase of tumor development, including 
infiltration, colonization and outgrowth. Previous studies 
have demonstrated that the antitumor function of curcumin 
is associated with a range of genetic and epigenetic altera-
tions of oncogenes and anti‑oncogenes, including the RAC‑α 
serine/threonine‑protein kinase (AKT)/mammalian target of 
rapamycin (mTOR) pathway components and downstream 
signaling molecules (10,11).

mTOR is known as the main regulatory factor of cell 
autophagy and apoptosis (10,11), which are involved in the 
regulation of various cellular processes. Clinical studies have 
demonstrated that the inhibition of mTOR activation can 
promote cell apoptosis in several types of cancer, including 
pancreatic cancer, bladder cancer and leukemia  (12‑15). 
Furthermore, inhibition of the mTOR signaling pathway can 
enhance cytotoxicity and induce autophagy in a possible 
protective role in K562 leukemia cell lines and in chronic 
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myeloid leukemia  (16). Resveratrol, a natural phytoalexin, 
inhibits the mTOR pathway and induces cell apoptosis and 
autophagy in multiple myeloma (17).

Previous studies have suggested that curcumin, a constit-
uent of Curcuma longa, is a potential epigenetic regulator. This 
polyphenol inhibits the activity of histone acetyltransferase, 
which can lead to inhibition of histone acetylation (18‑20). 
Curcumin also blocks the catalytic C1226 site of DNA methyl-
transferase (DNMT)1 through its chemical structure to inhibit 
the activity of the enzyme (21). However, the curcumin‑induced 
epigenetic regulation of biomarkers in multiple myeloma has 
not yet been fully understood, and specifically, whether mTOR 
serves a role in epigenetic regulation remains unknown. In the 
present study, curcumin was revealed to induce the methyla-
tion of the mTOR promoter, potentially via the upregulation of 
DNMT3a and DNMT3b.

Materials and methods

Cell culture and treatment. The NCI‑H929 and RPMI‑8226 
cell lines were purchased from the American Type Culture 
Collection bio‑resource center (Manassas, VA, USA). All 
cells were suspended, cultured and maintained in RPMI‑1640 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.), 100  U/ml penicillin and 
100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified 5% CO2 atmosphere. Curcumin 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) was 
dissolved in dimethylsulfoxide (DMSO; Beyotime Institute of 
Biotechnology, Haimen, China) as stock solution (1 mg/ml).

For the proliferation assay, the cells were cultured in 
96‑well plates at 5x104 cells/well and treated with increasing 
concentrations (0, 5, 10, 15 and 20 µM) of curcumin. At various 
time points (0, 24, 48, 72, 96 and 120 h), 10 µl MTT solution 
(Beyotime Institute of Biotechnology, Haimen, China) was 
added to each well, then the cells were incubated for 4 h at 37˚C 
in a humidified 5% CO2 atmosphere. The formazan crystals 
that formed were dissolved with 100 µl DMSO for 2 h at 37˚C. 
The absorbance values were measured using the Multiskan™ 
FC Microplate Photometer (Thermo Fisher Scientific, Inc.) at 
a wavelength of 570 nm.

For the apoptosis assay, ~2.5x106 cells cultured in 6‑well 
plates were treated with 0.1% DMSO or 10 µM curcumin. 
Following 24 h of treatment, the cells were collected at 500 x g 
for 5 min at room temperature, washed and stained using an 
Annexin V‑Fluorescein Isothiocyanate (FITC)/Propidium 
Iodide (PI) kit (BD Biosciences, Franklin Lakes, NJ, USA). 
Briefly, the cells were resuspended in 1X binding buffer to 
a concentration of 106 cells/ml. Volumes of 1 ml were trans-
ferred to new tubes and 5 µl FITC‑annexin V was added 
prior to incubation for 15 min at room temperature, and 5 µl 
PI solution was added prior to further incubation for 5 min 
at room temperature. The entire process was protected from 
light. Stained cells were analyzed by the FACSCanto II flow 
cytometer and BD FACSDiva software (version 6.1.3; BD 
Biosciences).

For all other assays, NCI‑H929 cells were used as they were 
identified to be more sensitive to curcumin compared with 
RPMI‑8226 cells. Cells were treated with 0.1% DMSO, 10 µM 

curcumin or 2.5 µM 5‑aza‑2'‑deoxycytidine (5‑aza‑CdR), a 
demethylation reagent, with 10% FBS‑containing medium for 
48 h, and were harvested for DNA, RNA and protein analysis.

Western blotting. Treated cells were harvested and lysed using 
ice‑cold radioimmunoprecipitation assay lysis and extraction 
buffer (Thermo Fisher Scientific, Inc.) containing a protein 
inhibitor cocktail (cat. no.  P2714; Sigma‑Aldrich; Merck 
KGaA). The protein concentration was determined using 
a Pierce Rapid Gold Bicinchoninic Acid Protein assay kit 
(Thermo Fisher Scientific, Inc.) and a NanoDrop 2000 instru-
ment (Thermo Fisher Scientific, Inc.). The proteins (30 µg) were 
separated by SDS‑PAGE (12.5% gel) and transferred to a poly-
vinylidene difluoride membrane. Subsequently, the membrane 
was blocked with 5% fat‑free milk in Tris‑buffered saline and 
Tween‑20, and sequentially incubated overnight at 4˚C with 
1:500 diluted primary antibodies and 2 h at room tempera-
ture with 1:2,000 diluted horseradish peroxidase‑conjugated 
secondary antibodies (ab6721; Abcam, Cambridge, UK). The 
signals were detected with the SuperSignal enhanced chemi-
luminescence detection system (Thermo Fisher Scientific, 
Inc.) and recorded with the Gel Documentation 2000 system 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA). Rabbit poly-
clonal primary antibodies against human methyl CpG‑binding 
protein 2 (MECP2; ab2828), DNMT1 (ab19905), DNMT3a 
(ab2850), DNMT3b (ab16049) and β‑actin (ab8227) were 
purchased from Abcam.

DNA extraction and bisulfite genomic sequencing. Genomic 
DNA was isolated from ~2.5x106 treated cells using the 
QIAamp DNA Mini kit (Qiagen GmbH, Hilden, Germany). 
Bisulfite‑modification of the genomic DNA was performed 
using the CpGenome™ Fast DNA Modification kit (Merck 
KGaA). The promoter region of mTOR, which contains a 
CpG island (chr1:11262153‑11263153), was divided into two 
for bisulfite PCR. Primers for upstream of the first exon of 
mTOR were as follows: 5'‑GTG​GTT​GTG​ATA​GGT​AAA​
AGA​TT‑3' (forward) and 5'‑AAC​CTA​ACA​CAA​CCC​CTC​
TAA​A‑3' (reverse); primers for downstream of the first exon 
of mTOR were as follows: 5'‑GAG​GGA​AGG​AGG​GTT​TTT​
A‑3' (forward) and 5'‑CTT​TTA​ATA​CAA​TAA​TTC​CTA​AAC​
ACC‑3' (reverse). The PCR products were purified and cloned 
into TOPO vectors (Invitrogen; Thermo Fisher Scientific, Inc.) 
containing a T7 promoter near the insert site for sequencing, 
using a T7 primer (5'‑TAA​TAC​GAC​TCA​CTA​TAG​GG‑3'). 
The overall percentage of the methylation was calculated by 
dividing the number of methylated CpGs by the number of 
total CpGs. The global DNA methylation of treated cells was 
determined using a Methylamp Global DNA Methylation 
Quantification kit (EpiGentek, Farmingdale, NY, USA).

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from the treated cells 
using the RNeasy Mini kit (Qiagen GmbH). First‑strand cDNA 
was synthesized from 1 µg total RNA using the SuperScript 
III First‑Strand Synthesis system for RT‑PCR (Invitrogen; 
Thermo Fisher Scientific, Inc.). The cDNA was used as the 
template for qPCR (ABI7500; Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The sequences of the primers used 
for cDNA amplification were: mTOR 5'‑CGC​TGT​CAT​CCC​
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TTT​ATC​G‑3' (forward) and 5'‑ATG​CTC​AAA​CAC​CTC​CAC​
C‑3' (reverse), and β‑actin 5'‑CTC​CAT​CCT​GGC​CTC​GCT​
GT‑3' (forward) and 5'‑GCT​GTC​ACC​TTC​ACC​GTT​CC‑3' 
(reverse). A Power SYBR™ Green Master kit (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used to detect the relative 
expression of mTOR compared with β‑actin using the ΔΔCq 
method (22). The thermocycling conditions were preheating 
at 50˚C for 2 min, denaturation at 95˚C for 10 min, and 40 
amplification cycles of denaturation at 95˚C for 15 sec, and 
annealing and extension at 60˚C for 60 sec.

Statistical analysis. From the apoptosis, qPCR and western blot 
assays, the data are presented as the mean ± standard deviation 
from 3 independent experiments with duplication of readings. 
The control and multiple experimental groups were compared 
using one‑way analysis of variance with Dunnett's post hoc 
analysis. The flow cytometry data between two groups were 
compared using Student's t‑test. All statistics were using the 
SPSS software, version 17.0 (SPSS Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Curcumin suppresses the proliferation of multiple myeloma 
cell lines. It has previously been demonstrated that curcumin 
influences tumor cell proliferation, apoptosis, migration and 
invasion, resulting in an antitumor effect (6‑11). To examine the 
effective inhibitory concentration (IC) of curcumin in multiple 
myeloma cells, an MTT assay was first performed using the 
human myeloma NCI‑H929 and RPMI‑8226 cell lines treated 
with various concentrations of curcumin. The results revealed 
that curcumin significantly (P<0.05) suppressed the prolifera-
tion of the cells in a dose‑dependent manner. The curcumin 
treatment resulted in a high level of cytotoxicity when the 
concentration reached 5  µM and the highest level was at 
20 µM. The half‑maximal IC value of curcumin for these 
human myeloma cells was ~10 µM (Fig. 1A). Compared with 
the RPMI‑8226 cell line, the NCI‑H929 cell line was more 
sensitive to curcumin. Therefore, the subsequent experiments 
were performed using the NCI‑H929 cells, whereby 10 µM 

curcumin was added to the culture medium for different time 
periods. The MTT assay demonstrated that the number of 
NCI‑H929 cells stabilized when treated with 10 µM curcumin 
for 48 h or longer (Fig.  1B). These results suggested that 
the effect of curcumin on NCI‑H929 cells was stable after 
48 h, determining the time periods chosen for the following 
experiments.

Curcumin induces apoptosis in multiple myeloma cell lines. 
To further assess the antitumor effect of curcumin, the multiple 
myeloma cells were treated with 10 µM curcumin for 24 h, 
and the apoptosis was detected by flow cytometry following 
Annexin V‑FITC/PI staining (Fig. 2A). The apoptosis rates 
calculated from the RPMI‑8226 and NCI‑H929 cells were 
18.22±2.50 and 20.13±3.55%, respectively, which were signifi-
cant increases compared with the rates for the corresponding 
untreated controls (5.03±1.46 and 4.20±0.95%, respectively) 
(Fig. 2B).

Curcumin inhibits the expression of mTOR in NCI‑H929 cells. 
In a variety of cancer cells, curcumin can induce apoptosis or 
autophagy by downregulating the expression of mTOR (23,24). 
To verify whether curcumin treatment also downregulates the 
expression of mTOR in the NCI‑H929 cell line, the protein 
expression of mTOR was examined by western blotting and 
was revealed to be 39.34% lower with the curcumin treatment 
than with DMSO treatment (Fig. 3A and B). Furthermore, 
the RT‑qPCR results showed that mTOR mRNA was 43.31% 
lower in NCI‑H929 cells treated with 10 µM curcumin for 48 h 
compared with that in the untreated control (Fig. 3C), implying 
that curcumin inhibits the expression of mTOR by repressing 
its transcriptional regulation.

Curcumin treatment leads to hypermethylation of the mTOR 
promoter region. Curcumin has the potential for DNA methyl-
ation regulation, and the transcription of associated genes may 
be directly affected when DNA methylation is altered (25,26). 
To further determine whether a change in methylation levels 
was induced by curcumin, the DNA methylation status of 
the whole genome of NCI‑H929 cells treated with 10 µM 
curcumin was determined using the Global DNA Methylation 

Figure 1. Curcumin suppresses the proliferation of multiple myeloma cells. (A) MTT assays were performed on the multiple myeloma NCI‑H929 and RPMI‑8226 
cell lines to investigate the inhibitory effect of curcumin. (B) Curcumin (10 µM) suppressed the proliferation of NCI‑H929 cells in a time‑dependent manner. 
*P<0.05, and **P<0.01 vs. the untreated group, as calculated by analysis of variance.
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Quantification Ultra kit, and no significant difference was 
noted compared with the control group (data not shown), indi-
cating that no significant change in DNA methylation on the 
genomic level occurs following curcumin treatment. However, 
further bisulfide sequencing revealed that the CpG island in 
the mTOR promoter was in a hypermethylated state (Fig. 4).

Curcumin upregulates the expression of DNMT3. Alterations 
in DNA methylation are mediated by DNMTs. In order to 
reveal which DNMT participates in the curcumin‑induced 
hypermethylation of the mTOR promoter, the NCI‑H929 
cells were treated with curcumin and DNA methylation 
inhibitor 5‑aza‑CdR for 48 h, and changes in the expression 
levels of various DNMTs were detected by western blotting 
(Fig. 5). The levels of the DNMTs were decreased to various 
degrees in the NCI‑H929 cells treated with 5‑aza‑CdR. In 
the curcumin‑treated cells, the expression of DNMT3a and 

DNMT3b, two key methylation transferases of de novo meth-
ylation, was significantly upregulated compared with that in 
the control group. However, there were no significant changes 
in the expression levels of maintenance methylase DNMT1 
and methylation‑binding protein MECP2 following treatment 
with curcumin.

Discussion

The results of the present study revealed that the expression 
of mTOR and its promoter methylation in myeloma cells 
were altered by curcumin, and that this hypermethylation 
may potentially have been mediated by the upregulation of 
DNMT3. Curcumin was able to induce apoptosis in 50% of 
the myeloma cells when its concentration was increased to 
10 µM. Investigation of the effect of curcumin on normal 
bone marrow cells was not performed; however, these results 

Figure 3. Curcumin inhibits the expression of mTOR in H929 cells. (A) Western blotting determined the levels of mTOR in H929 cells untreated or treated with 
curcumin or DMSO. (B) Quantitative analysis of the western blotting mTOR protein levels normalized to β‑actin. (C) Relative mRNA expression of mTOR in 
H929 cells under various treatments (n=3). *P<0.05 and **P<0.01, vs. the H929 + DMSO group, as calculated by analysis of variance. H929, NCI‑H929; Cur, 
curcumin; mTOR, mammalian target of rapamycin.

Figure 2. Curcumin induced the apoptosis of multiple myeloma cells. (A) Annexin V‑fluorescein isothiocyanate/PI stained RPMI‑8226 and NCI‑H929 cells 
treated with 10 µM curcumin for 24 h were detected by flow cytometry. (B) The apoptosis rates of the treated cells as taken from. (A) Each group was analyzed 
by 3 independent experiments. **P<0.01 vs. the DMSO group, as calculated by Student's t‑test. PI, propidium iodide; Cur, curcumin.
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suggest that curcumin may be used in anti‑multiple myeloma 
treatment. Notably, the results indicated that there were no 
widespread changes in genomic DNA methylation induced by 

curcumin in NCI‑H929 cells, in accordance with the results 
from colorectal cells in a study by Link et al (25). The present 
study focused on mTOR, a key factor that activates apoptosis 

Figure 5. Expression of DNMTs induced by curcumin. (A) Western blotting detected the expression levels of DNMT1, DNMT3a, DNMT3b and MECP2 in 
NCI‑H929 cells following various treatments. (B) Quantitative analysis of the protein levels of DNMT1, DNMT3a, DNMT3b and MECP2, normalized to 
β‑actin (n=3). *P<0.05 and **P<0.01, vs. the control group, as calculated using analysis of variance. DNMT, DNA methyltransferase; MECP2, methyl CpG 
binding protein 2; Cur, curcumin; 5‑Aza, 5‑aza‑2'‑deoxycytidine.

Figure 4. Curcumin hypermethylates the promoter of mTOR in CpG sites. (A) Schematic diagram of the CpG island that begins upstream of the mTOR gene. 
The striped rectangle represents the CpG island and the blank rectangle represents mTOR exon 1. (B) CpG sites in the CpG island. Each vertical bar represents 
a CpG site. Two regions indicated by four arrows are CpG islands outside the first exon, which are the target detection areas. (C) The methylation level of the 
CpG sites in the promoter of mTOR in the curcumin‑treated cells was significantly higher than that that in the control cells. Each line represents a sequencing 
reaction. The black circles represent methylated CpG sites, while the white circles represent unmethylated CpG sites. mTOR, mammalian target of rapamycin; 
Cur, curcumin.
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and autophagy pathways, rather than performing macroscopic 
genetic clustering analysis. Lower expression of mTOR and 
higher promoter methylation were observed, which may be 
due to changes in DNMT3 expression.

Curcumin is a plant polyphenol extracted from the roots 
of a plant from the Curcuma genus, and has numerous phar-
macological effects, including antitumor, anti‑inflammatory, 
antioxidant and antibacterial properties  (27,28). Curcumin 
may affect cell transcription and regulate apoptosis and 
autophagy by modulating multiple cell signals, including 
the nuclear factor‑κB, phosphatidylinositol‑3‑kinase/AKT 
pathway, the Janus tyrosine kinase/signal transducer and 
activator of transcription (STAT) signaling transduction 
pathway and STAT3 (23,29,30). A previous experimental and 
epidemiological study have proposed that curcumin may alter 
the DNA methylation status of tumor cells (25); however, its 
ability to regulate DNA methylase in myeloma cells remains 
unknown. The present study systematically examined the 
effect of curcumin on DNMTs in multiple myeloma NCI‑H929 
cells. To detect the epigenetic regulatory effect of curcumin, 
5‑aza‑CdR was used as a positive control for comparison. 
Curcumin did not inhibit the expression of methyl‑DNA 
binding protein MECP2 and the maintenance methylase 
DNMT1 in the NCI‑H929 cells, in accordance with the results 
of the study by Shu et al (31) in LNcaP cells, suggesting that 
curcumin has no effect on the maintenance of methylation. It 
has been reported that curcumin is an inhibitor of DNMT1 and 
may cause a decrease in the overall DNA methylation level in 
the MV4‑11 lymphoma cell line (21). However, in the present 
study, curcumin was not observed to have an effect on the 
DNMT1 expression in NCI‑H929 cells, but rather it led to an 
increase in the expression of DNMT3a and DNMT3b. These 
differences may be due to several factors, including the types 
of cell lines, the curcumin concentration and the duration of 
treatment.

In summary, the present study demonstrated that the down-
regulation of mTOR was associated with hypermethylation of 
its promoter following treatment with curcumin, which may 
occur through regulating the expression of DNMT3. It may 
be concluded that curcumin possesses anti‑multiple myeloma 
activity, which is different from that of chemotherapeutic drugs, 
including 5‑aza‑CdR, that cause changes in the overall level 
of genomic DNA methylation. The precise sites of DNMT3a 
and DNMT3b that regulate the mTOR promoter and affect its 
expression should be identified and verified in future studies.
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