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STAT6 phosphorylation upregulates microRNA-155
expression and subsequently enhances the
pathogenesis of chronic lymphocytic leukemia
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Abstract. Chronic lymphocytic leukemia (CLL), a clonal
expansion of CD5* B cells, is the most common form of adult
leukemia; however, the molecular mechanisms underlying
its pathogenesis remain undetermined. It has been previ-
ously suggested that numerous biological factors, including
cytokines, may be involved in the proliferation of malignant
cells. For example, interleukin (IL)-4, IL-2, interferon-y and
tumor necrosis factor serve roles as inhibitors of cellular
apoptosis; whereas IL-5 and IL-10 are inducers of cellular
apoptosis. In the present study, the results demonstrated that
the phosphorylation and activation of signal transducer and
activator of transcription 6 (STAT6) was induced by IL-4
in a time-dependent manner. Notably, the expression level
of microRNA (miR)-155 was increased in MEC-1 cells
following treatment with IL-4; however, this effect was attenu-
ated following STAT6 knockdown via RNA interference. In
addition, STAT6 knockdown promoted cell apoptosis, which
was partly attenuated by treatment with IL-4. Inhibition of
miR-155 expression significantly increased cell apoptosis
despite the presence of IL-4. The results of the present study
suggested that treatment with IL-4 enhanced the expression of
miR-155, which regulated CLL cell survival via the enhanced
phosphorylation of STAT6.

Introduction

Chronic lymphocytic leukemia (CLL) is an incurable disease
with extremely variable progression (1,2). CLL is characterized
by a disruption of the homeostasis between the proliferation
and apoptosis of leukemia cells and the accumulation of
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neoplastic B lymphocytes that co-express cluster of differentia-
tion (CD)5 and CD19 antigens (3-6). However, the mechanism
underlying the development of CLL remains unclear. The role
of microRNA-155 (miR-155) in tumor immunity is receiving
increasing attention (7).

Numerous T helper (Th)l and Th2 microRNA (miRNA)
molecules associated with inflammation, including miRNA-146,
miR-155 and miRNA-324-5p, have been revealed to be
conserved in mouse and human macrophages and are induced
by lipopolysaccharide (LPS) and interleukin (IL)-4 (8). The
signaling pathways associated with genome-wide miRNA
expression levels and cellular functions regulated by miRNAs
during alternative macrophage activation remain largely unde-
termined. The expression levels of miRNAs are useful for the
prediction of the clinical manifestation of CLL (9). Structurally,
miRNA are short RNA molecules measuring 19-25 nucleotides
in length, processed from hairpin loop structures (pre-miRNA,
60-110 nucleotides in length), which regulate the expression of
protein-coding genes via complementary binding with targeted
messenger RNA (10). Previously, several chromosomal abnor-
malities, including 11g-, 13g-, 17p- and trisomy 12, and other
molecular aberrations, including the degradation or downregu-
lation of miRNA-15a and miRNA-16-1,and the overexpression
of anti-apoptotic genes, have been identified in patients with
CLL (11-14). Furthermore, a unique miRNA signature was
revealed to be differentially expressed in patients with various
immunoglobulin heavy variable 4-38-2-like (IgVH) and €
chain of T cell receptor associated protein kinase 70 (ZAP-70)
kinase statuses, and are composed of the most frequently
deregulated miRNA molecules in different hematological
malignancies, including miRNA-15/16, the miRNA-29 family
and miR-155 (15,16).

As signal transducer and activator of transcription 6
(STAT6) and miRNA are associated with tumor growth (17),
the present study aimed to determine the underlying pathways
associated with these factors, and to explore the association
between STAT6 and miR-155 in CLL.

Materials and methods

Cell culture. The human CLL MEC-1 cell line was obtained
from the American Tissue Culture Collection (Manassas, VA,
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USA) and maintained at 37°C in 5% CO,. Cells were subse-
quently cultured in Iscove's modified Dulbecco's medium
(HyClone: GE Healthcare Life Sciences, Logan, UT, USA)
supplemented with 10% fetal bovine serum (HyClone; GE
Healthcare Life Sciences).

Transfection of cells. MEC-1 cells (2x10° cells/well) were
seeded in 24-well plates and incubated overnight. Subsequently,
cells were transfected with the human miR-155 and negative
control (NC) miRNA (both from Shanghai GenePharma
Co., Ltd., Shanghai, China) using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) for 48 h, according to the manufacturer's protocol.
The concentration of all miRNA molecules transfected was
100 nM. The sequences of the miRNAs used for transfection
were as follows: miR-155 mimic sense, UUAAUGCUAAUC
GUGAUAGGGGU; and antisense, CCCUAUCACGAUUAG
CAUUAAUU; NC mimic sense, 5S-UUCUCCGAACGUGUC
ACGUTT-3"; and antisense, 5'-ACGUGACACGUUCGGAGA
ATT-3". The sequences of the miR-155 inhibitors used for
transfection were as follows: Anti-miR-155; 5'-ACCCCUAUC
ACGAUUAGCAUUAA-3"; and a anti-miR-155 NC 5'-CAG
UACUUUUGUGUAGUACAA-3". The miR-1555i and respec-
tive NC were purchased from Shanghai GenePharma Co., Ltd.

Knockdown of human STAT6 via RNA interference. STAT6
expression was knocked down via transfection with a small
interfering (si) RNA complementary to STAT6 mRNA (5'-AAG
CAGGAAGAACUCAAGUUUTT-3' and 5-AAACUUGAG
UUCUUCCUGCUUTT-3"), as described previously (18).
pGC-siSTAT6 (0.8 ug) was transfected into MEC-1 cells in
24-well plates (2x10° cells per well) using Lipofectamine®
2000 (2 pl; Invitrogen; Thermo Fisher Scientific, Inc.) for 4 h
according to the manufacturer's protocol, and the medium was
subsequently replaced with regular growth medium. Cells were
used in subsequent experiments at 24 h following transfection.

Co-treatment and co-culture experiments. Recombinant
human IL-4 (rIL-4) was added to the MEC-1 cell medium
to investigate the effects of extracellular IL-4 on phosphory-
lated (p)-STAT6 and miR-155 levels in MEC-1 cells. The
optimum concentration of rIL-4 used was 10 ng/ml. Following
co-culture of the cells with rIL-4 for 0, 2, 5, 10, 15 and 20 h,
levels of p-STAT6 and miR-155 were determined via western
blot analysis and reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) assays, respectively.

Western blot analysis. MEC-1 cells were treated with
radioimmunoprecipitation assay lysis buffer containing 1%
phenylmethylsulfonyl fluoride (Shanghai Shenergy Biocolor
BioScience Technology Company, Shanghai, China) to extract
total protein. For cytoplasmic and nuclear extracts, cells
were washed with PBS and were lysed in NE-PER extraction
reagent (Pierce; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. The protein concentrations
of the samples were determined using a bicinchoninic acid
assay (Shanghai Shenergy Biocolor BioScience & Technology
Company). A total of 30 ug protein/lane was separated by 10%
SDS-PAGE and transferred onto a polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA). Following

Table I. Sequences of primers used for the reverse transcrip-
tion quantitative polymerase chain reaction.

Gene name Sequence

miR-155 Forward 5'-TTAATGCTAATCGTGA-3'
Reverse 5'-TTTGGCACTAGCACATT-3'
U6 Forward 5'-CTCGCTTCGGCAGCACA-3'

Reverse5'-AACGCTTCACGAATTTGCGT-3'

blocking with 5% skim milk in TBS with 0.1% Tween-20
(TBST) for at least 1 h at room temperature, the membranes
were subsequently probed with primary antibodies at 4°C
overnight. Following washing with TBST, a goat anti-rabbit
IgG secondary antibody conjugated to horseradish peroxidase
(1:3,000; cat no. TA140003; OriGene Technologies, Beijing,
China) was added to the membranes for at least 1 h at room
temperature. The bands were visualized by using an enhanced
chemiluminescent western blot kit (EMD Millipore). The
GAPDH antibody (1:1,000; cat no. sc-47724) was obtained
from Santa Cruz Biotechnology, Inc., (Dallas, TX, USA), and
anti-caspase-3 (1:1,000; cat no. ab32351) and p-STAT6 anti-
bodies (1:1,000; cat no. ab28829) were obtained from Abcam
(Cambridge, MA, USA). The anti-caspase-3 antibody bound
to pro-caspase and cleaved forms of the protein. Western blot
analysis results were analyzed using the Image J software 1.48
(National Institutes of Health, Bethesda, MD, USA) and SPSS
version 20.0 (IBM Corp., Armonk, NY, USA).

RT-qPCR. TRIzol® reagent (Thermo Fisher Scientific,
Inc.) was used to extract total RNA from the MEC-1 cells.
The procedure of RT and qPCR analyses was performed
as described previously (19). Primers were purchased from
BioSune Biotechnology Co., Ltd., (Shanghai, China), and the
sequences are listed in Table I.

Assessment of cell apoptosis. MEC-1 cells (5x10° cells/well)
were seeded into 96-well plates and then transfected with
siSTAT6, miR-155 and anti-miR-155 (16). anti-miR-155
cells were subsequently incubated for 20 h in the presence
and absence of rIL-4 (10 ng/ml). Staining with an Annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI)
apoptosis detection kit (cat. no. FAKO011.100; Neobioscience,
Shenzhen, China) was performed to investigate the effect of
rIL-4 on the levels of apoptotic and necrotic MEC-1 cells.
MEC-1 cells (1x10°) were incubated with Annexin V-FITC
and PI (10 u1) for 10 min in the dark at room temperature. Cells
were immediately analyzed using a flow cytometer (CytExpert
version 1.1, Beckman Coulter, Inc., Brea, CA, USA). Necrotic
cells were identified via positive staining of Annexin V-FITC
and PI, whereas apoptotic cells were identified via positive
staining of Annexin V-FITC and negative staining of PI.

Statistical analysis. All statistical analyses were performed
using the SPSS version 20.0 (IBM Corp.) for Windows. Results
are presented as mean + standard deviation of at least 3 inde-
pendent experiments. Differences between two groups were
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Figure 1. Effects of rIL-4 on STAT6 phosphorylation in MEC-1 cells following transfection with siSTAT6. Untransfected MEC-1 cells and MEC-1 cells
transfected with siSTAT6 were co-cultured with 10 ng/ml rIL-4 for different time intervals. rIL-4 was revealed to promote STAT6 phosphorylation in a
time-dependent manner. The results revealed that siSTAT6 significantly attenuated the effects of rIL-4 on MEC-1 cells. (A) Levels of p-STAT6 in MEC-1 cells
were increased following treatment with rIL-4 in a time-dependent manner. (B) Effects of rIL-4 on p-STAT6 levels were attenuated in MEC-1 cells following
transfection with siSTAT6 in a time-dependent manner. "P<0.05. Data are presented as the mean + standard deviation of at least 3 independent experiments. si,
small interfering; STAT6, signal transducer and activator of transcription 6; p, phosphorylated; rIL-4, recombinant interleukin 4.

compared using Student's t-test. Multiple group comparisons
were performed using one-way analysis of variance with a
Student-Newman-Keuls post-hoc test. P<0.05 was considered
to indicate a statistically significant difference.

Results

IL-4 induces activation of STAT6 at various time intervals.
Expression levels of p-STAT6 in MEC-1 cells were investigated
via western blot analysis, and the presence of p-STAT6 was
determined by the visualization of a single band at ~100 kDa
position. The results revealed that MEC-1 cells that were not
treated with IL-4 did not exhibit marked levels of p-STAT®;
whereas increased levels of p-STAT6 were demonstrated in
MEC-I cells treated with 10 ng/ml IL-4 in a time-dependent
manner (Fig. 1A).

STAT6 knockdown in MEC-1 cells suppresses IL-4-induced
phosphorylation of STAT6. Levels of p-STAT6 in the
MEC-1 cells transfected with siSTAT6 were determined via
western blot analysis at various time intervals. Following
incubation with rIL-4 for 20 h, levels of p-STAT6 in the
siSTAT6-transfected groups were almost undetectable. The
results demonstrated that IL-4-induced phosphorylation of
STAT6 was significantly attenuated following transfection
with siSTAT6 (P>0.05; Fig. 1B).

Treatment with IL-4 upregulates miR-155 levels in MEC-1
cells, and transfection with siSTAT6 attenuates this effect. To
additionally investigate the molecular mechanisms underlying
the STATG6 signaling pathway, MEC-1 cells were treated with
rIL-4 for 20 h. As presented in Fig. 2, treatment with rIL-4
increased miR-155 expression in the MEC-1 cells (P<0.05).
Furthermore, this effect was revealed to be significantly
attenuated in cells treated with rIL-4 and also transfected

Expression of miRNA155
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Figure 2. Effects of rIL-4 on miR-155 expression in MEC-1 cells. MEC-1
cells and MEC-1 cells transfected with siSTAT6 were incubated in the pres-
ence or absence of 10 ng/ml rIL-4 for 20 h. Expression levels of miR-155
were determined by reverse transcription-quantitative polymerase chain
reaction. "P<0.05. Data are presented as the mean + standard deviation of
at least 3 independent experiments. miR/miRNA, microRNA; si, small
interfering; STAT6, signal transducer and activator of transcription 6; rIL-4,
recombinant interleukin 4.

with siSTAT6 (P<0.05; Fig. 2). MEC-1 cells transfected with
siSTATG alone, exhibited significantly decreased expression
levels of miR-155 compared with MEC-1 cells not treated
with anything (P<0.05; Fig. 2). These results suggested
that rIL-4 promoted the expression of miR-155 via STAT6
phosphorylation.

miR-155 inhibits MEC-1 cell apoptosis. As STAT6 was
revealed to markedly upregulate miR-155 expression in
MEC-1 cells, the roles of STAT6 and miR-155 in the apop-
tosis of MEC-1 cells were investigated. As demonstrated in
Fig. 3A and B, inhibition of STAT6 in MEC-1 cells promoted
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Figure 3. Effects of miR-155 on the apoptosis of MEC-1 cells. (A) MEC-1 cells were transfected with siSTAT6, miR-155 and anti-miR-155, and subsequently
treated with rIL-4 for 20 h. Apoptosis and necrosis levels of MEC-1 cells were determined using flow cytometry. (B) Quantification of the flow cytometry
apoptosis data. Columns indicate the mean apoptosis rate of three repeats. Error bars represent the standard deviation. "P<0.05 and *"P<0.001. (C) Caspase-3
activation, measured by relative levels of cleaved protein, was determined by western blot analysis. "P<0.05 vs. control group; “P<0.05 vs. rIL-4 treated group.
Data are presented as the mean + standard deviation of at least 3 independent experiments, and the exact values were as follows: Con Group=1+0.0153 (n=5);
IL-4 group=0.9146+0.01809 (n=5); siSTAT6 group=6.069+0.1752 (n=5); siSTAT6+IL-4 group=3.543+0.09789 (n=5); miR-155 group=0.3274+0.01877 (n=5);
miR-155+IL-4 group=0.2609+0.008641 (n=5); anti-miR-155 group=7.39+0.1753 (n=5); and anti-miR-155 + IL-4 group=6.753+0.1842 (n=5). miR, microRNA;
si, small interfering; STAT6, signal transducer and activator of transcription 6; rIL-4, recombinant interleukin 4; PI, propidium iodide; Con, control; NS, not
significant.
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cell apoptosis, and this was partly attenuated by treat-
ment with rIL-4. Overexpression of miR-155 was revealed
to significantly decrease MEC-1 cell apoptosis (P<0.001,
Fig. 3B); whereas overexpression of anti-miR-155 enhanced
cells apoptosis despite the presence of rIL-4 (P<0.001,
Fig. 3B). It is therefore reasonable to suggest that treatment
with rIL-4 may inhibit apoptosis in CLL cells. Transfection
with siSTAT6 partly attenuated the anti-apoptosis effects
of rIL-4 on MEC-1 cells (P<0.05; Fig. 3B). miR-155-
treatment provided modest protection against apoptosis in
CLL cells despite the presence of rIL-4 (P<0.001, Fig. 3B).
In addition, knockdown of STAT6 increased caspase3 activa-
tion, which was attenuated by rIL-4 treatment (Fig. 3C).

Discussion

Unique miRNA signatures are differentially expressed in
patients with various IgVH and ZAP-70 kinase statuses and
are composed of the most frequently deregulated miRNAs in
different hematological malignancies, including miR-15/16,
the miR-29 family and miR-155 (13,14). Increased expression
levels of miR-155 in leukemia cells are associated with a
more aggressive disease phenotype in patients with CLL (20).
miR-155 is an important regulator of post-transcriptional
gene expression in B cells (21). miR-155 has been previ-
ously demonstrated to be conserved in both mouse and
human macrophages and is induced by LPS and IL-4 (22). A
previous study revealed that the phosphorylation and activa-
tion of STAT6 in CLL cells may be rapidly induced by IL-4
in vitro (23). In the present study, the results demonstrated
that a novel signaling pathway, the p-STAT6-mediated extra-
cellular IL-4 upregulation of miR-155, is involved in CLL
pathology.

IL-4-driven alternative macrophage activation and prolif-
eration are characteristic features of anti-helminthic immune
responses, which primarily occur during inflammatory
responses (23,24). The signaling pathways associated with
genome-wide miRNA expression and cellular functions regu-
lated by miRNAs during alternative macrophage activation
remain largely unknown. Numerous studies have investigated
the roles of IL-4-regulated miRNAs in human and mouse
alternative macrophage activation (25-27). Furthermore,
~1,000 miRNAs are present in the human genome; however,
little is known about the transcriptional regulation of
miRNAs (28,29). Considering that miRNA expression levels
are deregulated in CLL, the present study aimed to determine
whether STAT6 affected the transcription levels of miRNAs in
CLL cells (30,31). Our previous study indicated that following
treatment with rIL-4, levels of p-STAT6 in MEC-1 cells
increased in a time-dependent manner (17). Based on these
data, the present study aimed to determine whether miR-155
was involved in the development of CLL. The results demon-
strated that pretreatment with rIL-4 promoted the expression
of miR-155; however, this effect was attenuated following
transfection with siSTAT6. These results suggested that rIL-4
induced the expression of miR-155 via STAT6 phosphoryla-
tion.

The effects of miR-155 were determined to additionally
investigate the function of miR-155 in CLL pathogenesis.
The results revealed that miR-155 decreased apoptosis levels
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in MEC-1 cells, which suggested that the upregulation of
miR-155 may be associated with the pathogenesis of CLL.

In conclusion, the results of the present study demon-
strated that IL-4 induced miR-155 expression and STAT6
phosphorylation. STAT6 knockdown was revealed to
suppress IL-4-induced miR-155 expression. Overexpression
of miR-155 was demonstrated to decrease the apoptotic rate
of MEC-1 cells; whereas overexpression of anti-miR-155 was
demonstrated to enhance MEC-1 cell apoptosis. The results
of the present study suggested that miR-155 expression was
induced by IL-4, which subsequently enhanced p-STAT6
levels to regulate CLL cell survival. The results of the present
study have provided an improved understanding regarding
the molecular mechanism of CLL pathogenesis and identi-
fied a novel therapeutic target for the treatment of patients
with CLL.
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