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Abstract. Multiple myeloma (MM) is the second most 
common hematopoietic malignancy and remains an incur‑
able disease. Thus, novel drugs and therapeutic methods are 
required for patients with MM. The present study aimed to 
investigate the effect of sirtuin 1 (SIRT1) inhibitor cambinol 
on the proliferation and apoptosis of myeloma cell lines, 
RPMI8226 and U266. Moreover, the present study evaluated 
the underlying molecular mechanisms of proliferation inhibi‑
tion and apoptosis induced by cambinol. A Cell Counting 
Kit‑8 assay was used to measure the viability of RPMI8226 
and U266 cells treated with cambinol. Apoptosis and the 
cell cycle were analyzed via flow cytometry. The expression 
levels of caspase‑3, poly(ADP‑ribose) polymerase 1 (PARP), 
p53, acetylated p53 (Ac‑p53), Bcl‑2, cyclin D1 and p21 were 
detected in cells treated with cambinol using western blot 
analysis. The results demonstrated that cambinol inhibited 
the proliferation of RPMI8226 and U266 cells in a time‑ and 
dose‑dependent manner. Increased apoptosis and G1 cell 
cycle arrest, together with enhanced procaspase‑3 degrada‑
tion and PARP cleavage were identified in cambinol‑treated 
cells compared with controls. Western blotting results also 
revealed the upregulation of p53 acetylation and p21, as well 
as the downregulation of Bcl‑2 and cyclin D1 in cells treated 
with cambinol. In conclusion, the present results suggest that 
cambinol inhibits the proliferation and induces apoptosis in 
RPMI8226 and U266 cells by regulating acetylation of p53 via 
the targeting of SIRT1. 

Introduction

Multiple myeloma (MM) is a malignancy of plasma cells, and 
is the second most common type of hematopoietic malignancy, 
accounting for 10‑15% of total hematopoietic cancer types (1). 
The prevalence of MM increases with age and the median 
age at diagnosis is 69 years old in the United States (1). Due 
to the development of novel drugs and therapeutic methods, 
the overall survival of patients with MM has significantly 
improved in recent decades (2). However, MM remains an 
incurable disease. One reason for this is the drug‑resistance 
developed in patients during the treatment (3,4). Therefore, 
novel drugs and therapeutic methods are required to improve 
the treatment strategies for patients with MM.

In cancer, epigenetic regulation contributes to reversible 
modification of chromatin structure and gene transcription (5). 
Oncogenes are always upregulated or activated whereas 
tumor suppressor genes are always downregulated or silenced 
in this process  (5). Acetylation/deacetylation is one of the 
mechanisms that is involved in this regulatory process. 
Lysine residues of histone or non‑histone can be acetylated 
by histone/protein acetyltransferases, which is contrary to the 
activity of histone deacetylases (HDAC) (6). Deacetylation of 
histone or non‑histone can lead to transcription silence of genes 
and deactivation of protein (6,7). In cancer cells, inhibition of 
HDAC leads to cell cycle arrest and induction of apoptosis. 
Targeted inhibition of HDAC may therefore be considered as a 
potential therapeutic method in MM treatment (8).

The silent mating type information regulation 2 homolog 
(SIRTUIN) family belongs to Class III HDACs and is a 
group of proteins with nicotinamide adenine dinucleotide 
(NAD)‑dependent deacetylase activity (9). Their substrates 
include histone and non‑histone proteins (9). It has important 
roles in cancer cell survival and apoptosis by deacetylating 
key cell signaling molecules and apoptotic related proteins, 
including TATA binding protein‑associated factor 168, p53 
and forkhead box O1 (FOXO1) (10). Among the SIRTUIN 
family, silent mating type information regulation 2 homolog 
1  (SIRT1) is the most‑studied member in basic and trans‑
lational oncology research  (11,12). Previous studies have 
reported that SIRT1 contributes to the development of several 
solid tumors and hematopoietic malignancies  (13,14). In 
addition, small compounds targeting SIRT1 could effectively 
inhibit the proliferation of tumor cells. Therefore, the present 
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study aimed to investigate the antitumor effect of the SIRT1 
inhibitor cambinol on MM cells.

Materials and methods

Reagents and cell lines. MM cell lines RPMI8226 and U266 
were ordered from the American Type Culture Collection. 
A Cell Counting Kit (CCK)‑8 assay was purchased 
from Beyotime Institute of Biotechnology. Cambinol, 
Annexin  V and PI were purchased from Sigma‑Aldrich 
(Merck KGaA). Anti‑procaspase‑3 (cat. no. 610322; 1:1,000), 
and poly(ADP‑ribose) polymerase 1 (PARP) (cat. no. 556362; 
1:2,000) antibodies were purchased from BD Biosciences. The 
anti‑β‑actin antibody (cat. no. ZRB1312; 1:1,000) was purchased 
from Sigma‑Aldrich (Merck KGaA). Anti‑p53 (cat. no. 48818; 
1:1,000), cleaved caspase 3 (cat. no. 9664; 1:1,000), acety‑
lated p53 (Lys382; Ac‑p53) (cat. no.2525; 1:1,000), Bcl‑2 
(cat. no. 15071; 1:1,000), cyclin D1 (cat. no.2922; 1:1,000) and 
p21 (cat. no. 2947; 1:1,000) antibodies were purchased from 
Cell Signaling Technology, Inc. The anti‑mouse and rabbit 
horseradish peroxidase‑conjugated secondary antibodies 
(cat.  no.  7076, 7074; 1:5,000) were purchased from Cell 
Signaling Technology, Inc. Culture RPMI‑1640 medium and 
FBS were purchased from Cytiva. Fluorescence Activated 
Cell Sorter (FACS) was obtained from BD Biosciences.

Cell viability assay. MM cells were routinely cultured in 
RPMI‑1640 medium supplemented with 10% FBS at 37˚C in a 
humidified incubator with 5% CO2. For the proliferation assay, 
cells were seeded in 96‑well plate at a density of 2x104 cell/well. 
The cells were incubated with various concentrations of cambinol 
(20, 40, 80, 160 and 320 µM) dissolved in DMSO for 24 and 48 h 
(at 37˚C in 5% CO2). Then, 20 µl CCK‑8 solution was added to 
each well and the cells were incubated at 37˚C in 5% CO2 for 4 h 
according to the manufacturer's protocol. The absorbance was 
measured at 450 nm and values are presented as mean ± SD.

Cell apoptosis assay. Apoptosis measurement was performed 
according to the protocol of Annexin  V‑FITC Apoptosis 
Detection Kit (Beyotime Institute of Biotechnology). Cells were 
treated with 80 µM cambinol for 48 h at 37˚C in 5% CO2 and 
were collected via centrifugation (1,000 x g for 5 min at 4˚C). 
Then, cells were washed once with 1X washing buffer. Cells 
were resuspended in 500 µl working staining solution and incu‑
bated in ice for 5 min, subsequently 5 µl Annexin Ⅴ was added. 
Then, 5 µl PI solution was added to each tube and cells were 
incubated in ice for 15 min, the cells were detected using FACS. 
Results are representative of three independent experiments.

Cell cycle analysis. Cells were treated with 80 µM cambinol 
at 37˚C for 48 h and were collected via centrifugation (1,000 x g 
for 5 min at room temperature). The collected cells were resus‑
pended in 70% ethanol and incubated at ‑20˚C overnight. On 
the following day, cells were washed twice with PBS and resus‑
pended in 0.5 ml PBS containing 0.1% Triton X‑100, 0.2 mg/ml 
DNase‑free RNase and 2 µg/ml PI. Cells were incubated on ice 
in the dark and cell cycle was assessed via FACS within 2 h.

SIRT1 activity assay. SIRT1 activity was analyzed using a 
fluorogenic SIRT1 assay kit (cat. no. CS1040; Sigma‑Aldrich; 

Merck KGaA). According to the manufacturer's instructions, 
whole cell lysate proteins were extracted with RIPA buffer 
(Beyotime Institute of Biotechnology) and the fluorogenic 
SIRT1 assay kit was used to perform the assay. 

Western blotting. After drug treatment for 48 h, cells in a 60‑mm 
culture dish were washed twice with PBS, lysed in 150 µl ice‑cold 
high‑efficiency RIPA buffer with the protease inhibitor PMSF 
(1 mM) for 30 min, then collected to a 1.5 ml tube and centri‑
fuged at 4˚C 12,000 x g for 10 min. The protein concentration 
was quantified in supernatant using a BCA assay kit. The super‑
natant was mixed with 5X loading buffer and heated at 100˚C for 
5 min and samples (40 µg per lane) were loaded and separated via 
SDS‑PAGE (10% separating gel). The 0.2‑µm PVDF membrane 
was used for protein transfer. Membranes were blocked with 5% 
non‑fat dry‑milk in TBS‑Tween‑20 (TBST; 0.1% v/v Tween‑20) 
for 1  h at room temperature, and then incubated with the 
primary antibodies overnight at 4˚C. After washing three times 
with TBST, the membranes were incubated with horseradish 
peroxidase‑conjugated secondary antibodies for 1 h at room 
temperature. The membranes were washed three times with 
TBST, and incubated with chemiluminescent substrates (Santa 
Cruz Biotechnology, Inc.). Protein semi‑quantification was 
conducted with ImageJ software (National Institutes of Health). 
Results are representative of three independent experiments.

Statistical analysis. Data are presented as the mean ± SD. 
Differences between two groups were determined using 
unpaired two‑sample Student's t‑test. Comparisons between 
multiple groups were determined using a one‑way ANOVA 
with Bonferroni post hoc analysis. Significance was analyzed 
using GraphPad Prism 6.0 (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

Cambinol inhibits the proliferation of RPMI8226 and U266 
cells. The inhibitive effect of cambinol on MM cell prolif‑
eration was measured using a CCK‑8 assay. RPMI8226 and 
U266 cell lines were treated with different concentrations 
(20, 40, 80, 160 and 320 µM) of cambinol for 24 and 48 h. It 
was demonstrated that cambinol inhibited the proliferation 
of RPMI8226 and U266 cells in a dose‑ and time‑dependent 
manner. IC50 values of cambinol on RPMI8226 and U266 were 
~77.24 and 79.23 µM, respectively, following the 48 h treat‑
ment (Fig. 1A and B).

Cambinol induces apoptosis in RPMI8226 and U266 cells. 
The apoptosis‑inducing effect of cambinol on RPMI8226 
and U266 cell lines was measured via FACS. MM cells 
were cultured with 80 µM cambinol for 48 h. FACS data 
demonstrated that the apoptotic rate of RPMI8226 cells 
increased from 11.43% in the control group to 55.72% in the 
drug‑treated group (Fig. 2A), and the rate of apoptosis of U266 
cells increased from 6.3% in control group to 36.71% in the 
drug‑treated group (Fig. 2B). These data indicate that cambinol 
significantly induced apoptosis in RPMI8226 and U266 cells.

Cambinol induces cell cycle arrest in RPMI8226 and U266 
cells. To examine the effect of cambinol on the cell cycle 
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of RPMI8226 and U266 MM cells, cells were treated with 
cambinol for 48 h, and then analyzed via FACS after staining 
with PI. For RPMI8226 cells, the percentage of cells in the G1 
phase was 24.23% in the control group, which increased to 
39.73% in the drug‑treated group. For U266 cells, 43.03% of 
cells were in the G1 phase in the control group, which increased 
to 66.33% in the drug‑treated group (Fig. 3).

Inhibition of cambinol on SIRT1 activity and the effect on 
protein expression levels inRPMI8226 cells. RPMI8226 
cells were treated with different concentrations (0, 40, 80 
and 160 µM) of cambinol for 48 h and then lysed with RIPA 
buffer. SIRT1 activity was analyzed using an SIRT1 assay kit. 
It was demonstrated that cambinol decreased SIRT1 activity in 
a dose‑dependent manner (P<0.001; Fig. 4A). Western blotting 

Figure 1. Effect of cambinol on the proliferation of RPMI8226 and U266 cells. RPMI8226 and U266 cells were cultured with cambinol for 24 and 48 h, 
and then cell proliferation was assessed using a Cell Counting Kit‑8 assay. (A) Proliferation of RPMI8226 cells was significantly inhibited by cambinol in 
a dose‑and time‑dependent manner. The IC50 was 77.24 µM for 48 h. (B) Proliferation of U266 cells was significantly inhibited by cambinol in a dose‑and 
time‑dependent manner. The IC50 was 79.23 µM for 48 h. For time‑dependent (48 vs. 24 h) analysis with the same drug concentration between two groups, an 
unpaired two‑sample t‑test was used, **P<0.01, ***P<0.001. For the dose‑dependent analysis at 48 h between multiple groups, one‑way ANOVA with Bonferroni 
post hoc analysis was used, ##P<0.01, ###P<0.001.

Figure 2. Effect of cambinol on the induction of apoptosis in RPMI8226 and U266 cells. Following 48 h exposure to DMSO vehicle (control) and 80 µM 
cambinol, (A) RPMI8226 and (B) U266 cells were collected and analyzed via flow cytometry using Annexin V‑FITC/PI staining. ***P<0.001.
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Figure 3. Effect of cambinol on the induction of cell cycle arrest in RPMI8226 and U266 cells. RPMI8226 and U266 cells were treated with 80 µM cambinol 
for 48 h, and cells were analyzed via FACS after PI staining. Accumulation in the G1 phase was observed in RPMI8226 and U266 cells treated with cambinol. 
**P<0.01 and ***P<0.001.

Figure 4. Effect of cambinol on protein expression levels in RPMI8226 cells. Western blotting was performed to assess the protein expression levels in RPMI8226 
cells following 48 h treatment with 0, 40, 80 and 160 µM cambinol. (A) SIRT1 activity was detected using a SIRT1 Assay kit. (B) Expression levels of PARP 
and pro‑caspase‑3. (C) Expression levels of the Ac‑p53, p53, Bcl‑2, CyclinD1 and p21. β‑actin expression was used as a loading control for each panel. *P<0.05, 
**P<0.01 and ***P<0.001. Ac‑p53, Acetylated p53; SIRT1, silent mating type information regulation 2 homolog 1; PARP, poly(ADP‑ribose) polymerase 1.
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was used to measure expression levels of PARP, caspase3, p53, 
Ac‑p53, Bcl‑2, cyclin D1 and p21. It was identified that the 
expression levels of cleaved PARP, cleaved caspase3, Ac‑p53 
and p21 were upregulated in a dose‑dependent manner, while 
the expression levels of procaspase3, Bcl‑2 and cyclin D1 were 
downregulated (Fig. 4B and C). 

Discussion

SIRT1 belongs to class III histone deacetylases (HDAC) and it 
is a homologue protein of yeast silent information regulator 2 
(Sir2). The de‑acetylation activity of type III HDACs depends 
on the cofactor NAD, which is dispensable for type I and type II 
HDACs. The human SIRTUIN family is a homologue to Sir2, 
and these are highly conservative from bacteria to humans. 
SIRT1 and SIRT2 of the SIRTUIN family have highly similar 
sequences, and are associated with cell apoptosis, the cell cycle, 
DNA repair, DNA recombination and gene silencing (15,16).

SIRT1 deacetylates histone H3 and histone H4. It also 
interacts with transcription factors or co‑factors, including 
p53, FOXO family member, NF‑κB, myoblast determination 
protein 1, nuclear receptor corepressor, p300 and peroxi‑
some proliferator‑activated receptor γ coactivator 1‑α, and 
regulates their transcriptional activity. SIRT1 inhibitors 
exhibit antitumor activity, which has been observed in cells 
from breast, thyroid, lung, pancreatic, prostate, hepatitis and 
colon cancer (17‑21). Moreover, SIRT1 has effective antitumor 
activity against hematological malignancies, such as T/B‑cell 
lymphoma, chronic myeloid leukemia (CML), leukemia and 
other hematological malignancies  (11,22‑26). Cambinol 
is an inhibitor of SIRT1/2 that has been identified to exert 
antitumor activity and low toxicity in murine models (27,28). 
The present results demonstrated that cambinol exhibited 
anti‑proliferative effects on RPMI8226 and U266 cell lines 
that were dose‑ and time‑dependent. Previous studies have 
reported that the antitumor activity of SIRT1 inhibitors was 
the result of cell apoptosis and cell cycle arrest (27). In primary 
exudative lymphoma, SIRT1 inhibitors were found to induce 
cell apoptosis and cell cycle arrest at the G1 phase (24). When 
treated with cambinol, the proliferation of hepatic cancer cells 
is inhibited and the tumor burden in mice is also significantly 
reduced (27). The present results demonstrated that cambinol 
suppressed the activity of SIRT1, promoted cell apoptosis and 
arrested the cell cycle at the G1 phase in MM cells.

p53 is a tumor suppresser, which is actively involved in 
tumor occurrence and development. The antitumor function 
of p53 is mediated via two pathways: Transcription‑dependent 
or ‑independent signaling pathways. As a transcription factor, 
p53 can activate the transcription and expression of multiple 
target genes to regulate cell apoptosis, including growth arrest 
and DNA damage inducible α, murine double minute‑2, p21, 
Bax, fas, insulin‑like growth factor‑binding protein 3 and 
TNF receptor superfamily member 10b. p53 can also activate 
apoptosis by interacting with target proteins directly, which 
is another effective cell‑regulating mechanism (29). p53 can 
be activated by acetylation (30). Using a SIRT1 inhibitor or 
gene silencing methods, the protein level of acetylated p53 
can be increased in CML cells, and the elimination of CML 
stem cells can be further potentiated when combined with 
imatinib (a tyrosine kinase inhibitor) (31). The SIRT1 inhibitor 

regulates downstream‑associated proteins and cyclins through 
increasing the active form of p53 and decreasing Bcl‑2 protein 
and cyclin D1. Also, the SIRT1 inhibitor reduces the cell prolif‑
eration rate and induces apoptosis in breast cancer cell (32). 
The present study identified that cambinol increased the acety‑
lation level of p53, which further upregulates p21 protein levels, 
subsequently inhibiting cyclin  D1. In addition, the results 
indicated that increased levels of acetylated p53 was a possible 
mechanism for the inhibitory effect of cambinol on MM cells.

MM is currently recognized as an incurable tumor type, due 
to drug resistance. The application of novel drugs is an effective 
method to improve the survival of patients with MM. Cambinol 
was investigated to inhibit cell viability in hepatocellular carci‑
noma, breast cancer, prostate cancer and human glioma cell 
lines (33‑36), and also exhibits antitumor activity. According to the 
literature, to the best of our knowledge, no studies have examined 
the effect and mechanism of cambinol in MM cells. The present 
study demonstrated the antitumor activity of cambinol on MM 
cells and described the potential mechanism. Moreover, further 
studies to increase the potency and selectivity towards SIRT1 
or SIRT2 for enhanced their antitumor efficacy are underway. 
Cambinol analogs may be beneficial for sensitizing tumor cells 
to other chemotherapeutic agents (37,38). Thus, cambinol and its 
analogs are promising antitumor agents for MM.

In conclusion, the present study investigated the effect of 
cambinol on MM cell lines‑RPMI8226 and U266, and found 
that cambinol can inhibit proliferation, and induce apoptosis of 
MM cells. The possible underlying mechanism of cambinol on 
MM cells involves the upregulation of acetylation p53 protein 
through inhibition of SIRT1. The results of this study provide 
evidence for the further clinical use of cambinol or its analogs 
in treating patients with MM.
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