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miR-451a induced apoptosis of Philadelphia chromosome-positive acute
lymphoblastic leukemia cells by targeting IL-6R
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Philadelphia chromosome positive (Ph+) acute lymphoblastic leukemia (ALL) is the most fatal leukemia due to the
BCR/ABL fusion protein. This fusion protein can induce interleukin 6 (IL-6) expression in leukemia stem cells (LSCs)
which sustain stemness by binding IL-6R and activating the Janus kinase (JAK)/signal transducer and activator of the
transcription (STAT) pathway. IL-6R was one of the targets of miR-451a down-regulated in LSCs by BCR/ABL. We inves-
tigated the relationship between miR-451a, IL-6R, and BCR/ABL in Ph+ ALL and created a strategy to treat this disease.
The expression levels of miR-451a and BCR/ABL of Ph+ ALL patients were examined by real-time quantitative polymerase
chain reaction (RT-qPCR) and serum IL-6 was tested by enzyme-linked immunosorbent assay. Ph+ ALL cell line SUP-B15
and Ph— ALL cell line Nalm-6 were treated with miR-451a mimic and inhibitor, respectively; proliferation rate was
assessed by CCK-8, apoptosis rate was tested by Annexin/PI and the expression levels of Bcl-XL, Bax, cyclin D2 and c-myc
were examined by qPCR and western blot (WB). The levels of STAT3, p-STAT3, JAK2, and p-JAK2 were tested by WB.
We found that BCR/ABL was inversely related to miR-451a and positively related to IL-6 in Ph+ ALL. MiR-451a inhibited
the proliferation of SUP-B15 through the apoptosis pathway. The oncogene c-myc was down-regulated by miR-451a. We
confirmed that miR-451a could target IL-6R and inhibit activation of JAK and STAT3. In conclusion, miR-451a is down
regulated in Ph+ ALL and increasing the expression levels of miR-451a in leukemia cells can increase the potential of

curing this disease.
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Philadelphia chromosome positive (Ph+) acute lympho-
blastic leukemia (ALL) is the most fatal leukemia despite the
fact that tyrosine kinase inhibitors (TKI) have improved the
prognosis of this vital disease [1, 2]. One of the main reasons
leukemia is difficult to cure is that the survival of leukemia
stem cells (LSCs) in the protective areas of the bone marrow
(BM) constantly lead to relapse [3]. Although the BCR/ABL
fusion protein is the main reason for the poor outcome in
patients with Ph+ ALL, it is unable to confer the long-term
stemness of committed B-lymphoid progenitors [4]. In
chronic myeloid leukemia (CML), BCR/ABL fusion protein
induces the expression of interleukin 6 (IL-6), a pleiotropic
cytokine and creates a hospitable micro-environment for
leukemia to develop and sustain the stemness of LSCs [5].
While the BCR/ABL fusion gene is the characteristic marker
of Ph+ ALL, the relationship between IL-6 and BCR/ABL
fusion gene in Ph+ ALL needs further investigation.

IL-6 initiates its action by binding to its receptor (IL-6R)
and then triggering activation of the Janus kinase (JAK)/
signal transducer and activator of transcription 3 (STAT3)
signaling pathway [6, 7]. Activation of this pathway involves
activation of the cytokine receptor, subsequent tyrosine
phosphorylation of intracellular JAKs and recruitment
and phosphorylation of STATs [8]. Phosphorylated STAT
proteins dimerize, translocate to the nucleus and initiate
target gene transcription [9]. Aberrant activation of JAK/
STATS3 signaling, in particular STAT3, participates in the
initiation, development and progression of human cancers
via induction of STAT3 down-stream genes that encode
anti-apoptotic proteins, cell cycle regulators, and prolif-
eration factors such as Bcl-X,, Cyclin D2 and c-myc [10,
11]. They play an important role in cell proliferation and
apoptosis and participate in the pathogenesis of hematolog-
ical malignancies [12].



908

T. JIANG, J. CHEN, X. B. HUANG, Y. X. LI, L. ZHONG

MicroRNAs are small, single stranded RNA molecules
that regulate gene expression through translational repres-
sion or mRNA cleavage, and these play an important role
in cancer development. Bioinformatic analysis revealed that
IL-6R was among the predicted targets of miR-451a [13].
MiR-451a can inhibit the proliferation of several tumor cells,
including lung adenocarcinoma and renal cell carcinoma
[14, 15]. In chronic myeloid leukemia (CML), miR-451a is
inversely correlated with BCR-ABL transcript levels and its
low expression is related to imatinib resistance [16]. This
study investigates the effects and mechanism of miR-451a on
the Ph+ ALL cell line.

Materials and methods

Cell lines and cell culture. Human Ph+ ALL cell line
SUP-B15 (ATCC® Number: CRL-1929™) and Ph— ALL cell
line Nalm-6 (ATCC® Number: CRL-3273™) were cultured in
complete RPMI 1640 medium containing 10% FBS (Gibco,
Burlington, Canada). All experiments were performed on the
cells at passages 3-8 with 80-90% confluence.

Patient samples. We collected BM samples and periph-
eral blood samples from 46 Ph+ ALL patients. This study was
approved by the institutional review board of our hospital
and was conducted according to the Declaration of Helsinki.
All patients provided written consent. BM mononuclear cells
(BM-MNC:s) were isolated by Percoll discontinuous density
gradient centrifugation.

Real-time PCR. Total RNA was extracted using TriPure
isolation reagent (Roche) and then reverse transcribed to
c¢DNA with first-strand cDNA synthesis kit (Roche) using
random primers. We used SYBR Premix Ex Taq (Takara Bio)
with specific primers to perform real-time PCR (q-PCR) for
the gene expression analysis of BCR/ABL, IL-6, Bcl-X , Bax,
cyclin D2, and c-myc. We used the 2744 method for data
analysis and {, microglobin as the RNA integrity control.
MiR-451a was quantified by qPCR using the SYBR Green
PCR Kit (Ribo, China) and U6 was the internal reference for
miR-451a quantification.

IL-6 measurements. IL-6 was measured by commercially
avajlable enzyme-linked immunosorbent assays (Abnova,
USA) according to the manufacturer’s recommendations.
Standards and samples were measured in duplicate and all
values were expressed as the mean of the two determinations.
The concentration was determined by standard curve and
the lower level of assay sensitivity was <2 pg/ml. All analyses
were performed at least three times for each individual cell-
stimulation assay.

Cell viability assay. Cell viability assay was performed
using the CCK-8 Assay Kit (Dojindo Molecular Technolo-
gies) according to the manufacturer’s protocol. Briefly,
cells were seeded into 96-well plates at a density of 2x10°/
well and incubated in different groups for 48 hours. CCK-8
solution (10ul/well) was added to each well and the plate
was incubated at 37 °C for another hour. The absorbance was

measured by microplate reader (BioTek) at a wavelength of
450nm. The cell viability was normalized by control cells;
where the value of control cells equals 1.

Cell proliferation assay. Cell proliferation was deter-
mined by BrdU Assay Kit (Roche). The cells were prepared
in a black 96-well MP to final volume of 100 pl/well and
incubated at 37°C in a humidified atmosphere for 48 hours.
Then, a 10 pl/well BrdU labelling solution (final concentra-
tion 10uM BrdU) was added, and the cells were further
incubated for a further 2 hours at 37°C. After removing
the labelling medium by tapping off, the cells were fixed by
adding a 200 ul/well FixDenat solution and incubated for
30 minutes. The cells were incubated with anti-BrdU-POD
solution for 2 hours. After washing the wells three times, a
substrate reaction was performed. The light emission of the
samples was measured using a microplate reader (BioTek).

Cell apoptosis assay. Cell apoptosis was determined
using an Annexin V-FITC staining kit (Roche) following the
manufacturer’s instructions. After the treatment, cells were
collected and washed with PBS, gently re-suspended in the
binding buffer and incubated with Annexin V-FITC and/or
propidium iodide (PI) for 30 minutes in the dark. Apoptotic
cells were analyzed via a flow cytometer.

IL-6R rescue. IL-6R-over-expressing vectors were
constructed by OriGene (USA). IL-6R-over-expressing
plasmids contain either wild-type (wt) or mutant (mut)
transcripts with mutations in miR-451a binding sites. The
experimental groups were divided into control, IL-6R wt plus
miR-451a mimic, IL-6Rwt plus mimic control, IL-6Rmut
plus miR-451a and IL-6Rmut plus mimic control.

Western blotting. Proteins were extracted from SUP-B15
with a lysis buffer containing PMSF and the concentra-
tion was determined by BCA Protein Assay Kit (Beyotime
Biotechnology). Protein extracts were run on SDS/PAGE and
transferred to polyvinylidene difluoride membranes. After
blockage with 4% non-fat milk, the membranes were probed
with the indicated primary antibodies against Bcl-X|, Bax,
cyclin D2, c-myc, JAK,, p-JAK,, STAT,, and p-STAT, (cat.
ab178844, ab32503, ab220275, ab32072, ab108596, ab68153,
ab76315, abcam) overnight at 4°C. The membranes were
then washed and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody at 1:2000 dilution for
1 hour. The proteins were visualized by enhanced chemilu-
minescence (ECL) reagents in the Molecular Imager Gel Doc
XR System (Bio-Rad).

Luciferase reporter assay. Human IL-6R 3’-UTR with
a mutation of the miR-45la seed sequence (mut) was
amplified and inserted between the restrictive sites Xho I
and Not I of firefly and Renilla luciferase reporter vector
pmiR-RB-REPORT (RiboBio Co., Ltd). The 293T cells were
plated at 1x10°/well on 24-well plates and transfected with
30ng luciferase reporter vectors. Twenty-four hours post-
transfection, firefly and Renilla luciferase activities were
consecutively measured according to the dual-luciferase
assay manual (Promega). The Renilla luciferase signal was
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normalized to the firefly luciferase signal for each individual
analysis.

Statistical analysis. Results are expressed as the
meanstSD from three independent experiments. Statistical
analysis was performed using SPSS version 19.0 (SPSS Inc.),
and comparisons between two groups were measured by
Student’s t-test. A two-sided p-value of <0.05 was considered
statistically significant.

Results

BCR/ABL was inversely related to miR-4p5la and
positively related to IL-6 in Ph+ ALL patients. To investi-
gate the relationship between BCR/ABL and miR-451a, we
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tested the expression levels of BCR/ABL and miR-451a in
BM-MNCs of Ph+ ALL patients; we found that BCR/ABL
mRNA was inversely related to miR-451a (r=—0.88; p<0.05)
(Figure 1A). To investigate the relationship between BCR/
ABL and IL-6, we tested the expression level of BCR/ABL in
BM-MNCs and concentration of IL-6 in the serum of Ph+
ALL patients; we found that BCR/ABL mRNA was positively
related to serum IL-6 concentration (r=0.87; p<0.05)
(Figure 1B).

Differences in the expression levels of miR-451a and
IL-6 between SUP-B15 and Nalm-6. We tested the expres-
sion levels of miR-451a and IL-6 in Ph+ ALL cell line
SUP-B15 and Ph— ALL cell line Nalm-6. The relative expres-
sion level of miR-451a was 14.09£3.82 in SUP-B15 and
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Figure 1. Relationship of BCR/ABL and miR-451a, IL-6. A) the expression levels of BCR/ABL were inversely related with miR-451a; the x-axis indicates
the relative expression of miR-451a and the y-axis indicates the IS value of BCR/ABL; B) the expression levels of BCR/ABL were positively related with
IL-6; the x-axis indicates the serum concentration of IL-6 and the y axis indicates the IS value of BCR/ABL.
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Figure 2. miR-451a inhibits Ph+ ALL. A) miR-451a mimic inhibited the cell viability of Ph+ ALL cell line SUP-B15 but not Ph— ALL cell line Nalm-6;
miR-451a inhibitor slightly increased the cell viability of SUP-B15; B): The proliferative ability of SUP-B15 and Nalm-6 were tested by BrdU assay after
miR-451a mimic and inhibitor treatment, respectively. The proliferation rate of SUP-B15 was significantly decreased after miR-451a mimic treatment,
the proliferation rate of Nalm-6 was not affected, and the proliferation rate of SUP-B15 was slightly increased after miR-451a inhibitor treatment; *:

P<0.05; **: p<0.01.
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194.76+36.89 in Nalm-6 (p=0.0002). The relative expression
of IL-6 was highest in SUP-B15 (98.75+£21.46) and lowest in
Nalm-6 (25.67+8.24). We tested the IL-6 levels in culture
supernatants and found that IL-6 was significantly higher in
the culture supernatant of SUP-B15 (43.62+4.54 pg/ml) than
in Nalm-6 (11.48+3.81 pg/ml).

MiR-451a mimics inhibiting cell proliferation of
SUP-B15 through the apoptosis pathway. To test if
miR-451a could inhibit cell proliferation of Ph+ ALL, we
treated both cell lines with miR-451a mimic and inhibitor.
The cell viability of SUP-B15 was significantly decreased after
miR-45la mimic treatment (52.01%+2.14%; p=0.00003)
(Figure 2A) and increased after miR-451a inhibitor treatment
(119.73%+4.46%; p=0.014), while Nalm-6 was unaffected.

MiR-451a mimic could inhibit the cell proliferation ability
of SUP-B15 (44.32%2.64%; p=0.00006) but not Nalm-6
(Figure 2b), while the miR-451a inhibitor increased cell
proliferation ability of SUP-B15 (110.01%+8.21%; p=0.45)
but not Nalm-6 (Figure 2B).

We further tested the apoptotic rate by Annexin/PI
staining and found that the apoptotic rate of SUP-B15 was
significantly increased after miR-451a treatment (39.66%;
p=0.00001), but decreased after miR-451a inhibitor treat-

ment (0.01%) (Figure 3). Nalm-6 remained unchanged after
both treatments. We tested the apoptotic and anti-apoptotic
proteins of SUP-B15 24 hours after miR-451a mimic and
inhibitor treatment and found that the relative expression
of anti-apoptotic protein Bcl-X, decreased significantly after
miR-451a mimic treatment (0.53+0.05 folds to control) and
increased after miR-451a inhibitor treatment (1.96+0.10
folds to control) (Figure 4A). In contrast, the relative expres-
sion of apoptotic protein Bax increased significantly after
miR-451a mimic treatment (3.85+0.12 folds to control) and
decreased after miR-451a inhibitor treatment (0.69+0.06
folds to control) (Figure 4A). The protein levels of Bcl-X, and
Bax also changed accordingly (Figures 4B and 5A).
MiR-451a inhibits the expression of oncogenic proteins
in SUP-B15. Cyclin D2 is consistently over-expressed in Ph+
ALL and enables leukemia cells to bypass normal controls
over the mitotic cell cycle and to achieve a deregulated state
of proliferation [17]. C-myc is an important down-stream
mediator of pre-BCR signaling in B cell ALL [18]. We tested
the expression of both genes in SUP-B15 after miR-451a
mimic and inhibitor treatment and found that cyclin D2
decreased to 0.49+0.04 folds compared to controls after
mimic treatment and increased to 2.12+0.13 folds after

A, - Control miR-451a Inhibitor
10° 10%
W 3.01%| 39.66% 0.01%
0 102 1024 1024
o
o
a 10'4 10' 104
10+
2.79% 14.54% 1.63%
B ) 107 10° ) 102 10° . 10° 10' 107 10°
EY c2 52% | < c2. 4.76% c2 1.39%
10@ 102~ 102
Q| - 3 :
E| ° ] ]
3|10 102 10'
1007; 1007; 1007;
JE 2.33% Gl 1.81% - 2.51%
E L \\\\\\1‘00 T 17T \\\\1‘01 L HHH‘Z T I\HH%OB T H‘H%‘oo L \\\\\1‘01 T HH!1‘02 L \\\\\1\03 T HH%‘oO T HIH‘\I‘01 L \H*OZ LU

Annexin-V FITC

>
>

Figure 3. miR-451a induces apoptosis of Ph+ ALL. A) The apoptosis rate of SUP-B15 increased after miR-451a mimic and inhibitor; B) The apoptosis

rate of Nalm-6 was not affected after miR-451a mimic treatment.
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Figure 4. Gene expression change in SUP-B15 after miR-451a treatment. A) The mRNA levels of Bcl-X|, Bax, cyclin D2, and c-myc of SUP-B15 after
miR-451a mimic and inhibitor treatment, respectively; B) The protein levels of Bcl-X |, Bax, cyclin D2, and c-myc of SUP-B15 after miR-451a mimic

and inhibitor treatment, respectively.

inhibitor treatment, and c-myc decreased to 0.54+0.07 folds
after mimic treatment and increased to 2.05 +0.17 folds after
inhibitor treatment (Figure 4A). The protein levels of both
genes changed accordingly (Figures 4B and 5A).

Validation of IL-6R as miR-451a target. IL-6 binds to
IL-6R and subsequently activates the JAK/STAT3 signaling
pathway to initiate further biologic function. To examine
whether miR-451a is essential to IL-6 in regulating SUP-B15
proliferation, we tested the level of total and phosphory-
lated JAK2 and STAT3. We found that miR-451a reduced
the levels of phosphorylated JAK2 and STAT3 (p-JAK2 and
p-STAT3) without affecting the levels of total JAK2 and
STATS3 (Figure 5B).

IL-6R is predicted to be a miR-451a target in silico [13].
We used the 3’-UTR luciferase reporter assays to validate
direct repression of IL-6R by miR-451a. Luciferase activity in
cells containing wt 3’-UTR of IL-6R was reduced in response
to miR-451a, while luciferase activity was not affected in cells
containing mut 3’-UTR of IL-6R in response to miR-451a.
Furthermore, scrambled mimic control made no changes
in either cell. These results indicate that miR-451a directly
represses IL-6R by targeting its 3’-UTR (Figure 6).

We also performed an IL-6R rescue experiment. IL-6R-
over-expressing plasmids contained either wt transcripts or
mut transcripts with mutations in the miR-451a-binding

sites. We set up five groups: control group, miR-451a mimic
plus IL-6Rwt group, IL-6Rwt plus miR-451a control (scram-
bled mimic control) group, IL-6Rmut plus miR-451a mimic
group and the IL-6Rmut plus miR-451a control group. We
found that either IL-6Rwt over-expression or IL-6Rmut over-
expression causes over-proliferation of SUP-B15 and that
miR-451a inhibits SUP-B15 with IL-6Rwt over-expression
but not with IL-6Rmut over-expression (Figure 7A). The
apoptosis rate of SUP-B15 cells in the miR-451a mimic plus
IL-6Rwt group was increased, while that in all other groups
remained unchanged (Figures 7B-F).

Discussion

In this study, we found that BCR/ABL transcripts were
inversely related to the expression level of miR-451a in Ph+
ALL and positively related to serum IL-6 concentration. We
then demonstrated that miR-451a could inhibit the prolifera-
tion of the Ph+ ALL cell line through the apoptosis pathway,
and observed that miR-451a could up-regulate intrinsic
apoptosis protein Bax and down-regulate anti-apoptosis
protein Bcl-X, and oncogenic protein cyclin D2 and c-myc.
Most importantly, we confirmed that miR-451a can inhibit
the IL-6R/JAK/STAT?3 pathway by direct repression of IL-6R
and down-stream p-JAK and p-STATS3.
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Figure 5. Signal pathway change of SUP-B15 after miR-451a treatment. A) Western blot results of Bcl-X|, Bax, cyclin D2, and c-myc of SUP-B15 after
miR-451a mimic and inhibitor treatment; B) Western blot of total JAK2 and STAT3 and phosphorylated JAK2 and STAT3 of SUP-B15 after miR-451a

mimic and inhibitor treatment.
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Figure 6. Validation of IL-6R as an miR-451a target. A) Binding site and sequence of miR-451a targeting IL-6R; B) Relative Rluc/Luc ratio analysis
showed that hsa-miR-451a could significantly reduce the reported fluorescence of IL-6R wild-type vectors. After binding sites were mutated, the re-
ported fluorescence in the vector was nearly restored to control levels. Compared to the control group, p<0.05.

Ph+ ALL is one of the most virulent hematologic malig-
nancies, with a 5-year overall survival rate of <5% without
allogeneic hematologic stem cell transplantation (allo-
HSCT) [19]. TKI have significantly improved the prognosis
of Ph+ ALL [20]; however, allo-HSCT is still needed for
most of the patients [21, 20]. One of the main reasons
for leukemia to relapse is that LSCs are difficult to eradi-
cate. LSCs are sheltered in the BM niche and are protected
by the tumor micro-environment, making them capable
of escaping the killing effects of chemotherapy drugs and
immune clearance. IL-6 has a critical role in the pro-tumor-
igenic inflammatory environment in CML pathogenesis
and some other cancers [5, 22]. IL-6 establishes a paracrine

feedback loop that re-directs normal and leukemic multi-
potent progenitor’s differentiation potential towards the
myeloid lineage and contributes to CML development [5].
Autocrine and paracrine IL-6 can initiate immunosuppres-
sive effects through the IL-6R/JAK/STAT pathway, and this
could further increase the survival of leukemia cells. This
study found that the Ph+ ALL cell line secrets higher levels
of IL-6 than the Ph— ALL cell line. This may partly explain
why Ph+ ALL is difficult to cure and why TKI could signifi-
cantly improve patient outcomes.

IL-6R was among the predicted targets of miR-451a [13]
and this was confirmed by luciferase reporter assay. The
expression level of miR-451a was regulated by BCR/ABL
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Figure 7. Rescue of SUP-B15 by IL-6R. A) The cell viabilities of SUP-B15 with either IL-6R wt or IL-6R mut over-expression were slightly increased,
the cell viability of SUP-B15 with IL-6R wt over-expression greatly decreased after miR-451a mimic treatment, and the cell viability of SUP-B15 with
IL-6R mut over-expression was unaffected after miR-451a mimic treatment. B-F) The apoptosis of SUP-B15 after different treatments. C, D) The
apoptosis rate of SUP-B15 with either IL-6R wt or IL-6R mut over-expression was slightly decreased. E) The apoptosis rate of SUP-B15 with IL-6R mut
over-expression was unaffected after miR-451a mimic treatment. F) The apoptosis rate of SUP-B15 with IL-6R wt over-expression greatly increased
after miR-451a mimic treatment. IL-6R wt: wild-type IL-6R-over-expressing plasmids; IL-6R mut: IL-6R-over-expressing plasmids with mutations in
miR-451a-binding sites; miR-451a control: scrambled control sequence; **: p<0.05; ***: p<0.01.

fusion gene in CML and was found to be lower in imatinib-
resistant CML patients [16, 13]. Ph+ ALL possesses the same
fusion gene as CML and it is reasonable to assume that the
expression level of miR-451a also decreased, as reported in
our study. A possible miR-451/BCR-ABL regulatory loop was
suggested in a previous study [16]; however, the link between
them is missing. Our results suggested that miR-451a is also
down-regulated by BCR/ABL in Ph+ ALL, since miR-451a
targets IL-6R which would impair the IL-6 function. By
down-regulating miR-451a, Ph+ ALL cells could enhance the
activity of IL-6 and promote cell survival and escape immune
clearance.

When we treated Ph+ ALL cell line with miR-451a, the
proliferation was significantly inhibited and apoptosis rate
increased. The proteins providing survival advantage for
cl-X,, CCDN, and c-myc were greatly down-regulated after
miR-451a treatment, and the intrinsic apoptosis protein Bax
was up-regulated.

Further, IL-6 binds to IL-6R and forms IL-6/IL-6R
complex. This complex then associates with and dimerizes
the signal-transducing membrane protein gp130. Dimerisa-
tion of gp130 rapidly activates the JAK/STAT3 pathway, and
the activated STAT3 induces numerous effector genes for
cellular proliferation and stem maintenance of tumor cells
[12]. Since miR-451a targets IL-6R, as confirmed by lucif-
erase reporter assay, we assume that it suppresses the JAK/
STAT3 pathway in the Ph+ ALL cell line. In this study, we
found that p-JAK and p-STAT3 were greatly decreased after
miR-451a treatment, while the total protein level of JAK and
STAT3 remained the same.

In conclusion, miR-451a is down-regulated by BCR/ABL
in Ph+ ALL to provide survival advantage for leukemia cells
through the IL-6/JAK/STAT3 pathway. Therefore, increasing
the expression levels of miR-451a in Ph+ ALL leukemia cells
of Ph+ ALL may increase the potential of curing this most
virulent (Ph+) acute lymphoblastic leukemia.
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