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Abstract—Dexamethasone is widely used in multiple myeloma (MM) for its cytotoxic effects on lymphoid cells. However,
many MM patients are resistant to dexamethasone, although some can benefit from dexamethasone treatment. In this study,
we noted that ω-3 polyunsaturated fatty acids (PUFAs) enhanced the dexamethasone sensitivity of MM cells by inducing
cell apoptosis. q-PCR analysis revealed that miR-34a could be significantly induced by PUFAs in U266 and primary MM
cells. Transfection with miR-34a antagonist or miR-34a agomir could restore or suppress the dexamethasone sensitivity in
U266 cells. Both luciferase reporter assay and Western blot showed that Bcl-2 is the direct target of miR-34a in MM cells.
In addition, we observed that PUFAs induced p53 protein expression in MM cells under dexamethasone administration.
Furthermore, suppressing p53 by its inhibitor, Pifithrin-α, regulated the miR-34a expression and modulated the sensitivity
to dexamethasone in U266 cells. In summary, these results suggest that PUFAs enhance dexamethasone sensitivity to MM
cells through the p53/miR-34a axis with a likely contribution of Bcl-2 suppression.
DOI: 10.1134/S0006297917070082
Keywords: polyunsaturated fatty acids, eicosapentaenoic acid, docosahexaenoic acid, dexamethasone, apoptosis, miR-34a,
p53, Bcl-2

Multiple myeloma (MM) is a hematological neoplasm characterized by reasonless proliferation of malignant plasma cells and commonly preceded by premalignant monoclonal gammopathy of undetermined significance [1]. Treatment of MM has dramatically improved
since the introduction of novel therapies including proteasome inhibitors, immunomodulatory drugs, and conventional chemical drugs. However, MM remains an
incurable disease because of tumor relapse. Drug resistance plays a key role in MM relapse. The challenge for
MM treatment is not only the introduction of new drugs,
but also overcoming drug resistance.
Glucocorticoids including dexamethasone (Dex) are
widely used in combination treatment with other drugs
such as bortezomib and lenalidomide in MM patients [2].
Abbreviations: Dex, dexamethasone; DHA, docosahexaenoic
acid; EPA, eicosapentaenoic acid; MM, multiple myeloma;
MTT (test), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide; PFTa, Pifithrin-α; PI, propidium iodide;
PUFAs, ω-3 polyunsaturated fatty acids; UTR, untranslated
region.
* To whom correspondence should be addressed.

Dex is efficacious in the treatment of hematological
malignancies including MM by regulating the expression
of genes involved in cell cycle and programmed cell death
progression [3-5]. Unfortunately, numerous MM patients
undergoing Dex treatment are or become insensitive to
induction of cancer cell death [6]. Therefore, clarifying
the mechanism of MM cell resistant to Dex is imperative.
The ω-3 polyunsaturated fatty acids (PUFAs) such
as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) have been shown to enhance chemotherapeutic drug efficacy by inducing cancer cell apoptosis [712]. However, it is still unknown whether PUFAs contribute to Dex-sensitivity recovery in MM patients.
In this study, we observed that cotreatment with
EPA/DHA and Dex remarkably reduced the growth of
U266 cells, Dex-resistant MM cells, and at the same time
induced the apoptosis of these cells. Furthermore, the
expression of p53 and miR-34a were significantly
increased, while the expression of Bcl-2 was reduced by
combination treatment. We concluded that EPA and
DHA enhance Dex sensitivity of MM cells through the
p53/miR-34a/Bcl-2 axis.

826

PUFAs ENHANCE MM CELL DEXAMETHASONE SENSITIVITY BY p53/miR-34a/Bcl-2 AXIS
MATERIALS AND METHODS
Cell culture. Human multiple myeloma cells U266
were obtained from the Cell Bank of the Chinese
Academy of Science (Shanghai, China). The cells were
cultured in RPMI-1640 medium (HyClone, USA) with
10% fetal bovine serum (FBS; HyClone) at 37°C in a
humidified atmosphere containing 5% CO2.
MTT assay. U266 cells and primary MM cells from
two multiple myeloma patients, which were resistant to
Dex, were seeded in 96-well plates (4·103 cells per well) at
37°C in an incubator containing 5% CO2. The cells were
treated with 1 µM Dex, 50 µM EPA or DHA, and different doses of EPA/DHA (10, 30, or 50 µM) plus 1 µM Dex
or Dex plus p53 inhibitor PFTa (Pifithrin α;
SelleckChem, USA). Cell viability was tested using 3(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma, USA) assay at 0, 12, 24, 36,
and 48 h after treatment. Briefly, the cells were incubated
with MTT at a final concentration of 0.5 mg/ml for 4 h.
The supernatant was discarded, and the precipitated formazan was dissolved in dimethyl sulfoxide. Absorbance
was measured at 570 nm with a microplate reader (Molecular Devices, USA). Further, we also added antagomir34a, a miR-34a inhibitor (Suzhou GenePharma Co.,
Ltd., China), to EPA/DHA plus Dex groups to determine
the functional role of miR-34a. Cell viability was tested
after incubation for 24 h.
Flow cytometry. U266 cells and primary MM cells
treated for 24 h with different drugs as described above
were subjected to flow cytometry analysis using an
Annexin V Apoptosis Detection Kit (Becton Dickinson,
USA). EPA- or DHA-treated groups were considered as
control. Cells were stained with Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) for

25 min, and then they were analyzed using BD CantoII
flow cytometer (BD BioSciences, USA). FACS data
were analyzed using FlowJo software (Tree Star, Inc.,
USA).
Western blot. U266 cell lysates were prepared with
RIPA lysis buffer (Beyotime, China) containing protease
inhibitor cocktail (Roche, Switzerland). Protein samples
were loaded for SDS-PAGE and transferred to a nitrocellulose membrane. After blockage with 5% fat-free milk,
the membrane was probed with primary anti-caspase 3
(dilution 1 : 1000; Santa Cruz Biotechnology, USA),
anti-Bcl-2 (dilution 1 : 2000; Santa Cruz Biotechnology),
anti-p53 (dilution 1 : 2000; Santa Cruz Biotechnology),
and anti-β-actin antibody (dilution 1 : 5000; Abcam,
Great Britain). After washing, the membrane was incubated with horseradish peroxidase-conjugated secondary
antibody (1 : 2000; Santa Cruz Biotechnology) for 1 h.
The signal was visualized using the ECL detection system
(Thermo Fisher, USA) and quantified by densitometry
using Quantity One software (Bio-Rad, USA).
Quantitative real-time PCR. Total RNAs were
extracted from U266 cells using RNAiso Plus reagent
(TAKARA Biotechnology Co., Ltd., China). To detect
miR-34a expression, total RNAs were reversed using
MMLV reverse transcriptase with miR-34a-specific RT
primer (see table). The resulting cDNA was then used as
a template to perform real-time PCR using a Roche realtime PCR kit with specific PCR primers, forward and
reverse (see the table). The transcripts were quantified by
real-time PCR and normalized to the amount of
GAPDH mRNA expression.
Luciferase reporter assay. The 3′-UTR of Bcl-2
(pMiR-Bcl2-WT) or mutant Bcl-2 (pMiR-Bcl2-mutant)
was cloned and inserted downstream from the luciferase
reporter gene. The sequences of primers (forward and

Primers used in this study
Target

Primer sequence (5′-3′)
RT primer

miR-34a

CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAACCAG
Real-time PCR primers

cDNA-miR-34a

forward

reverse

ACACTCCAGCTGGGTGGCAGTGTCTTAGCT

CTCAACTGGTGTCGTGGA

Primers for amplification of Bcl-2 3′-UTR

3'-UTR-Bcl-2

forward

reverse

AAGTGAAGTCAACATGCCT

ACAGAACATCCAGGTGGAGC

Primer for amplification of mutant Bcl-2 3′-UTR
3'-UTR-Bcl-2mut

AAAACGTCGAATCAGCTATTTTGACGGTAAGGGAAATATC

BIOCHEMISTRY (Moscow) Vol. 82 No. 7 2017

827

828

XIANPING DAI et al.

reverse) for amplifying Bcl-2 3′-UTR and of primer for
mutant Bcl-2 3′-UTR are given in the table. HEK293T
cells were cotransfected with pMiR-Bcl2-WT or pMiRBcl2-mutant and miR-34a mimics or negative control
(mimics) using Lipofectamine 2000. A Renilla luciferaseexpressing plasmid pRL-TK (Promega, USA) used as
control was also cotransfected. Cells were harvested and
luciferase activity was determined using the Dual
Luciferase Reporter Assay Kit (Promega) 24 h after transfection. The results are expressed as relative luciferase
activity (firefly luciferase/Renilla luciferase).
Statistical analysis. Statistical analysis was performed for all experiments using Student’s t-test. All data
are presented as mean ± SEM. Significant difference
from control was taken at p < 0.05. All tests were done
using Prism 6 software (GraphPad Prism 6).
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PFUAs enhanced Dex sensitivity in MM cells.
Although many MM patients benefit from treatment
with Dex, some patients are resistant to Dex. It has been
reported that multiple myeloma cell line U266 is resistant to Dex [13]. To determine whether PUFAs contribute to improving Dex sensitivity in multiple myeloma, U266 cells were treated with EPA/DHA plus Dex.
The cell growth was examined at 0, 12, 24, 36, and 48 h
after incubation with EPA/DHA plus Dex by MTT assay.
The results showed that EPA/DHA significantly
enhanced the Dex sensitivity of MM cells in a timedependent manner (Fig. 1, a and b). Additionally, with
increased dose of EPA/DHA, the growth of U266 cells
was suppressed. To confirm these results, we also used
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Fig. 1. EPA and DHA improved Dex sensitivity of MM cells. a, b) MTT assays were performed with U266 cells by treatment with different
doses of EPA/DHA (10, 30, and 50 µM) and 1 µM Dex (50 µM EPA/DHA or Dex only were considered as controls). c) MTT assays were
performed with MM.1S and MM.1R cells by treatment with 1 µM Dex and 50 µM EPA/DHA or 1 µM Dex. d, e) MTT assays were performed
with two primary MM cell cultures after co-treatment with 50 µM EPA/DHA and 1 µM Dex. Data are shown as mean ± SEM; * p < 0.05,
** p < 0.01, *** p < 0.001.
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Fig. 2. EPA and DHA enhanced Dex sensitivity by inducing U266 cell apoptosis. a) Cell apoptosis was detected by flow cytometry in U266
cells treated with 50 µM EPA/DHA alone or 50 µM EPA/DHA plus 1 µM Dex for 24 h. The frequency of Annexin V+ PI+ U266 cells (a, b)
and primary MM cells from two myeloma patients (d, e) was analyzed. c) The protein expression level of caspase-3 was determined by Western
blot in U266 cells treated with 50 µM EPA/DHA alone or 50 µM EPA/DHA plus 1 µM Dex for 24 h. Data are presented as mean ± SEM;
** p < 0.01; *** p < 0.001.

Dex-sensitive cells (MM.1S) and resistant cells
(MM.1R) cells to perform these experiments. As expected, PUFAs slightly enhanced the Dex sensitivity in
MM.1S cells but significantly elevated Dex sensitivity in
MM.1R cells (Fig. 1c). Furthermore, two primary MM
tumor cell cultures were also treated with EPA/DHA
plus Dex, and cell growth was evaluated by MTT assays.
As expected, PUFAs also enhanced the Dex sensitivity in
primary MM cells (Fig. 1, d and e). Taken together, from
these data we concluded that PUFAs improved the sensitivity to Dex in MM cells in time- and dose-dependent
manner.
BIOCHEMISTRY (Moscow) Vol. 82 No. 7 2017

PUFAs induced MM cell apoptosis thus enhancing
Dex sensitivity. It is widely accepted that PUFAs can
induce cancer cell apoptosis. To determine how PUFAs
enhanced the sensitivity to Dex, we next examined the
apoptosis of MM cells after EPA/DHA plus Dex treatment. Flow cytometry analysis indicated that the combination EPA/DHA with Dex induced more apoptotic MM
cells (Fig. 2, a and b). To further confirm these results,
Western blot was performed for determination of the protein expression level of caspase-3 (Fig. 2c). Consistently,
cleaved caspase-3 was significantly induced by PUFAs
combined with Dex in U266 cells. In addition, two pri-
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Fig. 3. EPA and DHA induced miR-34a expression in U266 cells. a, b) Expression of miR-34a detected in U266 cells by qRT-PCR at 0, 3,
9, and 12 h after treatment with 50 µM EPA/DHA, 1 µM Dex, or 50 µM EPA/DHA plus 1 µM Dex. c) Cell apoptosis was detected by flow
cytometry of U266 cells treated as follows: medium, Dex, EPA/DHA plus Dex with/without antagonist-34a (anti-34a). d) MTT assays were
performed with U266 cells treated with Dex/mimics (Dex + NC) or Dex + miR-34a agomir at 0, 12, 24, and 36 h after incubation.
e) Expression of miR-34a in primary MM cells was analyzed after co-administration with PUFAs and Dex. f) MTT assays were performed in
two primary MM cell cultures after co-administration with PUFAs and Dex. qRT-PCR results were normalized by β-actin. Data are presented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.
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mary MM cell cultures were also subjected to flow cytometry analysis after incubation with PUFA plus Dex. As
shown in Fig. 2 (d and e), PUFAs enhanced the apoptosis of the MM cells after Dex treatment. These observations imply that EPA/DHA enhanced the Dex sensitivity
of MM cells by inducing cell apoptosis.
PUFAs induced expression of miR-34a, a tumor suppressor, thus enhancing Dex sensitivity in MM cells. MiR34a has been widely reported as a tumor suppressor targeting CD44, Sirt1, or Bcl-2. To investigate whether the
improvement of Dex sensitivity in MM cells was associated to miR-34a, quantitative PCR was performed for
detecting the genomic expression level of miR-34a in
MM cells treated with EPA/DHA alone or with added
Dex. The results indicated that the co-administration of
EPA/DHA with Dex significantly induced the expression
of miR-34a (Fig. 3, a and b). Two primary MM cell cultures were also subject to q-PCR analysis for testing miR34a expression after treatment with PUFA and Dex

(Fig. 3e). To further investigate whether miR-34a played
a functional role here, miR-34a was specifically suppressed by an inhibitor, miR-34a antagonist. As expected,
the apoptosis of U266 cells induced by DHA/EPA plus
Dex was dramatically recovered by miR-34a suppression
(Fig. 3c). To confirm this conclusion, the level of miR34a was upregulated by transfecting U266 cells with miR34a agomir, and then the cell growth was detected. The
MTT results indicated that miR-34a overexpression
enhanced Dex sensitivity in U266 cells (Fig. 3d). These
observations were also confirmed in two primary MM cell
cultures (Fig. 3f). These results showed that EPA/DHA
induced miR-34a (a tumor suppressor) expression thus
enhancing Dex sensitivity in MM cells.
PUFAs increased Dex sensitivity in U266 cells via
p53/miR-34a/Bcl-2 axis. It is well known that the expression of miR-34a is regulated by p53. As expected, p53
protein level was significantly increased in DHA/EPA
plus Dex groups (Fig. 4a). These data indicated that

a

Dex

c

1.5
Normalized luciferase
activity

Medium

Dex + EPA Dex + DHA

p53

831

1.0

***

0.5

0

actin

mimic
miR-34a
WT-UTR
Mu-UTR

+
–
+
–

–
+
+
–

–
+
–
+

b
miR-34a relative expression

8

Dex + EPA + DMSO
Dex + DHA + DMSO

6

Dex + DHA + PFTa

d

Dex + EPA + PFTa
Medium

4
*
*

2

**

***
***

**

Dex

Dex + EPA Dex + DHA

Bcl-2

actin

0
0h

3h
6h
9h
Time post incubation

12 h

Fig. 4. DHA and EPA enhanced Dex sensitivity in U266 cells via the p53/miR-34a/Bcl-2 axis. Protein level of p53 (a) and Bcl-2 (d) was determined by Western blot in U266 cells treated with the medium, 50 µM EPA or DHA, 50 µM EPA/DHA, plus 1 µM Dex. b) Expression of miR34a was determined at 0, 3, 9, and 12 h after incubation of U266 cells, which were treated by 50 µM DHA/EPA and 1 µM Dex with/without
1 µM p53 inhibitor (PFTa). c) Luciferase reporter assay was performed to determine whether Bcl-2 was the direct target of miR-34a in U266
cells. Data are shown as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.
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DHA/EPA induced the expression of miR-34a to promote MM cell apoptosis. To confirm these observations,
we also specifically suppressed p53 activity by incubating
U266 cells with p53 inhibitor (Pifithrin-α, PFTa). The
expression of miR-34a in U266 cells, which were coadministrated with PFTa and Dex/PUFAs, was determined. The q-PCR results indicated that p53 inhibition
significantly suppressed the expression of miR-34a (Fig.
4b). To further explore the functional target of miR-34a
here, luciferase reporter assay was performed (Fig. 4c).
Bcl-2 is a target of miR-34a and a suppressor of cell apoptosis as well. The expression of Bcl-2 was examined by
Western blot. Consistently, the level of Bcl-2 was reduced
in DHA/EPA with Dex groups (Fig. 4d). All these observations led us to conclusion that PUFAs enhance Dex
sensitivity in MM cells via the p53/miR-34a/Bcl-2 axis.

DISCUSSION
In this study, we found that PUFAs increased myeloma cell sensitivity to Dex by prompting cell apoptosis.
The MM cell line U266 has been reported to have the
capacity for Dex insensitivity [13]. In vitro, cell proliferation assay showed that EPA or DHA displayed a comparable inhibitory role with Dex in U266 cells. These data
indicated PUFAs alone were insufficient to suppress
U266 cell growth in vitro. The mechanism of cancer cell
suppression by PUFAs includes induction of apoptosis
[14, 15], lipid peroxidation causing irreversible cell damage [16-18], and modulation of gene expression including
that of transcription factors [19-22]. According to the
results of MTT assays, EPA or DHA alone induced moderate U266 cell apoptosis but was insufficient to suppress
cell growth without Dex treatment. These data demonstrated that PUFAs not only induced cell apoptosis but
also enhanced Dex sensitivity of U266 cells. Other investigators have also reported that PUFAs enhanced Dex
sensitivity to suppress multiple myeloma cell growth [23].
It is unclear if combination treatment with PUFAs and
Dex induces other processes besides inducing cell apoptosis to suppress U266 cell growth in vitro.
A microRNA is a small noncoding RNA binding to
the 3′UTR of mRNAs to repress the protein expression
[24]. Recently, microRNAs were reported to be mediators
in biological processes including tumorigenesis [25]. It
has been reported that several microRNAs were differently expressed in MM patients, such as miR-221/222,
-181a, -181b, -32, -17-92, etc. [26]. We found that treatment with EPA/DHA and Dex reinforced gene expression level of miR-34a in U266 cell compared with
EPA/DHA or Dex treatment alone. It is well known that
miR-34a acts as a tumor suppressor by targeting Bcl-2,
Sirt1, and CDK6 [27]. In this study, the expression of miR-34a was significantly increased in the EPA or DHA
with Dex group. Further, cell viability was restored by

miR-34a inhibition. We concluded a combination treatment with EPA/DHA and Dex regulated miR-34a
expression, although the detailed mechanisms are
unknown.
We know miR-34a is a p53 direct transcription target
gene [27] and acts as a tumor suppressor [28], though it is
dispensable for p53 tumor suppression [29]. Our study
indicated that p53 was induced by EPA or DHA with Dex
treatment in U266 cells. This result suggested that
EPA/DHA enhanced Dex sensitivity to U266 cells by p53
expression stimulation and extensively increased miR34a expression level. Bcl-2, a direct target of miR-34a,
was reported to suppress cell apoptosis [30, 31].
Interestingly, the expression of Bcl-2 was significantly
reduced in EPA/DHA with the Dex-treated groups. We
conclude here that PUFAs improve Dex sensitivity of
U266 cells via p53/miR-34a/Bcl-2 axis. Whether EPA
and DHA have an effect on other molecules associated to
miR-34a expression is not clear, and this will be investigated in our next research programs. Moreover, whether
there is any other target for p53-induced miR-34a in MM
cells will be studied in our future investigations.
Furthermore, the p53/miR-34a/Bcl-2 axis is still an
alternative elucidation for the enhancement of Dex sensitivity to U266 cells treated with EPA or DHA.
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