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Multiple myeloma (MM) is a hematopoietic malignancy characterized by the clonal proliferation of antibody-
secreting plasma cells. Bortezomib (BZM), the first FDA-approved proteasome inhibitor, has significant 
antimyeloma activity and prolongs the median survival of MM patients. However, MM remains incurable  
predominantly due to acquired drug resistance and disease relapse. b-Catenin, a key effector protein in 
the canonical Wnt signaling pathway, has been implicated in regulating myeloma cell sensitivity to BZM. 
Decitabine (DAC) is an epigenetic modulating agent that induces tumor suppressor gene reexpression based 
on its gene-specific DNA hypomethylation. DAC has been implicated in modulating Wnt/b-catenin signaling 
by promoting the demethylation of the Wnt/b-catenin antagonists sFRP and DKK. In this study, we report the 
effects of single reagent DAC therapy and DAC combined with BZM on b-catenin accumulation, myeloma 
cell survival, apoptosis, and treatment sensitivity. Our study proved that DAC demethylated and induced the 
reexpression of the Wnt antagonists sFRP3 and DKK1. DAC also reduced GSK3b (Ser9) phosphorylation 
and decreased b-catenin accumulation in the nucleus, which were induced by BZM. Thus, the transcription 
of cyclin D1, c-Myc, and LEF/TCF was reduced, which synergistically inhibited cell proliferation, enhanced 
BZM-induced apoptosis, and promoted BZM-induced cell cycle arrest in myeloma cells. In summary, these 
results indicated that DAC could synergistically enhance myeloma cell sensitivity to BZM at least partly by 
regulating Wnt/b-catenin signaling. Our results can be used to optimize therapeutic regimens for MM.
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INTRODUCTION

Multiple myeloma (MM) is a neoplastic disorder 
characterized by the clonal proliferation of antibody-
secreting plasma cells in the bone marrow; these factors 
cause pathological bone fracture, anemia, renal dysfunc-
tion, and hypercalcemia1. With the significant advances 
in understanding the ubiquitin–proteasome pathway, 
through which intracellular proteins are degraded, the 
treatment paradigm for myeloma has recently changed. 
Bortezomib (BZM), the first FDA-approved proteasome 
inhibitor, has significantly improved the response rates 
and prolonged the median survival of MM patients from 
2 years to more than 5 years2–4. However, MM remains 
incurable predominantly due to drug insensitivity and 
resistance. The mechanism of BZM resistance has been 
explored, including inherent and acquired mutations and 

inducible prosurvival signaling5. Therefore, there is an 
urgent need for developing new medications and treat-
ment regimens for MM. The combination of BZM with 
other novel therapeutic agents may enhance its therapeu-
tic effect and may even overcome resistance.

The Wnt signaling pathway plays a key role in regu-
lating the cellular processes of proliferation, differen-
tiation, and migration and is associated with multiple 
aspects of diseases. b-Catenin, a messenger molecule 
relevant to growth and survival, is degraded through the 
ubiquitin–proteasome pathway. Recently, evidence has 
also indicated that the dysregulation of Wnt/b-catenin 
signaling has been implicated in hematological malig-
nancies, including MM6. The related factors include 
increased expression of Wnt transcriptional cofactors 
and associated microRNAs and disturbed epigenetics 
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and posttranslational modification processes7. b-Catenin 
inhibitors have been tested and proven efficacious as a 
monotherapy or in combination with BZM for treating 
myeloma8. Interestingly, Wnt/b-catenin signaling has also  
been linked to the molecular basis of BZM drug resis-
tance9, and BZM treatment causes nuclear b-catenin 
accumulation, presumably due to reduced b-catenin deg-
radation10. Thus, strategies that target Wnt/b-catenin may 
improve the efficacy of BZM in MM treatment.

Epigenetic agents have now shown considerable effi-
cacy against hematological malignances11,12. Decitabine 
(5-aza-2¢-deoxycytidine; DAC) is an adeoxynucleo-
side analog of cytidine that selectively inhibits DNA 
methyltransferases (DNMTs); DAC is used for treating 
myelodysplastic syndrome and elder acute myeloid leu-
kemia13. DAC binds DNMTs and decreases the levels 
of enzyme expression, leading to the consecutive reac-
tivation of epigenetically silenced tumor suppressor 
genes in vitro and in vivo14. Increasing evidence has 
shown that DNA methylation is an epigenetic event 
related to gene expression, which is also important for 
the occurrence and development of MM15. Considering 
the existence of non-CpG island hypermethylation in 
MM16, DNA methylation is regarded as a prognostic 
marker for patients with MM17,18, and DNA methyltrans-
ferase inhibitors are regarded as promising agents for  
treating MM.

In this study, we investigated the effect of DAC com-
bined with BZM on MM cells. We also evaluated their 
synergistic efficacy for treating MM and further explored 
the potential mechanism.

MATERIALS AND METHODS

Cell Culture

Human MM cell lines NCI-H929 and RPMI 8226 were 
obtained from the American Type Culture Collection 
(ATTC; Manassas, VA, USA). Cells were maintained in  
RPMI-1640 medium (Gibco, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (Gibco) in a 
humidified atmosphere containing 5% CO2 at 37°C.

MTT Assays

Cell proliferation was analyzed by MTT assay (Sigma-
Aldrich, St. Louis, MO, USA). Briefly, cells were seeded 
in 96-well plates and incubated in a humidified incuba-
tor with 5% CO2 at 37°C. The cells were treated with 
DAC alone at different concentrations, and a second 
dosage was added at 24 h. The cells were then cultured 
for another 48 h. For the combination group, the second  
dosage of DAC and BZM was sequentially added 24 h 
later. After 48 h of combination treatment, the samples 
were analyzed by a microplate reader at 490 nm.

Apoptosis and TUNEL Assays

Cells were treated with DAC alone, BZM alone, 
and DAC combined with BZM for 72 h. The cells were 
washed with PBS and then resuspended in 100 μl of 
binding buffer. Annexin-V/propidium iodide (PI; BD 
Pharmingen, San Diego, CA, USA) staining assays were 
conducted and analyzed by flow cytometry (FC500; 
Beckman Coulter, Brea, CA, USA). TUNEL staining 
was performed using an In Situ Cell Death Detection 
kit (Roche Diagnostics GmbH, Mannheim, Germany) 
according to the manufacturer’s instructions. The per-
centages of TUNEL+ cells from images of 10 randomly 
selected fields for each group were identified at a magni-
fication of 200× (ECLIPSE80I; Nikon, Tokyo, Japan).

Cell Cycle Analysis

Cells were seeded in 12-well plates (2 × 105/well). 
After treatment with DAC alone, BZM alone, or combi-
nation treatment for 72 h, the cells were collected sepa-
rately and fixed in ice-cold 70% ethanol for 24 h. The 
cell cycle profiles were determined using PI staining and  
flow cytometry (FC500; Beckman Coulter).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted with TRIzol (Takara, Tokyo, 
Japan) and eluted with RNase-free water. cDNA was gen-
erated from the total RNA using a reverse transcription 
kit (Takara) according to the manufacturer’s instructions. 
A SYBR-Green master mix kit (Takara) and Bio-Rad iQ5 
system (Bio-Rad Laboratories, Hercules, CA, USA) were 
used according to the manufacturer’s protocol. The spe-
cific primer sequences are shown in Table 1. The following 
cycling conditions were applied: 95°C for 10 min, 49 cycles 
at 95°C for 15 s, 61°C for 1 min, and 65°C for 15 s.

Methylation-Specific Polymerase Chain Reaction (MSP)

Genomic DNA was extracted from cells, and sub-
sequent bisulfite conversion of the genomic DNA was 
performed. The sequences of the methylation-specific 
primers for DNMT3a, DKK-1, and sFRP-3 are listed in 
Table 2. The methylation status of the CpG islands in 
the DNMT3a, DKK-1, and sFRP-3 gene promoters was 
determined by genomic DNA bisulfite treatment, fol-
lowed by methylation-specific PCR (MSP). MSP was 
performed according to the following cycling conditions: 
95°C for 10 min, 30 cycles of 95°C for 1 min, 55°C for 
30 s, and 72°C for 30 s, and a final extension for 10 min 
at 72°C.

Luciferase Assay

Cells were seeded into 24-well plates and trans-
fected with the TOPFlash/FOPFlash reporter plasmids 
(Millipore, Temecula, CA, USA), as well as pRL-SV40 
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(Promega, Madison, WI, USA) to normalize for trans-
fection efficiency, with Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA USA). After a 24-h incubation, the cells 
were treated with the drugs and then analyzed with a 
Dual-Luciferase Reporter Assay System (Promega).

Detections of p-GSK3b (Ser9) Expression by Flow 
Cytometry (FCM)

The PE-conjugated monoclonal fluorescent antibody 
p-GSK3b (Ser9; Cell Signaling, Danvers, MA, USA) 
was used to identify p-GSK3b (Ser9) expression. Cells 
were plated in six-well plates, incubated, and harvested 
after treatment. The cells were then fixed with fixation 
agent for 15 min at room temperature and washed with 
PBS. Next, they were permeabilized with permeability 
agent for 5 min and incubated with an antibody against 
p-GSK3b (Ser9) at 4°C for 30 min. The samples were 
then analyzed by flow cytometry.

Western Blot Analysis

Nuclear proteins were extracted with Beyotime 
Nuclear and Cytoplasmic Extraction Reagents (Beyotime 
Institute of Biotechnology, Haimen, P.R. China) accord-
ing to the manufacturer’s instructions. The proteins were  
electrophoretically transferred onto polyvinylidene fluoride  
(PVDF) membranes (Millipore Corporation, Billerica, 
MA, USA). After blocking with 5% nonfat milk for 3 h,  
the membranes were incubated with the respective 

primary antibodies, including anti-GAPDH, anti-lamin 
B1, anti-b-catenin, anti-GSK3b, anti-cyclin D1, anti-
caspase 3, and anti-c-Myc (all from Abcam, Cambridge, 
MA, USA), at 4°C overnight. The membranes were then 
incubated with a horseradish peroxidase-conjugated sec-
ondary antibody for 1 h at room temperature. Finally, the 
membranes were exposed with enhanced chemilumines-
cence (ECL; Millipore Corporation).

Immunofluorescence Assay

Cells were plated on polylysine-coated slides, fixed 
with 4% paraformaldehyde for 20 min at room tempera-
ture, and washed with PBS. The cells were permeabilized 
with 1% Triton X-100 for 15 min and incubated with 1% 
BSA for 1 h at room temperature. After washing with 
PBS, the cells were incubated with a specific primary 
anti-b-catenin antibody (1:250; Abcam) at 4°C overnight, 
followed by incubation with the secondary antibody rho-
damine (TRITC)-conjugated goat anti-rabbit IgG for 
1 h. The stained slides were viewed under a fluorescence 
microscope at a magnification of 400× (ECLIPSE80I; 
Nikon).

Xenograft Transplantation and Immunohistochemistry

Nude mice were provided by the Fourth Military 
Medical University. All animals were housed in an envi-
ronment with a temperature of 22 ± 1°C, a relative humidity 
of 50 ± 1%, and a light/dark cycle of 12:12 h. In addition, 

Table 1. Sequences of Primers Used for qRT-PCR

Forward Reverse

GAPDH 5¢-AAGGTCGGAGTCAACGGATT-3¢ 5¢-CCATGGGTGGAATCATATTGG-3¢
DKK-1 5¢-ATTCCAGCGCTGTTACTGTG-3¢ 5¢-GAATTGCTGGTTTGATGGTG-3¢
sFRP-3 5¢-ACATGACTAAGATGCCCAACCAC-3¢ 5¢- GAGTGCATCCCTCACACTTCTCAG-3¢
DNMT3a 5¢- AGGAGCACAAACAGGAAGAGAAT-3¢ 5¢- GGGTTCTGTTTTGCATGACCA-3¢
b-Catenin 5¢-GAGTGCTGAAGGTGCTATCTGTCTG-3¢ 5¢-AGGTTCAGTTGCAGAACAAGGTCTT-3¢
Cyclin D1 5¢-ATGTTCGTGGCCTCTAAGATGA-3¢ 5¢-CTTGTTCGAGTTCACCTTGGAC-3¢
LEF-1 5¢-GACGAGATGATCCCCTTCAA-3¢ 5¢-GGACATGCCTTGTTTGGAGT-3¢
TCF-1 5¢-GAGTCCAAGGCAGAGAAGGA-3¢ 5¢-GTGGTGGATTCTTGGTGCTT-3¢

Table 2. Primer Sequences for Methylation-Specific PCR (MSP)

Primer for MSP Forward Primer (5¢→3¢) Reverse Primer (5¢→3¢)

DKK-1
Methylated GTTTATTATTGAGAAGGGAGAATCG ATAAACTTAATTAAACAAACGCGTA
Unmethylated TTATTATTGAGAAGGGAGAATTGG AATAAACTTAATTAAACAAACACATA

sFRP-3
Methylated AAATATTTTTAGGAAGGAGGGTTTC AAAATCGCAAACGATAAAATACG
Unmethylated AAATATTTTTAGGAAGGAGGGTTTT AAAATCACAAACAATAAAATACAAA

DNMT3a
Methylated GAATTTTTCGAAGGAAAATTTTTTC CTCCCTAACTAACACAAAACATAACG
Unmethylated ATTTTTTGAAGGAAAATTTTTTTGT CCCTAACTAACACAAAACATAACATA



Delivered by Ingenta
IP: 89.252.132.194 On: Thu, 23 Jun 2022 03:06:09

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

732 JIN ET AL.

all animal studies (including the mouse euthanasia proce-
dure) were performed in compliance with the regulations 
and guidelines of the Fourth Military Medical University 
Institutional Animal Care Committee and conducted 
according to the AAALAC and the IACUC guidelines.

NCI-H929 cells (1 × 107 cells per mouse) in 100 μl of 
serum-free RPMI-1640 medium were injected subcu-
taneously into the flanks of the mice. When the tumors 
reached approximately 50 mm³, the mice were divided 
randomly into four groups: a control (PBS) group, a BZM 
group, a DAC group, and a BZM plus DAC group. BZM 
(0.5 mg/kg) was injected IV twice a week, and 0.5 mg/
kg DAC was given IP for 5 consecutive days. Tumor 
volumes were calculated using the following formula: 
length × width2/2. All animals were euthanized, and tumor 
tissues were analyzed by TUNEL assays.

Statistical Analysis

All statistical analyses were carried out using the 
SPSS 17.0 statistical software. Statistical analysis was 
conducted using standard one-way analysis of variance. 

Data are shown as the mean ± SD of three independent 
experiments. A value of p < 0.05 was considered statisti-
cally significant.

RESULTS

Combining BZM With DAC Enhances the  
Inhibition of MM Cells

MTT assays were used to evaluate the effects of DAC 
alone, BZM alone, and DAC combined with BZM on 
MM cell viability. RPMI-8226 cells and NCI-H929 cells 
were treated with different drug concentrations. As shown 
in Figure 1A and B, cell proliferation was inhibited in 
a dose-dependent manner upon treatment with increas-
ing concentrations of DAC (0.5, 1.0, 2.0, 5.0, 10.0, and 
20.0 μM) for 72 h. For RPMI-8226 cells, the inhibition 
of DAC was significantly increased to 10.0 ± 0.21%, 
30.0 ± 1.65%, and 50.0 ± 1.92% with doses of 1.0, 5.0,  
and 10.0 μM. DAC inhibited cell growth approxima-
tely onefold more in NCI-H929 cells than in RPMI-
8226 cells. These results showed that the proliferation  

Figure 1. Effects of decitabine (DAC) in combination with bortezomib (BZM) on the proliferation and apoptosis of myeloma 
cells. (A, B) Dose-dependent growth inhibition was observed after single doses of DAC. (C, D) Multiple myeloma (MM) cells were 
pretreated with DAC (1.0 μM) for 24 h and in combination with BZM for 48 h. Inhibition rates were determined by MTT assay.  
(E, F) The cell cycle was measured by flow cytometric analyses. (G, H) Apoptosis rates were determined by flow cytometric analy-
ses. (I, J) Protein expression levels of caspase 3, cyclin D1, and c-Myc were examined by Western blotting. *p < 0.05, **p < 0.01, 
***p < 0.001 versus the single treatment group.
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of MM cells was inhibited by adding DAC alone. The 
concentration of DAC we chose for both RPMI-8226  
and NCI-H929 cells was 1.0 μM for the combination 
group, and the combined doses of BZM were 10.0, 15.0, 
and 20.0 nM. As shown in Figure 1C and D, the sequen-
tial combination of DAC and BZM showed a synergistic 
effect, and the inhibition rate was significantly increased, 
as estimated by combination index (CI) values of <1.0. 
The Chou–Talalay method was applied to calculate the 
CI, which quantitatively established additivity (CI = 1), 
synergy (CI < 1), and antagonism (CI > 1).

DAC and BZM Induce Cell Cycle Arrest in MM Cells

The effect of DAC and BZM on cell cycle progression 
was analyzed by flow cytometry. As shown in Figure 1E, 
approximately 25%–30% of RPMI-8226 cells remained 
in the G0/G1 phase. DAC (1.0 μM) alone induced 
approximately 45% cell arrest at the G0/G1 phase of the 
cell cycle, while BZM (10 nM) alone induced approxi-
mately 35% cell arrest at the G0/G1 phase. Interestingly, 
the combination of DAC (1.0 μM) with BZM (10 nM) 
induced approximately 60%–70% cell arrest at the G0/G1 
phase, and approximately 30% more cells were arrested 
than in the nontreatment group. A similar result was 
observed for the NCI-H929 cell line (Fig. 1F). These data 
indicated that DAC and BZM treatment led to a higher  
rate of G1 arrest.

Combination With DAC Enhances BZM-Induced 
Apoptosis in MM Cells

To analyze cell apoptosis rates, we conducted flow 
cytometry. These data are shown in Figure 1G and 
H. In RPMI-8226 cells, DAC (1.0 μM) alone yielded 
approximately 9.6 ± 1.78% apoptotic cells, BZM alone 
yielded 4.8 ± 0.50% apoptotic cells, and combination 
treatment yielded approximately 25.5 ± 2.93% apoptotic 
cells. The apoptosis rates in the combination groups were 
significantly higher in both RPMI-8226 and NCI-H929 
cells than those in the single reagent treatment groups.

Related Downstream Effector Molecules in MM 
Cells After DAC Treatment and DAC Combined 
With BZM Treatment

We examined cell proliferation- and apoptotic-related 
molecules after treatment with DAC alone, BZM alone, 
and DAC/BZM in combination. These data are shown 
in Figure 1I. In RPMI-8226 cells, DAC (1.0 μM) alone 
induced the expression of activated cleaved caspase  
3 compared to control treatment, and this induction 
was dose dependent. Additionally, BZM alone induced 
cleaved caspase 3, while combination treatment induced 
the highest level of cleaved caspase 3 expression (Fig. 1J). 
Additionally, the gene expression of c-Myc and cyclin D1 
in MM cells was significantly lower in the combination 

group than in the single drug treatment (Fig. 1J). c-Myc and 
cyclin D1 are downstream effector molecules involved in 
Wnt/b-catenin signaling. In our study, we found that these 
related genes were decreased in MM cells after DAC and 
BZM treatment and significantly decreased upon combi-
nation treatment, suggesting that DAC might synergisti-
cally affect the cell proliferation and apoptosis induced by 
BZM through Wnt/b-catenin-related effectors.

DAC Reduced the BZM-Induced b-Catenin 
Accumulation in the Nucleus and Demethylated 
Wnt Antagonists

We examined the expression and cellular location of 
b-catenin by Western blotting and immunofluorescent 
staining in the single drug treatment and combination 
treatment groups. As shown in Figure 2A–C, we found 
that nucleic b-catenin was obviously increased upon 
BZM treatment alone. This finding is consistent with 
those of previous reports, but the underlying mecha-
nism is unknown; presumably, this phenomenon occurs 
because of the decreased protein degradation caused by 
protease inhibitors. We found that DAC alone decreased 
nucleic b-catenin accumulation, and nucleic b-catenin 
was obviously decreased in the combination group com-
pared to that in the BZM group. Nucleic b-catenin accu-
mulation was also confirmed by fluorescence microscopy 
analyses of immunofluorescent staining of PE-conjugated 
b-catenin and DAPI staining of the nuclei.

Methylation-specific PCR (MSP) was used to examine 
the CpG methylation status of Wnt antagonists (DKK-1 
and sFRP-3) and DNMT3a in MM cell lines. Decreased 
methylation of the promoters for the DKK-1, sFRP-3, 
and DNMT3a genes was observed in the NCI-H929 cell 
line treated with DAC and the drug combination, but 
this demethylation was not observed for BZM treatment 
alone (Fig. 2D).

DAC With BZM Repressed b-Catenin-Related 
Transcription and Synergistically Inhibited  
Wnt/b-Catenin Signaling

We examined and compared the mRNA levels of 
downstream effectors of b-catenin, such as cyclin D1, 
LEF-1, and TCF-1, by qRT-PCR in the DAC alone 
and BZM alone treatment groups and in the drug com-
bination group. In our study, compared to BZM alone, 
the combination of DAC and BZM obviously down-
regulated the transcriptomes of these genes (Fig. 3A 
and B). Interestingly, as shown in Figure 3C, we found 
that although BZM alone increased the mRNA levels 
of b-catenin, neither DAC alone nor combination treat-
ment changed the mRNA levels of b-catenin ( p < 0.05). 
We also examined the transcript activity of LEF-1/TCF-1 
by luciferase assay, and the results showed that LEF-1/
TCF-1 activity was obviously lower in the combination 
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treatment group than in the DAC alone treatment group 
and even more so than in the BZM alone treatment group 
(Fig. 3D and E). Using RT-PCR, we found that DKK-1 
and sFRP-3 mRNA was increased after DAC treatment, 
while DNMT3a was decreased; these results indicate 
that DAC may demethylate Wnt antagonists to induce 
their reexpression. This effect was also observed in the 
combination treatment group (Fig. 3G and H). GSK-3b 
is a serine–threonine kinase that controls insulin, NF-kB 
signaling, and especially Wnt/b-catenin in cells. Recent 
evidence suggests that GSK-3b could function as a 
growth-promoting kinase, especially in malignant cells. 
In this study, we investigated GSK-3b phosphorylation 
in MM after DAC, BZM, or combination treatment. 
Consistent with the b-catenin nuclear translocation, DAC 
decreased GSK-3b (Ser9) phosphorylation, while BZM 
increased GSK-3b (Ser9) phosphorylation. In addition, 
compared with BZM alone, the combination treatment 
decreased GSK-3b (Ser9) phosphorylation (Fig. 3F).

The Combination of DAC and BZM Efficiently Inhibits 
Tumor Growth in a MM Mouse Model

Xenograft mouse models were treated with DAC 
(0.5 mg/ kg/day) for 5 consecutive days, followed by BZM 
(0.5 mg/kg) twice a week, while the control groups were 
treated with a single agent and PBS. The tumors in the 
combination group were dramatically lower than those in 
the control and single treatment groups (Fig. 4A and B).

Furthermore, we performed TUNEL assays to con-
firm the apoptotic effects of DAC and BZM. The staining 
results showed that the number of TUNEL+ cells in the 
tumor tissues were remarkably higher in the combination 
group than in the other groups (Fig. 4C and D). These 
results demonstrated that the combination of the two 
drugs significantly inhibited tumor growth.

DISCUSSION

The highly conserved Wnt signaling pathway plays 
a central role in regulating cell proliferation, apoptosis,  

Figure 2. Effects of DAC in combination with BZM on b-catenin and Wnt antagonists in myeloma cells. (A, B) Immunofluorescence 
images of b-catenin. Original magnification: 400×. (C) Protein lysates were subjected to immunoblotting with the indicated antibod-
ies. GAPDH and lamin B1 were analyzed as controls. (D) Methylation-specific PCR (MSP) analysis of Wnt antagonists and DNMT3a 
in NCI-H929 cells. U indicates the presence of unmethylated genes, and M indicates the presence of methylated genes. *p < 0.05, 
**p < 0.01 versus the single treatment group.
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Figure 3. Effects of DAC in combination with BZM on cell cycle and expression levels of cyclin D1, LEF-1, TCF-1, and p-GSK-3b. 
(A, B) The mRNA expression of downstream genes of the Wnt/b-catenin signaling pathway was measured by quantitative real-time 
(qRT)-PCR. (C) The mRNA expression of b-catenin was measured by qRT-PCR. (D, E) The activity of the Wnt/b-catenin pathway 
was detected by TOP/FOP flash experiments. (F) FCM analysis of p-GSK3b (Ser9) in the cytoplasm of MM cells. (G, H) The mRNA 
expression of Wnt antagonists of the Wnt/b-catenin signaling pathway and DNMT3a was measured by qRT-PCR. (I) Protein lysates 
were subjected to immunoblotting with total GSK3b antibodies. GAPDH was analyzed as a control. *p < 0.05, **p < 0.01 versus the 
single treatment group.

Figure 4. Effects of DAC in combination with BZM in a MM mouse model. (A) MM mice transplanted with H929 cells were treated 
with PBS, DAC (0.5 mg/kg; IP; 5 consecutive days), BZM (0.5 mg/kg; IV; twice a week), and DAC in combination with BZM. 
The drugs were given for 15 days. Tumor volumes were expressed as the mean ± SD (n ³ 3). (B) Time curve of the tumor volumes. 
(C, D) TUNEL assays in tumor tissues. *p < 0.05, **p < 0.01 versus the single treatment group.
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and differentiation and is related to multiple aspects of 
tumors, including MM7. It has been shown that Wnt/ 
b-catenin signaling through b-catenin/TCF-regulated 
transcription is active in MM. When MM cell lines were 
treated with an active mutant form of b-catenin, they 
showed higher levels of nonphosphorylated nuclear 
b-catenin and significantly increased cellular prolifera-
tion19. A previous study has also shown that b-catenin 
siRNA targets inhibit the proliferation of myeloma cells 
in vivo and in vitro20. Furthermore, the small molecule 
b-catenin inhibitor BC2059 that blocks the canonical  
Wnt signaling pathway was efficacious in MM as a mono-
therapy or in combination with BZM8. As b-catenin is 
essential for regulating the sensitivity of myeloma cells to 
BZM21, we investigated the expression level of b-catenin 
in the myeloma cell lines NCI-H929 and RPMI-8226 in 
our study. The results showed that upon BZM treatment, 
b-catenin was upregulated in both cell types, indicat-
ing that BZM might induce more active b-cat-regulated  
transcription (CRT).

In this study, we observed that DAC and BZM had a 
synergistic antiproliferative effect in myeloma cells. We 
also revealed that DAC synergistically induced apopto-
sis by activating cleaved caspase 3 and arresting the cell 
cycle. Cyclin D1, a b-catenin downstream target gene that 
is necessary for the progression of cells from G1 phase to 
S phase (DNA synthesis)22, was obviously decreased in 
MM cells treated with DAC (Fig. 1J). A rapid decrease 
in cyclin D1 in MM cells pretreated with DAC and then 
treated with BZM caused greater G1/S phase arrest, thus 
leading to more obvious suppression of cell prolifera-
tion. G1/S arrest in MM cells was induced through the 
downregulation of the downstream targets of b-catenin, 
including cyclin D1, c-Myc, and LEF/TCF. These data 
suggested a specific biological mechanism resulting in a 
concerted effect.

Additionally, we demonstrated that the levels of cyto-
plasmic and nuclear b-catenin proteins were significantly 
downregulated following DAC treatment (Fig. 2A–C). 
The Wnt/b-catenin pathway could also be enhanced due 
to the loss of its antagonists, which are associated with 
gene-promoter hypermethylation. Because DAC induces 
tumor suppressor gene reexpression based on its gene-
specific DNA hypomethylation, we determined the meth-
ylation status of the Wnt antagonists DKK-1 and sFRP-3.  
The results revealed that DKK-1 and sFRP-3 were de-
methylated and reexpressed after DAC treatment, while 
the same demethylation effect induced by DAC was  
observed for DNMT3a (Fig. 2D). Accordingly, myeloma 
cell lines treated with DAC presented with Wnt antago-
nist demethylation, transcript reexpression, and Wnt sig-
naling downregulation.

By examining b-catenin mRNA, we found that DAC 
did not interrupt b-catenin transcriptome levels directly. 

However, DAC could interrupt b-catenin’s nuclear accu-
mulation, which may be caused by Wnt receptor antago-
nist demethylation. p-GSK3b was decreased after DAC 
treatment, which also indicated that Wnt signaling was 
suppressed by DAC; total GSK3b levels in the DAC 
group were the same as those in the control group, while 
BZM alone also decreased p-GSK3 (Ser9) (Fig. 3F and I). 
A previous study also showed that BZM treatment could 
decrease p-GSK3a/b in the MM cell line U26610. This 
finding indicated that DAC and BZM might both play 
roles in the Wnt/GSK3 axis and synergistically affect 
MM cell proliferation and apoptosis.

Because the regulation of b-catenin accumulation is 
highly related to the sensitivity of myeloma cells to BZM, 
we investigated whether DAC plays a role in b-catenin 
accumulation and regulates the sensitivity of myeloma 
cells to BZM. We found that the sequential combination 
treatment of DAC and BZM efficiently inhibited the for-
mation of MM cell clones and growth in a subcutaneous 
MM mouse model (Fig. 4A). Immunochemistry stain-
ing of the myeloma tissue showed that TUNEL staining 
intensity was obviously higher in the combination group 
than that in the single DAC or BZM treatment groups 
(Fig. 4C and D).

In this study, we found that pretreatment of MM cells 
with DAC followed by BZM led to a synergistic effect. 
A previous study demonstrated that b-catenin protein 
levels are negatively associated with the sensitivity of 
myeloma cells to BZM21. In the present study, however, 
DAC reduced the accumulation of b-catenin after protea-
some inhibition and enhanced the sensitivity of myeloma 
cells to BZM.

In summary, our study found that the demethylation 
agent DAC combined with BZM had synergistic anti-
tumor efficacy in the treatment of MM through the Wnt/ 
b-catenin pathway. The identification of the synergistic 
effect of DAC and BZM might lead to a better therapeutic 
approach for MM.
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