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In vitro analysis of microRNA-26a in chronic
lymphocytic leukemia cells
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Abstract. microRNA (miRNA)-26a-loaded liposomes were
prepared in the present study for effective treatment of
leukemia. The results demonstrated that miRNA-26a reduced
the viability of chronic lymphocytic leukemia (CLL) cells
in a concentration-dependent manner. Cells treated with
miRNA-26a-loaded liposomes exhibited increased rates of
apoptosis, as determined by flow cytometry and Hoechst 33342
staining. Western blot analysis revealed an increased apop-
totic effect of miRNA-26a-loaded liposomes compared with
control. Treatment with these liposomes resulted in significant
downregulation of the expression of the miRNA-26a target
genes, myeloid cell leukemia 1 and cyclin-dependent kinase 6.
Taken together, the results of the present study indicate that
miRNA-26a exerts apoptosis-inducing and anticancer effects
on leukemia cells, suggesting therapeutic potential. This
approach may be possible to extrapolate to other neoplasms,
including lymphomas and acute myeloid leukemia.

Introduction

Chronic lymphocytic leukemia (CLL) is a type of blood cancer
that is heterogeneous at the clinical and cellular levels (1,2),
and which arises due to uncontrolled proliferation of lympho-
cytes that accumulate in the blood and bone marrow. These
immature cells can permeate other organs, including the liver,
kidney and central nervous system, which can ultimately result
in fatality (2,3). Patients with acute myeloid leukemia (AML)
often exhibit characteristic mutations and dysregulated gene
expression, both of which contribute to the generally poor
prognosis of the disease (4). Despite significant advances in
our understanding of the biology of leukemia, an optimal
treatment regime for CLL is lacking (5-7). Current treatment
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regimens rely on chemotherapy, which involves systemic drug
administration. However, the efficacy of chemotherapy is
limited due to immediate clearance of the drugs from blood
circulation. In addition, the development of resistance to
chemotherapy drugs is a major reason for the poor prognosis of
leukemia (8). The development of resistance is attributed to the
mechanism of action of chemotherapeutic drugs, which acti-
vate intrinsic apoptosis pathways (9). In the case of leukemia,
however, apoptosis pathways are inhibited by Abl expression
and a lack of FAS receptors. Generally, these can be reversed
by administration of high doses of anticancer drugs, but this
is accompanied by marked systemic toxic effects in healthy
tissues (10). Therefore, there is a requirement to identify
non-chemotherapeutic treatments for leukemia with improved
efficacy and reduced side effects.

MicroRNAs (miRNAs) are short noncoding RNAs
that are involved in regulating the expression of their target
genes (11). Certain miRNAs have been reported to be directly
responsible for leukemogenesis and are involved in the prog-
nosis of cancer. miRNAs regulate the expression of genes
at the posttranscriptional level by altering messenger RNA
(mRNA), thereby modifying associated biological processes
or pathways (12,13). Thus, miRNASs can act as oncogenes or
tumor inhibitors. For example, silencing of miR-15a/16-1 in an
animal model was reported to result in the development of an
indolent form of leukemia (14). Bcl-2 is an miRNA target, and
its interaction with miRNA eliminates the expression of Bcl-2,
resulting in cell death. The anticancer drug, venetoclax, which
inhibits Bcl-2, was recently approved for use in CLL (15).
Other miRNAs have also been demonstrated to be useful
in the regulation of leukemia, with miRNA-34a reported to
downregulate 17p-CLL and halt disease progression (16,17).
These studies lay the groundwork for the development of
miRNA-based therapies. The present study was performed to
examine the effects of miRNA-26a on leukemia cells.

One of the most important concerns in miRNA-based
therapy is the delivery strategy. Due to their very low stability
in the body, miRNAs require a carrier to elicit their pharma-
cological therapeutic effects. The development of nanoscale
biomaterials is a popular topic of interest for targeted treat-
ment of cancer (18). An ideal delivery system would deliver the
maximum amount of drug to the target site without being toxic
itself (19). Liposomes are ideal carriers for systemic applica-
tions and have been studied in detail in clinical trials (20).
Liposomes are biocompatible and of an appropriate size for
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accumulation in tumor tissue. The long half-life of liposomes
in the circulation allows for accumulation of the carrier in
leukemia cells (21).

The aim of the present study was to design an
miRNA-loaded delivery system for the effective treatment of
leukemia. miRNA-26a was physically loaded into liposomes
and the various biological properties, including cell viability,
apoptosis and morphological changes, were studied in vitro.

Materials and methods

Materials. Cholesterol, 1,2-dioleyl-3-trimethylammonium-
propane(DODAP), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), and N-palmitoyl-sphingosine-1-[succinyl(polyethylene
glycol)]2000 (DSPE-PEG) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). All other chemicals were of
reagent grade and were used without further purification.

Preparation of miRNA-loaded liposomes. Liposomes were
prepared using the thin-film hydration method. In brief,
DODAP:CHOL:DSPC:DSPE-PEG were dissolved at a molar
ratio of 25:50:23:2 in a mixture of 1 ml of chloroform (100%)
and methanol (100%) (4:1). The organic solvent was agitated
such that all lipids were dissolved, and removed from the
rotary evaporator at 60°C. Thereafter, the lipid film was
hydrated using distilled water at 60°C for 15 min and extruded
using a mini-extruder for 21 cycles through a polycarbonate
membrane with a pore size of 100 nm. The liposomes thus
formed were purified by dialysis for 24 h. Liposomes were
stored in glass vials, and 10 zg miRNA-26a (3-UCGGAUAGG
ACCUAAUGAACUU-5) was added and incubated for 12 h
under constant agitation. The miRNA-loaded liposomes were
stored at 4°C until further use. The miRNA was complexed
with Lipofectamine 2000 (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) as a transfection agent and incubated
with the cancer cells.

Characterization of liposomes. The miRNA-loaded liposomes
were evaluated in terms of particle size and particle-size
distribution using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). The liposomes (dispersed in 0.1X PBS,
density, 1 kg/m?®) were diluted appropriately in ultra-pure water
(density, 997 kg/m?) and experiments were performed in trip-
licate at room temperature. The morphology of the liposomes
was examined by transmission electron microscopy (TEM,;
Tecnai G2 12 TWIN TEM; FEI; Thermo Fisher Scientific,
Inc.). The samples were mixed with 2% phosphotungistic acid
as a counterstain solution for 4 min and placed in a drop onto
a copper grid prior to drying. The samples were then analyzed
by TEM (x10,000, magnification).

Gel electrophoresis. Physical entrapment of miRNA in lipo-
somes was evaluated by electrophoresis through 2% agarose
gels in Tris-acetate-ethylenediaminetetraacetic acid (EDTA)
buffer containing 0.5 pg/ml of GelRED (Biotium, Inc.,
Fremont, CA, USA). The free miRNA and miRNA-loaded
liposomes were mixed with 10% glycerin, 1% bromothymol
blue and 2% SDS, subjected to electrophoresis at 120 V for
20 min, and then photographed using a gel imaging system
(ChemiDocTM; Bio-Rad Laboratories, Inc.).

3365

Cytotoxicity assay. CLL cells (American Type Culture
Collection; ATCC; Manassas, VA, USA) were maintained in
RPMI medium supplemented with 10% FBS (Lonza Group,
Ltd., Basel, Switzerland) and 1% penicillin-streptomycin
antibiotic mixture in an atmosphere of 65% humidity
with 5% CO, and 37°C. The cells were seeded in 96-well
plates at a density of 1.2x10* cells per well and incubated
for 24 h. The cells were then treated with miRNA-loaded
liposomes or blank liposomes (0.1, 1, 10, 50 and 100 xM)
and incubated for a further 24 h. The cells were treated for
24 h with increasing concentrations of miRNA-26a (25, 50
and 100 #M) to study concentration-dependent cytotoxicity
against leukemia cells. Untreated cells were maintained
throughout the study period. The cells were treated with
100 ul 1.25 mg/ml MTT solution and incubated for 4 h at
37°C, after which the formazan crystals were dissolved in
DMSO. The absorbance was determined at 570 nm using a
microplate reader (Infinite M200 reader; Tecan, Midnnedorf,
Switzerland). For comparison, NIH-3T3 cells (ATCC) was
purchased and grown in RPMI medium supplemented with
10% FBS (Lonza Group, Ltd.) and 1% penicillin-strepto-
mycin antibiotic mixture in a humidified atmosphere (65%)
with 5% CO, and 37°C. The same protocol was followed for
MTT assay of these cells.

Hoechst 33342 assay. The cells were seeded in 6-well plates
at a density of 3x10° cells per well and incubated for 24 h. The
cells were then treated with miRNA-loaded liposomes (MRL)
or blank liposomes (25, 50 and 100 #M), and incubated for a
further 24 h. The cells were treated for 24 h with increasing
concentrations of the miRNA-26a (25, 50 and 100 uM) to
examine concentration-dependent effects on apoptosis. The
following day, the cells were washed carefully with ultrapure
water and stained with 10 zg/ml Hoechst 22242 for 15 min at
37°C. The cells were then fixed with 4% paraformaldehyde and
washed again with PBS. Apoptosis was qualitatively assessed
by fluorescence microscopy.

Apoptosis. The cells were seeded in 12-well plates at a density
of 2x10° cells per well and incubated for 24 h, then treated
with miRNA-loaded liposomes or blank liposomes (25, 50
and 100 uM), and incubated for a further 24 h. The cells were
treated with 200 M MRL and incubated for an additional 24 h.
The following day, the cells were washed carefully with PBS
and centrifuged at 1,300 x g at 4°C. The cell pellets were resus-
pended in binding buffer (BD Biosciences, Franklin Lakes,
NJ, USA) and incubated with 2.5 ul Annexin V and 2.5 ul
propidium iodide (PI) (BD Biosciences) for 15 min, followed
by flow cytometric analysis (FACSCalibur; BD Biosciences,
Franklin Lakes, NJ, USA).

Western blot analysis. Cells were treated with blank lipo-
some and miR-26a-loaded liposomes (25, 50 and 100 yM),
harvested after 24 h and lysed using radioimmunoprecipita-
tion assay lysis buffer for 15 min at 24°C. The lysed cells were
centrifuged at 12,000 x g for 15 min at 4°C. The supernatant
was collected and the protein concentration was determined
using a BCA protein assay kit (Thermo Fischer Scientific,
Inc.). A total of 25 ug protein per lane was separated by
10% SDS-PAGE and transferred onto polyvinylidene fluoride
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Figure 1. Schematic representation of the preparation of miRNA-26a-loaded liposomes. Cationic liposomes were prepared and electrostatically conjugated

with miRNA-26a. miRNA, microRNA.

membranes (Bio-Rad Laboratories, Hercules, CA, USA). The
membranes were then blocked with 5% skimmed milk for 1 h,
followed by incubation with the following primary antibodies
at 4°C overnight: Anti-cyclin-dependent kinase 6 (CDKG6;
cat. no. 3136; 1:1,000), anti-MCLI1 (cat. no. 4572; 1:1,000),
BCL2 family apoptosis regulator (BCL2 cat. no.2870; 1:1,000),
anti-poly (ADP-Ribose) polymerase (PARP; cat. no. 9542;
1:1,000) and anti-GAPDH (dilution, 1:1,000; cat. no. 2118; all
from Cell Signaling Technology, Inc., Danvers, MA, USA).
The following day, the membranes were incubated with
horseradish peroxidase-conjugated anti-mouse IgG secondary
antibodies (cat. no. 7076; 1:3,000). Images of the blots were
obtained using an Odyssey infrared imaging system (LI-COR
Biosciences, Lincoln, NE, USA) and quantified using ImageJ
software (version 7.0; National Institutes of Health, Bethesda,
MD, USA).

Statistical analysis. The data are presented as the
mean + standard deviation. All analyses were performed with
SPSS software (version 17; SPSS, Inc., Chicago, IL, USA).
Comparisons between groups were assessed by one-way
analysis of variance. In instances of multiple comparisons,
analysis of variance was performed, followed by the Scheffé
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results and Discussion

Preparation and characterization of miRNA-loaded lipo-
somes. Despite significant advances in our understanding of
the biology of leukemia, there remains no optimal treatment
for CLL. Current treatment options involve chemotherapy,
however, they have poor efficacy due to the immediate clear-
ance of drugs from the circulation and the development of
drug resistance. Although miRNAs serve important roles in
the pathogenesis of cancer, they can also function as tumor
suppressors (22). The more established small interfering
RNAs (siRNAs) silence the expression of a single gene, while
miRNAs can silence multiple genes simultaneously (23).
Therefore, miRNA-based therapy has potential in the
treatment of various types of cancer. In the present study,
miRNA-26a was selected for the treatment of leukemia
cells. Delivery strategy remains an important concern in
miRNA-based therapy, as the stability of miRNA in vivo
is low. Liposomes are among the most well-studied carrier
systems in clinical trials, are highly biocompatible and of
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Figure 2. Gel electrophoresis of miRNA. The miRNA-loaded liposomes were
evaluated for stability and degradation by gel electrophoresis. Increased N/P
ratio indicates increased stability of miRNA. N, nitrogen; P, phosphorous.

a size appropriate for accumulation in tumor tissue (24).
The negatively charged miR-26a forms an electrostatic
complex with the positively charged surfaces of the lipo-
somes (Fig. 1) (25).

Dynamic light scattering (DLS) analysis was performed
to characterize the final particle size and size distributions
of the liposome preparations. As demonstrated in Fig. 3A,
the particles were 110 nm in size, with a uniform dispersity
index of 0.15. The particle size of MRL was small enough
for cancer-targeting applications (26). The surface charge of
MRL was +21.5+1.25 mV, indicating the presence of cationic
charged liposomes. The dried particles were spherical in shape
and dispersed. The particle size observed from TEM was
consistent with that determined by DLS analysis (Fig. 3A).
The positively charged liposomes were predicted to be inter-
nalized into the cancer cells, thereby further enhancing the
efficacy of cancer treatment. The morphology of the particles
was analyzed by TEM (Fig. 3B).

Gel electrophoresis. The loading of miR-26a into liposomes
was confirmed by gel electrophoresis (Fig. 2). Free miRNA
was electrophoresed to the opposite end of the gel, while
loading of miRNA into liposomes prevented its release
and migration in a concentration-dependent manner. The
results indicated the ability of liposomes to withhold the
encapsulated miRNA and thereby improve its stability and
therapeutic efficacy.
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Figure 3. Physicochemical analysis. (A) Dynamic light scattering analysis of miRNA-loaded liposomes. (B) Particle morphology analysis by transmission

electron microscopy revealed a spherical nanoparticle dimension.
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Figure 4. The cytotoxic potential of the miRNA-loaded liposomes was analyzed by MTT assay in CLL cancer cells treated with different concentrations of
miRNA-26a. “P<0.01, "“P<0.001 vs. blank liposome. CLL, chronic lymphocytic leukemia; miRNA, microRNA; LP, liposome; MRL, miRNA-loaded liposome.

In vitro cell viability. The viability of CLL cells in vitro was
evaluated by MTT assay (Fig. 4). Briefly, cells were treated with
blank liposomes or miRNA-loaded liposomes and incubated for
24 h. The control blank liposomes had no effect on the viability
of cancer cells, indicating that the liposomes were non-toxic
and biocompatible vectors. As expected, miRNA-26a-loaded
liposomes decreased the viability of cancer cells in a concentra-
tion-dependent manner (P<0.001), with >60% cells killed when
treated with the highest concentration (200 nM). The results indi-
cated the anticancer effect of miRNA-26a against leukemia cells.

Hoechst 33342 assay. The anticancer effect of miRNA-26a
was further evaluated by Hoechst 33342 staining (Fig. 5).
Untreated cells maintained their typical morphology and
dispersal on the plate, whereas treatment with miRNA-26a
induced apoptosis in a concentration-dependent manner.
Apoptosis of cancer cells was more evident with increasing
concentrations of miRNA-26a (Fig. 5). For example, cells
treated with 200 xM miRNA exhibited typical apoptotic
morphology, including condensation of chromatin, breakdown
of the nuclear membrane, and apoptotic body formation. Taken

together, these observations indicated the anticancer potential
of miRNA-26a loaded within a stable nanocarrier.

Apoptotic rate, determined by flow cytometry. Quantitative
analysis of apoptosis was performed by Annexin V/PI staining
and flow cytometry (Fig. 6). Cancer cells were treated with
200 M miRNA for 24 h. A significant (P<0.01) increase in
apoptosis was observed compared with the control group.
Approximately 25% of the total cells were in the late apoptotic
stage, while 20% were in the early apoptosis stage, indicating
the potent anticancer effect of the MRL formulation.

Western blot analysis. The mechanism of action of
miRNA-26a was examined by western blotting (Fig. 7). The
protein expression levels of target genes, cyclin-dependent
kinase 6 (Cdk6) and myeloid cell leukemia 1 (Mcl-1), and
the marker of apoptosis, PARP, were analyzed. The results
indicated that high concentrations of miRNA-26a decreased
the protein expression level of PARP and increased that of
cleaved PARP, indicating the apoptosis-inducing potential
of miRNA-26a. Seeing as miRNA-26a-loaded liposomes
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Figure 5. Apoptosis was qualitatively analyzed by Hoechst 33342 staining and fluorescence microscopy. Apoptotic body formation was observed in
MRL-treated cells. MRL, miRNA-loaded liposome.
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Figure 6. Quantitative analysis of apoptosis was performed by flow cytometry. The percentage distributions of cells in early and late apoptosis are indicated.
MRL, miRNA-loaded liposome.
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Figure 7. Western blotting analysis of the mechanism of action of miRNA-26q. The protein expression levels of apoptotic proteins and miRNA-26a targets
were analyzed. MRL, miRNA-loaded liposome; PARP, poly (ADP-Ribose) polymerase; CDK®6, cyclin-dependent kinase 6; MCL-1, MCL1, BCL2 family
apoptosis regulator.



LI and SUN: MicroRNA-26a IN CHRONIC LYMPHOCYTIC LEUKEMIA

significantly downregulated the expression of the target genes,
Mcl-1 and Cdk6, this may be the mechanism of action by
which it mediates apoptotic effect. Numerous studies have
demonstrated that miR-26a can target and downregulate a
number of protein-coding gene targets, including CDK®6, cyclin
D2 and E2, and Mcl-1, in different types of cancer cells (27,28).

In conclusion, miRNA-26a-loaded liposomes success-
fully prepared for the effective treatment of leukemia cells.
It was demonstrated that 200 nM miRNA-26a significantly
decreased the viability of CLL cells compared with control.
The miRNA-26a-loaded liposomes exerted a marked apop-
tosis-inducing effect, as demonstrated by flow cytometry and
Hoechst 33342 staining. Western blot analysis revealed a supe-
rior apoptosis-inducing effect of miRNA-26a-loaded liposomes
compared with free miRNA-26a. miRNA-26a significantly
downregulated the expression of its target genes, Mcl-1 and Cdk6.
The results of the present study indicate that miRNA-26a-loaded
liposomes exert apoptosis-inducing and anticancer effects on
leukemia cells, suggesting their possible utility in future thera-
pies. This approach has the potential for extrapolation to other
types of neoplasms, including lymphomas and AML.
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