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Abstract: Multiple myeloma (MM) is an extremely serious hematological malignancy that remains incurable due to 
chemotherapy resistance. Epigenetic regulation is closely associated with progression of MM. Histone deacetylase 
inhibitor NaBut functions in various physiologic processes, including inflammation and differentiation. Its’ possible 
roles in MM progression have not been explored. In this report, NaBut decreased survival of several human MM 
cell lines in a dose- and time-dependent manner. NaBut could also lead to cell cycle arrest at the G2/M phase in a 
dose-dependent manner. NaBut inhibited bortezomib-resistant cell proliferation in dose- and time-dependent man-
ners, and NaBut was likely to induce partly bortezomib-resistant MM cell death. Moreover, NaBut induced MM cell 
apoptosis via transcriptional activation of p21. Overall, our results implicate NaBut as a potential therapeutic drug 
for MM.
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Introduction

Multiple myeloma (MM) is an extremely serious 
hematological malignancy that remains incur-
able. Most patients will ultimately relapse or 
become refractory to the chemotherapy [1]. It 
accounts for 1% of all tumors and more than 
10% of all hematological malignancies [2]. 
Despite improved treatments, the major prob-
lem in MM is the resistance to therapy [3]. 
Many novel agents are currently developed for 
the treatment of relapsed/refractory MM, in- 
cluding immunomodulatory drugs (lenalido-
mide, pomalidomide), proteasome inhibitors 
(bortezomib [BTZ], carfilzomib), monoclonal an- 
tibodies (elotuzumab, daratumumab), cell sig-
naling targeted therapies, and strategies tar-
geting the tumor microenvironment [4-6]. Al- 
though the agents have demonstrated antitu-
mor activity in relapsed/refractory MM, drug 
resistance is still a problem and MM continues 
to be mostly an incurable disease. Therefore, it 
is essential to identify novel therapeutic agents 

to overcome drug resistance and to understand 
the molecular mechanism of MM.

Post-translational modifications of histones oc- 
cur via various mechanisms including acetyla-
tion, phosphorylation, methylation, and ubiqui-
tination. All can alter interactions of DNA with 
histones. Among them, histone acetylation is 
regulated by histone acetyltransferases and 
histone deacetylases (HDACs) [7]. Depletion of 
HDAC activity promotes proliferation, cell cycle 
arrest, and apoptosis of tumor cells [1]. Cur- 
rently, many HDAC inhibitors have emerged as 
novel therapeutic agents for tumors, including 
MM. These include vorinostat, rocilinostat, and 
panabinostat [8-10]. Mechanisms of action 
whereby HDAC inhibitors trigger anti-MM activi-
ties have not been fully characterized. 

Apoptosis is a major mechanism for kinds of 
cancer cell elimination. The HDAC inhibitor sodi-
um butyrate (NaBut) exhibits effective antican-
cer behavior [11]. A study using MCF-7 breast 
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cancer cells also demonstrated that NaBut has 
dose- and time-dependent anti-proliferative 
effects [12]. 

In this study, we confirm that the HDAC inhibitor 
NaBut decreases the survival of several human 
MM cell lines in dose- and time-dependent 
manners. NaBut leads to cell arrest at the 
G2/M phase of the cell cycle in a dose-depen-
dent manner. NaBut induced apoptosis in mul-
tiple MM cell lines by up-regulation of p21 
expression. These data provide detailed infor-
mation concerning the cytotoxic effects of 
NaBut on MM cells and offers a basic founda-
tion for the exploration of NaBut as a potential 
target for the therapeutic intervention in MM.

Materials and methods

Cell culture

RPMI-8226, IM9, U266, and HEK293T cell 
lines were purchased from American Type Cu- 
lture Collection (Manassas, VA, USA). Cells 
were grown in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS) at 
37°C in a humidified 5% CO2 incubator. RPMI-
8226, BTZ-resistant cell lines (RPMI8226/
BTZ7 and RPMI8226/BTZ100 [13]) were kindly 
provided by Dr. Jacqueline Cloos (VU University 
Medical Center, The Netherlands). HEK293T 
cells were cultured in DMEM medium with 10% 
FBS and antibiotics.

Cell viability assay

MM cell lines were plated at 1x104 cells per 
well in a 96-well plate and treated with different 
concentrations of NaBut for 24 h or for differ-
ent times in the presence of 5 mM NaBut. Cell 
viability was measured using the CCK8 cell  
proliferation kit according to manufacturer’s 
instructions (Beyotime, China).

Flow cytometry analysis of cell cycle and 
apoptosis

For cell cycle assay, MM cells were treated with 
different concentrations of NaBut for 24 h, then 
incubated with 50 μg/ml propidium iodide (PI) 
and 20 units/ml RNase-A. DNA content was 
analyzed by flow cytometry. For apoptosis 
assay, MM cells were treated with indicated 
concentrations of NaBut for 24 h and cells were 
processed using an Annexin V-APC/7-AAD kit 

(KeyGEN, China). The rate of apoptosis was 
analyzed by flow cytometry.

Western blot

Experiments were carried out as described  
previously [14]. Antibodies used were directed 
against β-actin (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), Caspase 3, Caspase 8, 
and Caspase 9 (Cell Signaling Technology, 
Beverley, MA, USA), Cyclin D1, CDK2, PARP1, 
and p21 (Proteintech, Chicago, IL, USA).

RNA extraction, reverse transcription, and real-
time RT-PCR

Experiments were performed as we described 
previously [15].

Luciferase reporter assay

The experiments were performed as described 
previously [14]. The pGL4.20-p21 reporter 
gene vectors were constructed by inserting  
the PCR amplification products from the human 
genome.

Statistical analysis

Data are presented as mean ± SD as indicated. 
The Student t test (two-tailed) was used to 
determine statistical significance of differenc-
es between groups. P < 0.05 was considered 
statistically significant. All statistical analyses 
were carried out using the GraphPad Prism 5 
software (GraphPad, La Jolla, CA, USA).

Results

NaBut reduces viability of MM cells

To investigate the effect of HDAC inhibitor 
NaBut on human MM cell growth, RPMI-8226 
cells were treated with different concentrations 
of NaBut (0, 0.5, 1, 5 and 10 mM). Inhibition of 
cell viability was observed following treatment 
with NaBut at 0.5 mM, but viability of RPMI-
8226 cells did not decrease continually after 
24 h of exposure to NaBut at 1, 5 and 10 mM 
(Figure 1A). Additionally, we observed that 
NaBut clearly decreased survival of RPMI-8226 
cell line in a time-dependent manner (Figure 
1B). Subsequently, we evaluated the impact of 
NaBut on other MM cells. The results showed 
that NaBut treatment induced significant sup-
pression of IM9 cell viability at low concentra-
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tions (Figure 1C). Conversely, NaBut treatment 
inhibited U266 cell proliferation in a dose-
dependent manner (Figure 1E). The viability of 
IM9 and U266 cells was markedly decreased in 
a time-dependent manner (Figure 1D and 1F).

NaBut leads to cell cycle arrest at G2/M phase

Since NaBut inhibited MM cell proliferation, 
and cell survival was closely associated with 
cell cycle, we conducted flow cytometry analy-
sis to examine the effect of NaBut on MM cell 
cycle distribution. NaBut treatment increased 
the percentage of IM9 cells in G2/M phase in a 
dose-dependent manner, and reached a maxi-
mal peak at 5 mM. Meanwhile, a lower percent-
age of IM9 cells were present in the S phase 
compared with the untreated group (Figure 2A 
and 2B). However, the proportion of RPMI-8226 

Increased proteolytic cleavage of PARP1, and 
Caspase 9, but not Caspase 8, was evident in 
RPMI-8226, IM9, and U266 cell lines (Figure 
3D), indicating cell apoptosis. Surprisingly, 
western blot analysis revealed increased acti-
vated Caspase 3 in RPMI-8226 and IM9 cell 
lines, but not in U266 cell lines (Figure 3D). 
Collectively, the above results indicate that 
NaBut induces apoptosis in multiple MM cell 
lines.

NaBut inhibited BTZ-resistant MM cell prolif-
eration

Currently, the first-in-class proteasome inhibi-
tor BTZ has demonstrated favorable anti-MM 
activity. Unfortunately, BTZ resistance is pres-
ent in many patients with relapsed/refractory 
MM [16, 17]. Herein, we wanted to clarify 

Figure 1. NaBut induces cytotoxicity in MM cells. Viability of cultured cells 
treated with different concentrations (0, 0.5, 1, 5, 10 mM) of NaBut for 24 h 
was assessed by the CCK8 assay in RPMI-8226 cells (A), IM9 cells (C), and 
U266 cells (E). Viability of cultured cells exposed to 5 mM NaBut at 12, 24, 
36, 48, and 72h was assessed by CCK8 assay in RPMI-8226 cells (B), IM9 
cells (D), and U266 cells (F). All experiments were repeated independently 
at least three times. Error bars, mean ± SD. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001.

and U266 cells treated by 
NaBut in G2/M phase did not 
increase in a concentration-
dependent manner (data not 
shown). As expected, cyclin 
D1 and cyclin-dependent kin- 
ase 2 (CDK2), which are im- 
portant regulators of G1-S 
phase transition, exhibited a 
lower level expression in a 
concentration-dependent ma- 
nner (Figure 2C).

NaBut induces apoptosis in 
human MM cells

To elucidate the cytotoxic 
mechanism of NaBut on MM 
cells, we performed flow cy- 
tometry analysis and detected 
proteins involved in progra- 
mmed cell death by western 
blot. Following a 24 h expo-
sure to NaBut at 5 mM, RPMI-
8226 cells exhibited typical 
apoptotic alterations, includ-
ing cell shrinkage and loss of 
normal nuclear architecture. 
Annexin V/7-AAD staining sh- 
owed a markedly higher per-
centage of apoptosis in RPMI-
8226 cells (Figure 3A). Simi- 
larly, NaBut treatment incre- 
ased apoptosis of IM9 and 
U266 cells (Figure 3B and 
3C). 



NaBut suppresses MM cell proliferation and induces apoptosis

4997 Am J Transl Res 2017;9(11):4994-5002

whether HDAC inhibitor NaBut could overcome 
BTZ resistance. BTZ at the specified concentra-
tions failed to reduce growth of RPMI-8226/
BTZ7 or RPMI-8226/BTZ100 cells (data not 
shown). Nevertheless, NaBut treatment decr- 
eased the RPMI-8226/BTZ7 cell viability in 
dose- and time-dependent manners (Figure 4A 
and 4B). The HDAC inhibitor NaBut still reduced 
cell survival in 100 nM BTZ-resistant MM cell 
lines in a dose- and time-dependentt manner 
(Figure 4C and 4D).

We further explored whether NaBut treatment 
regulated BTZ-resistant MM cells programmed 
cell death by flow cytometry and western blot 
analysis. The proportion of apoptotic cells was 
not remarkable in NaBut-treated RPMI-8226/
BTZ7 cell lines compared with control group, 
and we did not observe increased proteolytic 

cleavage of PARP1 and Caspase 9 (Figure 4E). 
Despite Annexin V/7-AAD staining assay sh- 
owed that NaBut did not induce RPMI-8226/
BTZ100 cell death, western blot analysis re- 
vealed markedly increased levels of apoptosis-
related proteins, cleaved PARP1 and Caspase 9 
in NaBut-treated RPMI-8226/BTZ100 cell lines 
(Figure 4F). This implies that NaBut likely at 
least partially induces BTZ-resistant MM cell 
death.

NaBut induces MM cell death via p21 upregu-
lation

We next determined the molecular mechanism 
by which NaBut induces myeloma cell death. 
Firstly, we detected the expression level of 
apoptosis-associated factors in three MM cell 
lines. The mRNA levels of the pro-apoptotic fac-

Figure 2. NaBut treatment leads to MM cell cycle arrest. A. Cell cycle analysis of IM9 cell lines treated with different 
concentrations (0, 0.5, 1, 5, 10 mM) of NaBut for 24 h. B. Percentages of subpopulation of cells at different cell 
cycle phases based on three independent experiments. Error bars, mean ± SD. *, P < 0.05; **, P < 0.01. C. Expres-
sion of cell cycle-associated proteins (Cyclin D1, CDK2) was analyzed by western blot.
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tors Bax, Bid, Bad, p21, p16, and PTEN mRNA 
were upregulated in RPMI-8226 cells, while the 

anti-apoptotic factor Bcl-XL was downregulated 
following treatment with 5 mM NaBut for 24 h 

Figure 3. Effects of NaBut on cell 
apoptosis of MM cell lines. Flow 
cytometry analysis of cell apopto-
sis following treatment with 5 mM 
NaBut for 24 h was detected by An-
nexin V-APC/7-AAD double staining 
in RPMI-8226 cells (A), IM9 cells 
(B), and U266 cells (C). The data 
are representative of three indepen-
dent experiments. Error bars, mean 
± SD. *, P < 0.05. (D) Western blot 
analyses of the apoptosis-related 
markers Caspase 3, PARP1, Cas-
pase 8, Caspase 9, and correspond-
ing activated forms.
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(Figure 5A). An increase in the endogenous 
mRNA levels of Bid, Bad, and p21 was evident 

with NaBut treatment in U266 and IM9 cells 
(Figure 5B and 5C). Among the apoptosis-asso-

Figure 4. Effects of NaBut on cell viability and apoptosis of BTZ-resistant MM cells. Viability of cultured cells treated 
with different concentrations (0, 0.5, 1, 5, 10 mM) of NaBut for 24 h was assessed by CCK8 assay in RPMI-8226/
BTZ7 cells (A) and RPMI-8226/BTZ100 cells (C). Viability of cultured cells exposed to 5 mM NaBut for 12, 24, 36, 48 
and 72 h was assessed by CCK8 assay in RPMI-8226/BTZ7 cells (B) and RPMI-8226/BTZ100 cells (D). Assessment 
of cell apoptosis by Annexin V-APC/7-AAD double staining in RPMI-8226/BTZ7 cells (E) and RPMI-8226/BTZ100 
cells (F). Western blot analyses of PARP1, Caspase 9 and corresponding activated forms. All are representative data 
from three independent experiments. Error bars, mean ± SD. *, P < 0.05; **, P < 0.01;***, P < 0.001.
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ciated factors detected above, the HDAC inhibi-
tor NaBut stimulated p21 high-level expression 
in RPMI-8226, U266, and IM9 cells. Specifically, 
a significant increase was evident in the endog-
enous protein levels of p21, along with NaBut 
treatment in RPMI-8226, U266, and IM9 cells 
(Figure 5D). We then tested whether NaBut 
could enhance the promoter activity of p21. 
NaBut alone was able to facilitate the transcrip-
tion of p21 promoter-driven luciferase reporter 
in HEK293T and IM9 cell lines (Figure 5E and 
5F). These data indicate that the HDAC inhibitor 
NaBut suppresses MM cell proliferation and 
induced apoptosis by targeting p21.

Discussion

Epigenetic regulation is closely associated with 
progression of MM. The methylation of cytosine 
in the CpG island is an epigenetic mechanism. 
Studies in MM have shown variable DNA meth-
ylation patterns with identification of hyper-
methylation patterns in aggressive subtypes 
[18]. Vorinostat and panabinostat are the most 
widely studied HDAC inhibitors in MM [8]. 
Inhibition of HDAC activity by vorinostat results 
in alteration of gene expression in various can-
cer cell lines, including MM [19]. In this study, 
the HDAC inhibitor NaBut repressed the prolif-

Figure 5. NaBut induces MM cell death via transcriptional activation of p21. Expression of apoptosis-associated 
markers mRNAs were assessed by real-time PCR in RPMI-8226 cells (A), U266 cells (B), and IM9 cells (C). (D) 
Western blot analyses of p21 expression in three MM cell lines treated by NaBut. Luciferase reporter assay of p21 
promoter activities in HEK293T cells treated by NaBut (E), and in IM9 cells treated by NaBut (F). All data are repre-
sentatives of three independent experiments. *, P < 0.05; **, P < 0.01.
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eration of various MM cell lines at lower con-
centration. The viabilities of MM cells at higher 
concentrations were not changed significantly, 
compared with the low concentration. To our 
knowledge, this is the first study to report the 
biological function of NaBut in MM, which 
improve the knowledge of MM progression and 
development.

Most MM patients are sensitive to initial che-
motherapy, but relapse often occurs because 
of acquired drug resistance [20, 21]. The intro-
duction of BTZ represented an important 
breakthrough in treatment of MM [22]. The 
present study showed that BTZ at specified 
concentrations failed to reduce cell growth in 
BTZ-resistant cell lines (data not shown). 
However, HDAC inhibitor NaBut could inhibit 
BTZ-resistant cell proliferation in dose- and 
time-dependent manners (Figure 4). Surpri- 
singly, flow cytometry and western blot analy-
ses demonstrated that NaBut treatment did 
not induce lower concentration BTZ-resistant 
MM cell programmed cell death. On the con-
trary, significantly increased proteolytic cleav-
age of PARP1 and Caspase 9 was observed in 
RPMI-8226/BTZ100 cell lines. This indicates 
that NaBut is more sensitive to high concen- 
tration BTZ-resistant MM cells and is likely to 
induce partly BTZ-resistant MM cell death.

p21 is currently accepted as a potent universal 
CDK inhibitor [23]. p21 inhibits the kinase activ-
ity of cyclin A/CDK1 and 2, resulting in cell cycle 
inhibition through and into S phase [24, 25]. We 
confirmed that NaBut induces IM9 cell cycle 
arrest at the G2-M phase and that CDK2 exhib-
its a lower level of expression in a dose-depen-
dent manner. p21 has a key function in carcino-
genesis and apoptosis [26]. Presently, NaBut 
induced MM cell death by transcriptional acti-
vation of p21. p21 serves as a downstream 
mediator of p53 and cooperates with p53 [27, 
28]. So it is strange that tumor suppressor p53 
was downregulated in MM cell lines treated by 
NaBut (data not shown). Therefore, we specu-
late that p21 participates in NaBut-induced 
MM cell death in a p53-independent manner.

In summary, the present study is the first inves-
tigation of the biological functions of HDAC 
inhibitor NaBut in MM. NaBut reduces the via-
bility of MM cells, leads to cell cycle in the G2/M 
phase, and induces cell apoptosis by the tran-
scriptional activation of p21. These findings 
imply the potential value of NaBut as a poten-
tial therapeutic drug for MM.
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