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Although daunorubicin (DNR) is the most widely used anthracycline to treat acute myeloid leukemia (AML),
resistance to this drug remains a critical problem. The aim of this study was to investigate the relationship between
AML resistance to daunorubicin and susceptibility to natural killer (NK) cell-mediated cell lysis, and the putative
expression of miRs. For this purpose, we used the parental AML cell lines U-937 and KG-1 and their equivalent resistant
U937(R) and KG-1(R) cell lines. We demonstrate for the first time that the acquisition of resistance to DNR by the
parental cell lines resulted in the acquisition of cross-resistance to NK cell-mediated cytotoxicity. miR microarray
analysis revealed that this cross-resistance was associated with miR-181a downregulation and the subsequent
regulation of MAP3K10 and MAP2K1 tyrosine kinases and the BCL-2 (BCL-2 and MCL-1) family. Overexpression of miR-
181a in AML blasts resulted in the attenuation of their resistance to DNR and to NK-cell-mediated killing. These data
point to a determinant role of miR-181a in the sensitization of leukemic resistant cells to DNR and NK cells and suggest
that miR-181a may provide a promising option for the treatment of immuno- and chemo-resistant blasts.

Introduction

AML is a genetically and biologically heterogeneous hemato-
logic malignancy defined by accumulation of malignant precur-
sors of the myeloid lineage in the bone marrow (BM) and
peripheral blood (PB) circulation due to the failure of these cells
to differentiate into normal hematopoietic cells.1-3 Typically, the
anthracycline DNR is the first chemotherapeutic drug used in
the treatment of both acute lymphocytic leukemia (ALL) and
AML.4-10 Cytotoxicity mediated by DNR is generally reported
to result from interference with cellular nucleic acid metabo-
lism.11 Despite the cytotoxicity of DNR and its efficiency in
modulating different signaling pathways in leukemia cells, acqui-
sition of drug resistance by leukemic blasts reduces the likelihood
of overall cure in 30%–40% of patients.12-14

Currently, allogeneic hematopoietic stem cell transplantation
(HSCT) is the only curative treatment for many intermediate
and high-risk leukemias.15,16

The acquisition of drug resistance by leukemia cells has been
shown to affect their interaction with effector cells of the immune
system. While few studies indicate that drug resistance acquisi-
tion decreases sensitivity of leukemic cells to cytotoxic immune

cells, other reports make evident the enhanced susceptibility of
resistant leukemia cells as compared to sensitive ones.17-26

NK cells of the innate immune system operate as a first-line
defense against infections and malignancies by direct cytolysis of
infected or transformed cells through the secretion of potent
immune mediators. They also play key roles in transplant rejec-
tion and the development of tolerance. Due to their spontaneous
and highly cytolytic activity against tumor cells, NK cells have
been proposed as promising effectors for adoptive immunother-
apy of cancer. Indeed, recent studies demonstrating the efficiency
of immunotherapeutic approaches against hematologic malig-
nancies have led to clinical trials investigating the adoptive trans-
fer of NK cells.27-30 The abnormal expression of microRNAs
(miRNA) in leukemia disorders has also been reported to play a
critical role in leukemia development and clinical outcome.31-41

Although the various and powerful roles of miRNAs in tumori-
genesis, metastasis and drug resistance acquisition are well docu-
mented, their roles in immune responses in leukemia remain
unknown. Here, we reveal a new and key regulatory mechanism
of miR-181a in the leukemia cross-resistance to DNR and NK-
mediated lysis, and suggest that in DNR resistant patients, miR-
therapy could be a new option to achieve complete remission.
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Results

The acquisition of resistance to DNR correlates with
decreased susceptibility to NK-mediated lysis through an
intrinsic mechanism

The DNR-resistant AML cell sublines KG-1 (R) and U-937
(R) were established by exposing parental cells to increasing
concentrations of the drug (data Fig. S1). To examine the sus-
ceptibility of DNR-resistant cells to NK-mediated cytotoxicity,
we used the NK-cell line (NKL) and NK cells isolated from
healthy donors (NKD). As shown in Fig. 1A, both DNR-resis-
tant cell lines were more resistant to NKL and NKD cell killing
as compared to parental DNR-sensitive cells at all effector/tar-
get (E:T) ratios tested. To gain insight into the mechanisms
associated with decreased susceptibility of DNR resistant cells
to NK-mediated lysis, we analyzed the expression pattern of
ligands for activating and inhibitory receptors of NK cells in
parental and DNR-resistant cell lines. Our results depicted in
Fig. 1B showed that only the expression of MHC-I in KG-1
(R) was increased in resistant KG-1 cells as compared to paren-
tal sensitive cell line. We next performed the degranulation
assay by measuring CD107a expression on NK cells after 4-h
of coculture with leukemia cells at a 2:1 effector/target ratio. As
shown in Fig. 1C, no difference in the expression of CD107a
at the surface of NKL and NKD cells was observed following
coculture with both resistant and sensitive leukemia cells.
Treatment of leukemia cells with recombinant granzyme B
(GrB) at different time points revealed that the resistant cells
were also resistant to GrB-mediated cell death (Fig. 1D). Taken
together, these results indicate that the resistance of leukemia
cells to NK-mediated killing is not related to a modification in
the expression of NK ligands but rather to the activation of an
intrinsic resistance mechanism.

The acquisition of leukemia cell resistance to DNR
is associated with decreased expression of miR-181a and
miR-146a

To identify miRNAs that are modified in DNR-resistant leu-
kemia cells, we performed genome-wide miRNA expression pro-
filing of KG-1 and KG-1(R) cells (Fig. 2A). The Volcano plot
analysis revealed that miR-181a, miR-146a, and miR-210 were
the most highly (more than two-fold change) and significantly (p
value < 0.05) downregulated miRs in KG-1(R) cells as compared
to parental cells (Fig. 2B). We next measured the expression lev-
els of miR-181a, miR-146a, and miR-210 in KG-1(R) and U-
937(R) cells by TaqMan qRT-PCR. Our results confirm the
downregulated expression of miR-181a and miR-146a, but not
miR-210, in KG-1(R) and U-937(R) cells compared to parental
cells (Fig. 2C).

miR-181a is involved in the regulation of AML susceptibility
to NK cell-mediated killing

To delineate the potential role of miR-181a and miR-146a in
the regulation of leukemia cell susceptibility to NK-mediated
lysis, KG-1 and U-937 parental cells were transfected with either
anti-miR-181a or -146a The cytotoxicy assay revealed that,

unlike miR-146a, the inhibition of miR-181a in KG-1 and
U-937 cells was associated with a significant decrease in NKL
and NKD cell lysis (Fig. 3A). We next investigate the functional
consequence of miR181a inhibition in leukemia cell susceptibil-
ity to NK-mediated lysis by using a lentiviral-based miRNA
inhibitor, which enabled us to establish KG-1 and U-937 cells
lines displaying stably inhibited miR-181a. Cytotoxicity assays
revealed that inhibition of miR-181a by lentiviral vector dramati-
cally decreased the susceptibility of AML cells to NK cell-medi-
ated lysis by NKL and NKD as compared to control cells
transduced with empty vector (Fig. 3B). To assess the mechanism
underlying the decreased susceptibility to NK cell-mediated lysis
by anti-miR-181a transduced cells, the expression pattern of NK
cell receptor ligands was analyzed. The results revealed that cell
surface expression of ligands including ULBP1/2/3, MHC-I,
DR4/5, and MICA/B in miR-181a expressing cells was similar
to those expressing empty vector (data not shown). Finally, to
determine the effect of inhibition of miR-181a on intrinsic
mechanisms of resistance to apoptosis, the anti-miR-181a and
empty vector-transduced cells were treated with recombinant
GrB protein. Data depicted in Fig. 3C indicate that inhibition of
miR-181a in KG-1 and U-937 AML cells resulted in enhanced
resistance to GrB-induced apoptosis. Collectively, these results
demonstrate that inhibition of miR-181a in AML cells induces
resistance to apoptosis through intrinsic mechanisms.

miR-181a interferes with leukemia cell susceptibility to NK-
cell mediated lysis by targeting different members of Bcl-2 and
tyrosine kinase families

In order to identify the potential target genes of miR-181a,
microarray-based global transcriptional profiling was performed.
The results shown in Fig. 4A indicate that KG-1 and U-937 cells
transduced with anti-miR-181a had significantly different gene
expression signatures. The Volcano plot analysis showed that in
KG-1 cells stably trasduced with anti-miR-181a, 499 genes were
upregulated and 338 genes were downregulated as compared to
KG-1 cells transduced with empty vector. In U-937 cells trans-
duced with anti-miR-181a, 640 genes were upregulated and 986
genes were downregulated compared to U-937 cells transduced
with empty vector (Fig. 4B). Quantitative analysis using the
miRNA target data base (http://www.targetscan.org) showed that
all candidate targets of miR-181a that could have an impact on
NK cell-mediated lysis were selected. RT-qPCR results demon-
strated that in KG-1 cells transduced with lenti-anti-miR-181a,
the expression of MCL-1 and MAP2K1 were increased compared
to control cells. In U-937 cells transduced with lenti-anti-miR-
181a, the expression of Bcl-2 and MAP3K10 were upregulated
compared to control cells. We next attempted to identify the
impact of these genes on tumor susceptibility of NK cell-medi-
ated killing. Results of Fig. 5A showed that silencing of miR-
181a target genes (Bcl-2 and MAP3K10 for U-937 and MCL-1
and MAP2K1 for KG-1) by specific siRNAs significantly
decreased leukemia cells susceptibility to NK mediated-lysis.
MCL-1 and Bc--2 are the well-known targets of miR-181a and
their modification by miR-181a has been described in multiple
studies. To validate MAP3K10 and MAP2K1 as new miR-181a
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Figure 1. Effects of daunorubicin on leukemia cells. (A) NK-cell mediated cytotoxicity of KG-1 and U937 sensitive and resistant (R) leukemic cells. Target
cells were co-incubated with NKD and NKL cells at the indicated E:T ratios for 4 hours at 37�C. (B) The expression of ligands for inhibitory and activating
receptors of NK cells in sensitive and resistant KG-1 and U-937 cells (representative plot of n D 3). (C) Flow cytometric based assay for the expression of
CD107a of NK cells cocultured for 4 h with DNR sensitive or resistant (R) KG-1 or U937 cells at 2:1 E:T ratio (representative plot of n D 3). (D) Analysis of
GrB-induced apoptosis in sensitive or resistant (R) KG-1 or U-937 cells. Cells were incubated with SLO (10 U/mL) alone or in combination with recombinant
human GrB (5 ng/mL) for the indicated times. Apoptosis was assessed by flow cytometry using annexin 5 and 7AAD (Representative graph of n D 2).
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Figure 2. Microarray analysis of the effects of daunorubicin resistance acquisition by leukemia cells on miRNA expression. (A) Heat map of regu-
lated miRNAs in KG-1 sensitive (S-1–S-4) or resistant (R-1–R-4) cells compared to parental cells. Red signifies upregulation, green downregulation.
ArrayExpress accession: E-MTAB-2837, Username: Reviewer_E-MTAB-2837, Password: yikpqsrb. (B) Volcano plot of miRNA expression (log2 fold change)
and adjusted P values for KG-1(R). (C) miR-181a, miR-146a and miR-210 expression in DNR-sensitive or -resistant (R) KG1 and U937 cells. Expression levels
of RNU44 were used as endogenous control. One representative of at least three separate experiments is shown.
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targets we inserted miR-181a binding site sequences from the
30 UTR of MAP3K10 and MAP2K1 mRNA into the 30 UTR of
psi-check2 vector (Fig. 5B) and conducted luciferase reporter
assay (Fig. 5C). We demonstrate that pre-miR-181a decreased

the luciferase activation of MAP3K10 and MAP2K1, as com-
pared with pre-miR control, confirming that MAP3K10 and
MAP2K1 target sites directly mediate repression of luciferase
activity through seed-specific binding.

Figure 3. Effects of miR-181a inhibition on leukemia cells susceptibility to NK cells. (A) NK-cell cytotoxicity of KG-1 and U-937 cells after miR inhibi-
tion with anti- miR-181a, anti-miR-146a, and anti-miR control. Cell viability 24 h post transfection was around 80%. NKL and NKD cells used as effectors
(Representative curve of nD 5) (B) NK- cell mediated lysis of KG-1 and U-937 cells after transduction with anti-miR 181-a or empty vector transduced cells
as negative control. NKL and NKD cells used as effectors (Representative curve of n D 5). (C) KG-1 and U-937 cells were transduced stably with Lenti-anti-
mir-181a Lenti-anti-mir-control and cells were incubated with SLO (10 U/mL) alone or in combination with recombinant human GrB (5 ng/mL) for the
indicated times. Apoptosis was assessed by flow cytometry using annexin 5 and 7AAD (Representative blot of n D 2).
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Taken together, the results provide evi-
dence that miR-181a modulates tumor cell
susceptibility to NK-mediated lysis by tar-
geting different genes in different leukemia
cell lines.

miR-181a is downregulated in
refractory stage of AML primary blasts

Expression of miR-181a in cells from 5
AML patients at both the diagnostic and
refractory stage was measured and com-
pared. The results indicated that expression
of miR-181a was downregulated in all
refractory stage samples when compared to
those from the diagnostic stage (Fig. 6A).
Next, we investigate whether the expression
of universal miR-181a target genes was
modified in AML patients. qRT-PCR
results showed that Mcl-1 and MAP3K10
were the most frequently modified genes (in
four patients) and none of the potential tar-
get genes were modified in all patients
(Fig. 6B). Collectively these results provide
evidence that miR-181a is downregulated in
drug-resistant blasts but that the target genes
differ among AML patients, and that there
is not a universal target for miR-181a.

miR-181a induces cross-resistance
in refractory AML blasts to NK cells

To determine the impact of miR-181a in
primary cell susceptibility to NK lysis, blasts
from two AML patients at refractory stage
were transfected with pre-miR-181a and
subsequently used as target cells in cytotoxic
assay. As shown in Fig. 7A, overexpression
of miR-181a in primary blasts resulted in
an increase in blast sensitivity to NK cell
lysis compared to control cells. We next
investigate whether miR-181a is capable to
modulate drug resistance and whether its
induction could reverse AML blasts chemo-
resistance to DNR. To address this issue,
AML blasts were transfected with pre-
miR181 or pre-miR control and incubated
with DNR for two days. Our results shown
in Fig. 7B indicate that cells became par-
tially sensitive to DNR treatment in pre-
miR181a transfected cells as compared with
control cells, indicating that miR-181
plays a crucial role in the cross resistance of
leukemia cells.

Figure 4. miR-181a target genes. (A) Genome-wide analysis of target genes regulated by miR-
181a. KG-1 and U-937 leukemia cells were transduced by Lenti-anti-miR-181a. Shown are gene
expression data from 2 independent experiments using Agilent Human Whole Genome Microar-
ray. (B) Volcano plot of gene expression (log2 fold change) and adjusted p values for KG-1 and U-
937 transduced cells. (C) SYBR-GREEN qRT-PCR measurement of indicated potential targets of
miR-181a in KG-1 and U-937 cells transduced by Lenti-anti-miR-181a or Lenti-anti-miR control
(representative graph of n D 3). Expression level of GAPDH was used as endogenous control.
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Figure 5. miR-181a modulates susceptibility of leukemia cells to NK lysis through regulation of genes from the Bcl-2 family and the Tyrosine
kinase family. (A) U-937 expressing anti-miR-181a was transfected with siRNAs specific for Bc--2 and MAP3K10 or luciferase as control. KG-1 transduced
cells expressing anti-miR-181a were transfected with siRNAs specific for MCL-1 and MAP2K1 or luciferase as control. NKL and NKD were used as effector
cells. Data represent three independent experiments. (B) Schematic view of predicted miR‑181a binding sites in MAP3K10 and MAp2K1 30 UTRs, which
has been cloned into the psiCHECK2 vector. (C) U-937 and KG-1 cells were co-transfected with 10 nmol/L pre-miR control or pre-miR-181a and either psi-
Check empty vector (pSI-Check2) or psi-Check vector encoding 30UTR of MAP2K1 (pSI-MAP2K1) or MAP3K10 (pSI-MAP3K10). After 48 h, cells were har-
vested and luciferase activities analyzed. All Renilla luciferase activities were normalized to the firefly luciferase activity. pSI-MAP3K10 and pSI-MAP2K1
correspond to distinct fragments of MAP3K10 and MAP2K1 30 UTR containing miR-181a putative binding sites. Cell viability 24 h post transfection was
around 80%.
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Figure 6. miR-181a and candidate target gene expression in LAM primary cells. (A) miR-181a expression was measured at diagnostic and refractory
stages in five AML patients. Expression levels of RNU44 were used as endogenous control (Representative graph of n D 3). (B) mRNA level of indicated
potential targets of miR-181a were measured by SYBR-GREEN qRT-PCR at diagnostic and refractory stage in five AML patients. Expression level of GAPDH
was used as endogenous control.
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Discussion

Beneficial effects of donor-derived
NK cells in allogenic hematopoietic
stem cell transplantation have been
demonstrated in different trials. Not
only they can eliminate leukemic cells
(graft-vs.-leukemia effect) and contrib-
ute to prevention of relapse, but they
can also destroy T lymphocytes and den-
dritic cells in the recipient, thereby
blocking graft-vs.-host-disease. Thus,
the anti-leukemic potential of alloreac-
tive NK cells may offer an ideal
approach to cell-based immunotherapy;
therefore, adoptive transfer of ex vivo
activated NK cells is under investigation
in phase I and II clinical trials.43 How-
ever, one of the major obstacles that
could minimize the positive effect of
NK cell administration is the develop-
ment of cross-resistance. In fact, AML
blasts could become resistant to an anti-
leukemia drug because of extended che-
motherapy, and chemoresistance could
also influence their susceptibility to
immune effector cells.

In this study, we investigated the
molecular basis of the cross-resistance
mechanism. Our results indicate that in
vitro the acquisition of DNR resistance
resulted in the induction of cross-resis-
tance to NK-mediated lysis. More
importantly, we demonstrate that NK
cell resistance is not due to the modifica-
tion of NK receptor ligands on the leu-
kemia cell surface, but is associated with
an intrinsic mechanism, conferring resis-
tance to GrB treatment as well.

While recent studies have revealed
the importance of miRNAs in leukemia
disorders and more specifically in drug
resistance, their potential involvements
in immune response are not well under-
stood. In this study, we showed that
miR-181a and miR-146a are both
downregulated in DNR-resistant cells.
Our findings further indicate that inhi-
bition of miR-181a in leukemia cells
impacted their susceptibility to NK-
mediated lysis. Although emerging studies indicate the potential
involvement of miR-146a in cell proliferation and drug resis-
tance,44,45 blocking miR-146a in our experimental model had no
effect on NK-cell mediated lysis. Therefore, we hypothesized that
miR-146a is involved in the molecular mechanisms that contrib-
ute to drug resistance but not to resistance to NK-mediated lysis.

We next attempted to identify the potential genes targets for
miR-181a. DNA micro-array analysis performed on cells stably
transduced with anti-miR-181a provided surprising evidence
that target genes of miR-181a could vary from one cell line to
another, despite the capacity of miRNA to induce resistance to
NK-cell mediated lysis and GrB treatment. Nevertheless, our

Figure 7. Effects of forced expression of miR-181a on AML primary cells susceptibility to NK
cells and DNR treatment. (A) AML blasts (#1 and #2) of patients at refractory stage were transfected
with pre-miR181a or pre-miR control and cytotoxic assay was performed at E: T indicated ratios. NKD
cells were used as effector cells. (B) The percentage of apoptosis of leukemia blasts after transfection
with pre-miR181a or pre-miR control. Leukemia blasts were incubated with DNR for 48 h and the per-
centage of apoptosis was measured by flow cytometry using an Annexin V/7AAD detection kit.
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results indicate that miR-181a can modify multiple target genes
from the Bcl-2 family and tyrosine kinase family. It should be
noted that most of the studies about the role of miR-181a in
DNR-resistance in leukemia or other models have been per-
formed in only one cell line46-49 and the effects of inhibition
have not been compared in different models, except in one recent
study where the inhibition of miR-181a (by transfection but not
transduction) resulted in the modification of tree members of
Bcl-2 family (Bcl-2, Mcl-1, and XIAP) in the all tested leukemia
blasts.50 The current studies clearly indicate the importance of
miR-181a in the acquisition of drug resistance and in its poten-
tial to modulate a vast variety of target genes from different path-
ways. We have also attempted to validate our observations in
primary blasts. It should be emphasized that we were limited in
the selection of patients given the difficulty of obtaining blasts
from patients at both drug-resistant and sensitive stages. The five
patients studied were selected from among 200 candidates for
follow-up experiments. The miR-181a expression and all poten-
tial target genes of miR-181a were analyzed. We observed that
expression of miR-181a was downregulated in all tested patients,
although we did not find a gene consistently modified in all sam-
ples. Recently, in a similar study, it has been demonstrated miR-
181b (another family of this microRNA) increases drug sensitiv-
ity in AML by targeting HMGB1 and MCL-1.51 In this report,
the authors found modification of these genes in all three tested
patients. AML comprises a heterogeneous group of malignancies
with diverse origins. Based on our results, we strongly believe
that this heterogeneity could describe the diversity of target genes
in different patients and leukemia cell lines. DNR is a powerful
anti-leukemia agent with the capacity to modulate multiple cellu-
lar signaling pathways.52 However, it remains unclear how DNR
modifies the expression of miR itself. Preliminary results indicate
that NF-kB can interfere with the expression of miR-181a (data
not shown).Finally, and most importantly, we showed the
ectopic expression of miR-181a sensitize cells to NK cell mediate
killing and DNR treatment. Recently Marcucci and colleagues
identified a new mechanism to deliver miRNAs into the primary
cells.53 This procedure will be tested in our model in order to
optimize the outcomes.

The results presented in this paper strongly support the poten-
tial of miR-targeted therapy as a novel and promising anti-leuke-
mia approach against “onco-immuno” resistant cells where
traditional chemotherapy or immunotherapy protocols with
highly cytotoxic effector cells alone may be insufficiently
effective.

Materials and Methods

Culture of cell lines
Human AML cell lines were grown in RPMI 1640 medium

supplemented with 10% FCS (Seromed) and 1% penicillin-
streptomycin. Human NK cells were grown in RPMI 1640
medium supplemented with 15% FCS (Seromed), 1% penicil-
lin-streptomycin, and 300 IU/mL interleukin-2 (IL-2).

Cytotoxicity assay
The cytotoxic activity of the NK cells was measured by a con-

ventional 4-h 51Cr release assay by using triplicate cultures in
round-bottom 96-well plates. Different E: T ratios were used as
described earlier.23

Abs, reagents
Monoclonal antibodies (mAb) recognizing DR4 (TRAIL-R1),

DR5 (TRAIL-R2), and Fas (CD95) were purchased from Biole-
gend. mAbs directed against ULBP-1,ULBP-2, and ULBP-3
were purchased from R&D system. Anti-CD107a coupled to
CyChrome mAb was provided by Becton Dickinson. MHC class
I (MHC-I) (W6/32) antibody, obtained from biolegend. Abs
against Bcl-2 and MCL-1, were from Cell Signaling Technology.

Flow cytometry analysis
Flow cytometry analysis was performed using a FACSCalibur

flow and LSRII cytometer. Data were processed using CellQuest
software (BD Biosciences).

NK degranulation assay
NK cells were cocultured with LAM target cells for 4 h at a

2:1 E:T ratio. Degranulation of NK cells was analyzed by flow
cytometric analysis of CD107a expression.

miRNA microarray analysis
Total RNA was isolated using TRIzol reagent (Invitrogen)

according to the manufacturer’s instructions. RNA samples were
prepared from two types of cells, KG-1 and KG-1(R) cells. RNA
quality was confirmed using an Agilent 2100 Bioanalyzer (Agi-
lent Technologies). Each microarray includes approximately 15 k
features containing probes sourced from the miRBASE public
database, release 13.0 (Griffiths-Jones, NAR 2008). The probes
are 40-60-mer oligonucleotides directly synthesized on the array,
with a special design to cope with the small size of miRNA. In
this study we used Human microRNA microarray v3.0, which
contains 851 human and 88 human viral miRNAs, each repli-
cated 16 times. The array also contains a set of positive and nega-
tive controls that are replicated a variety of times.

RNA silencing
Specific BCL-2 siRNA (sc-61899), MCL-1 siRNA (sc-35877)

and negative control siRNA (sc-37007) were purchased from
Santa Cruz Biotechnology, Inc.. Specific MAP2K1 and
MAP3K10 siRNA were obtained from Sigma. siRNA was trans-
fected into U937 or KG-1 cells by electroporation (Amaxa,
Gaithersburg, MD) following the manufacturer’s instructions.

RNA isolation and quantitative analysis for miR-181a
For extraction of miRNAs, TRIzol (Invitrogen) was used.

DNase I-treated total RNA (8 ng) was subjected to qRT-PCR
analysis using TaqMan miR Reverse Transcription Kit (Applied
Biosystems). The miR-181a was detected and quantified by using
specific miRNA primers from Ambion. Expression levels of mature
miRNAs were evaluated using comparative Ct method (2- DCt).
Transcript levels of RNU44 were used as endogenous control.
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Lentiviral constructs and stably transduced cells
Lentiviral miRNA Inhibitor for miR-181a and empty vector

as negative control were purchased from abm (Richmond, Can-
ada). KG-1 and U-937 cells were infected with 1–105 recombi-
nant lentivirus-transducing units in the presence of 6 mg/mL
polybrene (Sigma). GFP positive cells isolated by FACSAria III
Cell Sorter and stable cells were established.

miR-181a blockade and overexpression
Transfections were realized with anti-miR-181a (miR inhibi-

tor, Ambion) and pre-miR-181a (miR precursor, Ambion) in
leukemia cell lines as described earlier. Leukemia primary cells of
two patients at refractory relapsed stage transfected in two differ-
ent ways: NeoFx Transfection Agent (NeoFx; Ambion), and elec-
troporation (Amaxa Reagent T, program U-15 and S-04) used
according to manufacturer’s instructions.

Gene expression microarray
DNA microarray (Agilent Human microRNA microarray

v3.0 (design 021827) 4 £ 44 k Microarray (AMADID 39494 -
60,000 spots)) was performed to assess and compare overall gene
expression profiles of KG-1 lenti-anti-miR-CT and U937 lenti-
anti-miR-CT cells compared respectively to KG-1 lenti-anti-
miR-181a and U937 lenti-anti-miR-181a. Analysis was per-
formed to identify genes differentially expressed after miR-181a
knockdown in AML target cells with a fold change >2.

Loading of GrB
Analysis of tumor cell sensitivity to GrB was performed as

previously described.42

AML sampels
AML blasts of five patients at diagnostic stage (prior to any

chemotherapy) and their blasts at refractory relapsed stage (resis-
tance to chemotherapy) were chosen for further experiments.

Statistical analyses
Data were analyzed with GraphPad Prism. The Student t test

was used for single comparisons. Data were considered statisti-
cally significant when p < 0.05. (*, p < 0.05; **, p < 0.005; and
***, p < 0.0005).
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