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Abstract

Rationale: microRNAs (miRNAs) are frequently deregulated and play important roles in the
pathogenesis and progression of acute myeloid leukemia (AML). miR-182 functions as an onco-miRNA or
tumor suppressor miRNA in the context of different cancers. However, whether miR-182 affects the
self-renewal of leukemia stem cells (LSCs) and normal hematopoietic stem progenitor cells (HSPCs) is
unknown.

Methods: Bisulfite sequencing was used to analyze the methylation status at pri-miR-182 promoter.
Lineage-negative HSPCs were isolated from miR-182 knockout (182KO) and wild-type (182WT) mice to
construct MLL-AF9-transformed AML model. The effects of miR-182 depletion on the overall survival
and function of LSC were analyzed in this mouse model in vivo.

Results: miR-182-5p (miR-182) expression was lower in AML blasts than normal controls (NCs) with
hypermethylation observed at putative pri-miR-182 promoter in AML blasts but unmethylation in NCs.
Overexpression of miR-182 inhibited proliferation, reduced colony formation, and induced apoptosis in
leukemic cells. In addition, depletion of miR-182 accelerated the development and shortened the overall
survival (OS) in MLL-AF9-transformed murine AML through increasing LSC frequency and self-renewal
ability. Consistently, overexpression of miR-182 attenuated AML development and extended the OS in
the murine AML model. Most importantly, miR-182 was likely dispensable for normal hematopoiesis.
Mechanistically, we identified BCL2 and HOXA9 as two key targets of miR-182 in this context. Most
importantly, AML patients with miR-182 unmethylation had high expression of miR-182 followed by low
protein expression of BCL2 and resistance to BCL2 inhibitor venetoclax (Ven) in vitro.

Conclusions: Our results suggest that miR-182 is a potential therapeutic target for AML patients
through attenuating the self-renewal of LSC but not HSPC. miR-182 promoter methylation could
determine the sensitivity of Ven treatment and provide a potential biomarker for it.
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Introduction

Acute myeloid leukemia (AML), the most
common hematologic malignancy in adults, derives
from hematopoietic stem and progenitor cells
(HSPCs) because of the accumulation of various
genetic and epigenetic alterations [1]. Although the
standard chemotherapy, bone marrow (BM)
transplantation (BMT), and immunotherapy have
substantially improved the overall survival (OS) time,
less than 50% of AML patients survive more than five
years [2]. Accumulating evidences have indicated that
activation of oncogenic proteins results in the
uncontrolled growth of immature myeloid blasts and
block of differentiation [3]. For example, mixed-
lineage leukemia (MLL) fusions (t(11q23)) and AML1-
ETO (t(8;21)), as well as oncogenic proteins HOXA9
and BCL2, facilitate the self-renewal ability and
inhibit the apoptosis of AML blasts [4, 5]. Leukemia
stem cell (LSC) is considered to be responsible for the
initiation, maintenance, chemotherapy resistance, and
relapse of AML. In addition, LSC is hard to be
completely eradicated by therapeutic strategies,
including chemotherapy, BMT, and radiotherapy [6].
However, LSC has some similarities with normal
HSPC. Therefore, new therapeutic methods that
target leukemia-initiating cell (LIC)/LSC with low
toxicity against HSPC are urgently needed for AML
patients.

miRNA is a conserved 19-21 nucleotides
non-coding RNA, which regulates the expression of
target genes by directly binding to the 3'-untranslated
region (UTR) of mRNAs, leading to the degradation
of mRNA or translational suppression [7]. Several
studies have demonstrated that miRNA functions as
either a tumor suppressor or an onco-miRNA in
various subtypes of AML through regulating
leukemic processes, such as survival, self-renewal,
chemotherapy resistance, and leukemia initiation [8].
For example, miR-126 and miR-17-92 cluster
maintains the self-renewal of LSC and facilitates the
development of MLL-associated leukemia [9, 10]. In
addition, miRNA supports and regulates normal
HSPC function [11, 12]. However, most miRNAs both
affect the function of HSPC and LSC [13, 14],
suggesting that these miRNAs are not suitable for
anti-LSC therapy. Therefore, miRNAs that can
modulate the self-renewal ability of LSC but not
HSPC have potential application for AML patients.

The deregulation of miRNA in AML blasts is
mainly caused by the deletion of the miRNA-coding
gene, copy number amplifications, and epigenetic
alterations [15]. Hypermethylation of CpG islands
within promoter region, which leads to the
tumor-specific decrease of miRNA, has been reported
in the initiation and development of AML [16].

Hypermethylation in the proximal promoter regions
of miR-193a [16], miR-143 [17], and miR-34a [18]
results in the decreased expression of miRNAs in
AML blasts and facilitates the initiation of AML.
Hypomethylation agent (HMA) 5-Azacytidine (AZA)
increases the expression of miRNAs, followed by the
reduction of miRNA-target genes [17, 19]. However,
whether miRNA promoter methylation is associated
with the response of HMA is largely unknown.

MicroRNA-182-5p  (miR-182), located  at
chromosome 7q32.2, has been reported as an onco-
miRNA in cervical cancer, prostate cancer, and breast
cancer, as well as tumor suppressor miRNA in colon
cancer, lung cancer, and gastric adenocarcinoma
[20-25]. VEGF-C, cortactin, CREB1 and Rad51 are
potential targets of miR-182 [25-28]. Although several
studies have also reported that miR-182 mediates
chemotherapy sensitivity and leukemic differentia-
tion [28, 29], the role of miR-182 in the self-renewal
ability of LSC and normal hematopoiesis remains
elusive. In this study, we comprehensively identified
the function of miR-182 as a tumor suppressor in
AML and explored miR-182 promoter methylation as
a predictive marker for Ven treatment.

Material and methods

Cell lines, primary AML blasts, and normal
CD34+* HSPCs

Human leukemic cell lines, including MOLM-13
and THP1 (ATCC, Manassas, VA, USA), were
cultured in humidified 37 °C incubator with 5% CO»
in RPMI 1640 with 10% fetal bovine serum (FBS,
Invitrogen, Carlsbad, CA, USA) and 1% penicillin
streptomycin. BM blasts were isolated by Ficoll
density gradient centrifugation (GE Healthcare,
Uppsala, Sweden) from untreated AML patients.
Human normal CD34* cells were isolated by the
EasySep™ human CD34 positive selection kit
(StemCell Technologies, Vancouver, BC, Canada)
from healthy volunteers. Primary AML blasts and
normal CD34* HSPCs were preserved in liquid
nitrogen until use. Primary AML blasts were cultured
in StemSpan Serum-Free Expansion Medium (SFEM;
Stemcell  Technologies)  supplemented  with
recombinant human stem cell factor (SCF, PeproTech,
Rocky Hill, NJ, USA), interleukin-3 (IL-3, PeproTech),
interleukin-6 (IL-6, PeproTech) at 10 ng/mL each.
Normal CD34* cells were cultured in SFEM (Stemcell
Technologies) supplemented with human thrombo-
poietin (TPO, PeproTech), fms related receptor
tyrosine kinase 3 ligand (FIt3 ligand, PeproTech), and
SCF (PeproTech) at 100 ng/mL each. According to the
declaration of Helsinki, both AML patients and
healthy volunteers have provided informed consent.
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All procedures in our studies involving AML patients
and healthy volunteers followed the Declaration of
Helsinki and the Ethics Committee of the First
Affiliated Hospital of Wenzhou Medical University.
The clinical characteristics of AML patients are
summarized in Table S1.

RNA extraction and quantitative RT-PCR
(qRT-PCR)

Total mRNA and miRNA from human leukemic
cells and murine BM cells were extracted by Trizol
reagent with minor modifications [30]. After
extraction, RNA concentration and quality were
determined by measuring the absorbance at 260/280
nm (DS-11 spectrophotometer, DeNovix, Wilmington,
DE, USA). ¢DNA for gRT-PCR analysis was
synthesized by using a Q5 real-time PCR system
(Applied Biosystems, Carlsbad, CA, USA). miR-182
and U6 small nuclear RNA (snRNA) were reversely
transcribed using Stem-loop RT primer with
PrimeScript™ RT Master Mix (Takara Bio, Tokyo,
Japan). U6 snRNA was used as an endogenous control
for qPCR with miR-182. The special primers for
miR-182 and U6 were provided by RIBOBIO company
(Guangzhou, China). Human GAPDH and murine
B-actin were used as endogenous controls for
qRT-PCR of human and murine samples, respectively.
SYBR Green dye (Takara) was used to determine the
expression of mRNA and miRNA. Relative expression
was calculated using the 2-42CT method. All of the
primer sequences were shown in Table S2.

Analysis of target genes

The following three major miRNA-target
prediction programs were used to predict putative
miRNA-target pairs: TargetScan (http://www.
targetscan.org) [31], miRwalk [32], and miRanda [33].

MLL-AF9 and AMLI1-ETO(9a)-induced murine
AML model

BM lineage-negative (Lin") cells were isolated
from 8-week-old 182WT and 182KO mice (Stemcell
Technologies) five days after 5-fluorouracil treatment
and cultured in StemSpan SFEM (Stemcell
Technologies) supplemented with murine SCF (50
ng/mL, PeproTech), TPO (50 ng/mL, PeproTech),
and FLT3 ligand (50 ng/mL, PeproTech) overnight.
Furthermore, Lin- cells were retrovirally transduced
with MSCV-green fluorescent protein (GFP)-internal
ribosome entry site (IRES)-MLL-AF9 [4] or MSCV-
GFP-IRES-AML1-ETO(9a) [34] by two rounds of
spinoculation at 2000xrpm for 2 h [35]. GFP* cells
were sorted by fluorescence-activated cell sorting and
were intravenously injected into lethally irradiated
C57BL/6] mice (Beijing Vital River Laboratory,

Beijing, China) plus radioprotective BM cells (4x10°
for every mouse). The sample size in vivo study was
estimated according to prior experience in our
laboratory. All animal procedures and care are
performed according to national and international
policies and institutional guidelines of the ethics
committee of the First Affiliated Hospital of Wenzhou
Medical University.

Limiting dilution assays

BM Green fluorescent proteint (GFP*) cells were
sorted by flow cytometry from secondary MLL-AF9-
transduced AML mice. Three doses of donor cells
from 182WT or 182KO-AML blasts were transplanted
into lethally irradiated recipients (n = 6 for each
group). The numbers of recipient mice were counted
only when the mice developed full-blown leukemia
and died within 6 months after transplantation (Table
S3). Extreme limiting dilution assay (ELDA) software
was used to determine LSC frequency [36].

Other procedures

Western blot, Colony formation assay, Cell
proliferation and apoptosis assays, Luciferase
reporter, Competitive reconstitution assays, RNA
sequencing (RNA-seq), Cell cycle, Construction of
plasmids, Lentivirus and retrovirus production and
transduction, Construction of plasmids,
Hematological and histological analysis, Flow
cytometry analysis and DNA methylation detection
please see supplemental material and methods.

Statistical analysis

All the results were expressed as Mean + SD
where applicable. The significance of the difference
between groups was determined by Student’s t-test.
Survival was estimated according to the method of
Kaplan and Meier. The log rank test was used to
assess statistical significance. A P value of less than
0.05 was considered statistically significant. All
statistical analyses were performed with SPSS
software (SPSS 22.0, Chicago, IL, USA) and Prism
version 5.0.

Results

miR-182 is low expressed in AML and
associated with poor outcomes

To investigate the expression of miR-182 in AML
blasts, we first measured the levels of miR-182 in BM
mononuclear cells from 96 untreated AML blasts
(Table S1) and 21 healthy volunteers for normal
controls (NCs). The average of miR-182 expression
was substantially lower in AML patients compared
with NCs (Figure 1A). Furthermore, miR-182
expressions was subtype-dependent, which was
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lower in AML patients with abnormal karyotype
t(8;21) and t(11q23) but not with t(15;17) and inv(16)
than NCs (Figure 1B). However, no significant
differences in miR-182 expressions were found
between t(8;21), t(11q23), t(15;17), and inv(16) (Figure
1C). In addition, miR-182 expressions were lower in
FAB subtypes M1, M2, M4, and M5, but not in M3
compared with NCs (Figure 1D). Also, there were no
significant differences in miR-182 expressions
between M1, M2, M3, M4, and M5 (Figure 1E). To
further analyze the expressions of miR-182 in various
different subpopulation of leukemic cells, we isolated
BM CD34* progenitor cells as undifferentiated cells
and CD34- differentiated cells from seven AML

samples. miR-182 expressions were lower in CD34*
cells than CD34-cells in 6 of 7 (85.7%) samples (Figure
1F).

We then explored whether miR-182 expression
was associated with clinical outcome in our adult
AML cohort (2015-2020). AML patients with higher
level of miR-182 (above the median) are associated
with better five-year overall survival (OS, Figure 1G,
HR =1.97;95% CI =1.13-3.45; P = 0.011) and five-year
disease-free survival (DFS, Figure 1H, HR = 1.85; 95%
CI = 1.06-3.22; P = 0.02) in comparison to those with
lower level of miR-182 (below the median).
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Figure 1. Expression of miR-182 is lower in primary AML blasts than normal controls (NCs). (A) The expressions of miR-182 were measured in bone marrow (BM) mononuclear
cells from untreated AML patients and NCs by qRT-PCR. (B and C) The expressions of miR-182 were analyzed in untreated AML patients bearing various chromosomal translocations in
comparison to NCs. (D and E) The expressions of miR-182 were analyzed in untreated AML patients according to FAB subtypes (M1-M5) compared with NCs. (F) The expressions of
miR-182 were measured in CD34* and CD34- BM cells isolated from seven AML patients. (G and H) Overall survival time (OS, G) and disease free-survival time (DFS, H) were analyzed in
AML patients with higher (above the median miR-182 expression) levels of miR-182 in comparison to those with lower (below the median miR-182 expression) levels of miR-182. (I and J)
The percentages of leukemic blasts in BM (l) and PB (J) were analyzed in AML patients with low expressions of miR-182 (below median) and high expressions of miR-182 (above median). *P

< 0.05; **P < 0.01; ***P < 0.001.
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Consistently, AML patients with higher level of
miR-182 showed decreased percentage of blasts in BM
(Figure 1I) and peripheral blood (PB, Figure 1J),
suggesting a correlation among the high miR-182
expression, the low percentage of AML blast, and the
extended overall survival time. However, miR-182
expression was independent of age, gender, and
molecular genetic abnormality (Table S1).

miR-182 functions as tumor suppressor
miRNA in human leukemic cells

To identify the role of miR-182 in leukemic cells
in vitro, leukemia cell lines (MOLM-13 and THP1)
harboring MLL rearrangements, were transduced
with retrovirus vector MSCV-miR-182 (1820E) or
negative control vector MSCV-NC (182NC). qRT-PCR
indicated the successful overexpression of miR-182 in
leukemic cells (Figure S1A). Then, cell proliferation,
colony formation, apoptosis, and cell cycle were
measured in MOLM-13 and THP1 cells transduced
with 1820E or 182NC. Cell proliferation indicated by
OD450 was significantly reduced in leukemic cells
transduced with 1820E compared with 182NC
(Figure 2A-B). Furthermore, overexpression of
miR-182 reduced about 70-80% of colonies in
leukemic cells compared with 182NC (Figure 2C). In
addition, overexpression of miR-182 slightly induced
apoptosis (Figure 2D), but did not affect cell
differentiation  (Figure S1B-C). Also, miR-182
overexpression increased the percentage of AML cells
into GO/G1 phases, while decreased the percentage of
cells in the S phase (Figure 2E-F), suggesting that
miR-182 could block the cell cycle.

Because MOLM-13 and THP1 are MLL-
rearranged cells, we then explored the anti-leukemic
effects of miR-182 on K562 and OCI-AML3 cells,
which are non-MLL-rearranged cells. qRT-PCR
indicated the successful overexpression of miR-182 in
K562 and OCI-AML3 cells (Figure S1D).
Overexpression of miR-182 reduced cell proliferation
in K562 (Figure S1E) and OCI-AML3 cells (Figure
S1F). Also, overexpression of miR-182 induced
apoptosis in K562 (Figure S1G) and OCI-AML3 cells
(Figure S1H). These data preliminarily indicated that
miR-182 inhibited leukemia cell growth and
proliferation in vitro.

To further assess the anti-leukemic effects of
miR-182 in wvivo, we transplanted MOLM-13 with
1820E and 182NC into NSG mice (Figure 2G). The
chimerism represented as human CD45 (hCD45)/
murine CD45 (mCD45) plus hCD45 was measured in
PB when the mice showed signs of illness. The
chimerism was decreased by 3.0-fold in PB from
MOLM-13 (1820E)-transplanted NSG mice compared
with MOLM-13 (182NC)-transplanted mice (Figure

2H). Finally, overexpression of miR-182 extended the
OS time in comparison to 182NC (Figure 2I).

Moreover, we performed colony forming assay
with primary CD34* AML blasts which were isolated
and transduced with 1820E or 182NC (n = 3).
Overexpression of miR-182 decreased colony
numbers in all three AML blasts compared with
182NC (Figure 2J). However, overexpression of
miR-182 did not affect the colonies in normal CD34*
HSPC (n = 3, Figure S1I).

Depletion of miR-182 accelerates AML
progression by increasing the self-renewal of
LSC in MLL-AF9-transformed murine AML
model

Since overexpression of miR-182 inhibited
proliferation of leukemic cells but not normal HSPCs,
we performed loss of function studies with a
miR-182+/- (182KO) mice model [37, 38] to further
explore miR-182 function during leukemogenesis
using MLL-AF9-transformed AML model [4]. PCR
indicated a successful genotype of 182KO and 182WT
mice (Figure S2A). BM and spleen cells were isolated
from 182WT and 182KO mice and miR-182 expression
was measured. We found that miR-182 level was
almost completely depleted in BM and spleen cells
from 182KO mice compared with 182WT mice (Figure
S2B). To explore whether only miR-182 was depleted,
miR-183 and miR-96 expressions were measured,
because miR-183 and miR-96 locate near the miR-182
and these three miRNAs form a cluster [39]. miR-183
and miR-96 expressions were not depleted in BM cells
from 182KO mice compared with 182WT mice (Figure
S2C-D). BM Lin- cells were isolated from 182WT and
182KO mice and transduced with MLL-AF9 fusion
gene, followed by transplantation in lethally
irradiated mice (Figure S2E). BM GFP* cells
representing leukemic blasts were isolated from
182WT and 182KO AML mice, and qRT-PCR analysis
indicated that miR-182 had been deleted efficiently in
182KO AML mice compared with 182WT AML mice
(Figure S2F).

GFP* cells were first measured in PB. A
substantially increased percentage of GFP* cells was
observed in PB from 182KO AML mice than 182WT
AML mice (Figure 3A). Also, the Wright-Giemsa stain
indicated that depletion of miR-182 dramatically
increased the leukemic blasts in PB from 182KO AML
mice compared to 182WT AML mice (Figure 3B).
Furthermore, knockout of miR-182 increased about
4-fold of leukemic blasts by measuring GFP* cells
(Figure 3C) and Wright-Giemsa stain (Figure 3D) in
BM cells. Also, GFP* cells were substantially
increased in the spleen from 182KO AML mice
compared to 182WT control (Figure S2G). To
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determine whether depletion of miR-182 enhanced  compared with 182WT AML mice (Figure 3F). T
the infiltration of leukemic blasts in the spleen, we  assess the proliferation status of leukemic cells, Edu
measured the weight of spleen in 182WT and 182KO  staining was performed in BM cells. Edu* cells were
AML mice. The weight of the spleen increased about  almost 3-fold higher in BM GFP* blasts from 182KO
50% in 182KO AML mice compared with 182WT AML ~ AML mice than 182WT AML mice (Figure 3G). These
mice (Figure 3E). Meanwhile, depletion of miR-182  results revealed that depletion of miR-182 increases
substantially enhanced the infiltration of leukemic  leukemic cell proliferation and facilitates AML
blasts in the spleen and liver in 182KO AML mice  development.

A B C
MOLM-13 THP1 1328 maaas e
1.57 mr 182NC 2.09 gy 182NC 52
E |mr 18208 € o 18208 MOLM-13 15
§1.o .
-+ 10
Fos g
) 3 ;
090 oh 24h 48h 72h ’ Oh 24h 48h 72h MOLM-13 THP1
D MOLM-13
182NC 1820E
w{0.11 0.45| {0.02 053 | 15y= reaxc
0y 0 + - 16208
w1 w ; 10
w-] V " z
cwy w H 51
il <
3.’ 195.9 358 +189.9 9,53, 0
° 0w W W ° e e MOLM-13 THP1
Annexin-V
E MOLM-13 S mom F THP1 2 mom
1820E £ — ) 182NC ~ 1R20F < =S
wl G2MI165 | § 120= 001 [ G2M234 | | ,G2M245]| § 120 S0
; 71 15 104 492 | ™ 393 | 3 o0l
100! 0/G147.4 £ wo! 0/G1 27.5 ' 0/G1362 E
| 2 60 { 1004 2 60
%01 b 504 { ©
: g 30 £ | 1 2 30
0+ — — 5 3 o4 4 >
0 200K 400K 600K 80K O () 8 oF;i:ox 00K 500K 0 1ok ok sk O 0
3 O & K O &L
O o SRS
° & & &
G MOLM-13
182NC @
‘l’ ‘:’ 20.0 0.94 £100; —=
) > 2 g0
b" e
:: . 9 ?) 60{ &
182nC 2 BMT N\ 1820E o = g 40
bt 20 'f
G °34.14 75.0 =
hCD45/mCD45 hCD45/mCD45 £ ‘i = 0
Survival time Survival time hCD45 ‘b‘\(’ 'bo@
NN

AML#1 AML#2  AML#3

: Lﬁ --

-
o
o

401

20+ 182NC
- 1820E

0
Sumval time (days)

Percent survival —

- - AML#1 AML#2 AML#3

0

Figure 2. Anti-leukemogenesis of miR-182 in human leukemic blasts in vitro and in vivo. MOLM-13 and THP1 cells were transduced with MSCV vector overexpressing miR-182
(1820E) or negative control MSCV-NC (182NC). (A and B) CCK8 was measured in different times in MOLM-13 and THPI cells overexpressing miR-182 or NC. (C) MOLM-13 and THPI
cells overexpressing miR-182 or NC (2x103/dish) were plated in methylcellulose medium for ten days to count colony number. Bar scales represent 200 um. (D) Apoptosis was measured in
MOLM-13 and THPI cells overexpressing miR-182 or NC by Annexin V and 7-AAD staining. (E and F) Cell cycle distribution in MOLM-13 and THPI cells, which were transduced with
1820E or 182NC. Shown are the representative plots (left) and statistical analysis of G2/M, S, and GO/G1 phase. (G) An illustration of the MOLM-13-transplanted NSG mice model. MOLM-13
cells were transduced with 1820E or 182NC and xenografted in NSG mice. The percentage of human CD45 (hCD45)/murine CD45 (mCD45) was measured as chimerism, and OS time was
analyzed. (H) hCD45/mCD45 was measured in PB from MOLM-13-1820E and MOLM-13-182NC-xenografted NSG mice. Shown are the representative plots (left) and statistical analysis of
the percentage of hCD45/hCD45+mCD45 cells (right). (I) OS was determined in MOLM-13-1820E or MOLM-13-182NC-xenografted NSG mice. (J) Colony numbers were counted in three
CD34* primary AML blasts transduced with 1820E or 182NC. AML blasts (1 103/dish) were plated in methylcellulose medium for ten days to count colony numbers. Bar scales represent 200
pm. *P < 0.05; **P < 0.01; **P < 0.001 versus 182NC. Using log-rank test for survival time.
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Figure 3. Depletion of miR-182 (182KO) accelerates the development of MLL-AF9-transformed murine AML than wild-type control (182WT). (A and C) The
percentages of GFP* cells were measured in PB (A) and BM (C) in 182WT (n = 4) AML cells compared with 182KO (n = 4). Shown are the representative plots (left) and statistical analysis
of GFP* cells (right). (B and D) The representative images of PB (B) and BM (D) smears by Wright-Giemsa stain in 182WT compared with 182KO AML cells (left) and statistical analysis of
leukemic blasts (right). Bar scales represent 10 pm for PB and 20 um for BM. (E) The representative images of the spleen (left) and statistical analysis of spleen weight (right). n = 4 for 182WT
and 182KO AML cells, respectively. (F) The representative images of HE stain of spleen and liver tissues. Bar scales represent 100 um for spleen and liver tissues. (G) 182WT (n = 4) and
182KO (n = 4) AML blasts were incubated with EdU for 2 h in vitro, and EdU* cells were measured in GFP* cells by flow cytometry. Shown are the representative flow cytometry plots (left)
and statistical analysis of EdU* cells (right). (H) The frequencies of LIC (c-Kit*Mac-1+*) were measured in BM 182WT (n = 4) and 182KO (n = 4) AML cells. Shown are the representative flow
cytometry plots (left) and statistical analysis of LIC (right). (I) The frequencies of BM L-GMP (Lin-c-Kit*Sca-1-CD34*CD16/32*) were measured in BM 182WT (n = 4) and 182KO (n = 4) AML
cells. Shown are the representative flow cytometry plots (left) and statistical analysis of L-GMP cells (right). (J) Limiting dilution assay of BM GFP* cells from secondary BMT leukemic mice with
182WT (n = 6) and 182KO (n = 6). The frequency of LSC and P-value were counted by L-calc software. (K) GFP* 182WT and 182KO murine AML blasts (2x103/dish) were plated in
methylcellulose medium for ten days for first and secondary plating. Shown are the representative pictures (left) and statistical analysis of colony (n = 3). Bar scales represent 20 um. (L-N)
Kaplan-Meier curves indicating the effects of miR-182 knockout on MLL-AF9-induced primary (L, n = 6), secondary (M, n = 10), and tertiary BMT (N, n = 10). *P < 0.05; **P < 0.01; ***P < 0.001.
Using log-rank test for survival time.
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To further explore whether the depletion of
miR-182 enhanced the self-renewal capacity of LSC,
BM GFP* cells were sorted from primary 182WT and
182KO AML mice and transplanted into recipient
mice as secondary BMT. We first measured
immunophenotypic leukemia-initiating cell (LIC,
c-Kit*/Mac-1+), a marker for leukemia progenitor cell.
LIC was increased by above 2-fold in 182KO AML
mice compared with 182WT AML mice (Figure 3H).
Next, L-GMP (Linc-Kit*Sca-1-CD34+/CD16/32%) cells,
widely considered as LSC [4, 40] in MLL-AF9-
induced AML model, were measured in secondary
BMT mice. LSC frequencies were increased by about
4-fold in BM (Figure 31) and spleen GFP* cells (Figure
S2H) from 182KO AML mice compared with 182WT
AML mice. Then, we used limiting dilution analysis
(LDA) to assess functional LSC [36]. The estimated
frequency of LSC in 182KO AML mice was increased
by about 3-fold than that in 182WT AML mice by
LDA (Figure 3] and Table S3). Next, GFP* cells were
sorted for colony formation assay. First and secondary
plating also demonstrated that colony number was
increased in 182KO AML blasts compared with
182WT blasts (Figure 3K). Finally, we performed
serial BMT with the same number of GFP* blasts to
evaluate miR-182 knockout in the self-renewal ability
of LSC. Depletion of miR-182 substantially reduced
the OS time in primary (Figure 3L), secondary (Figure
3M), and tertiary BMT (Figure 3N), respectively. It
confirmed that the deletion of miR-182 enhanced the
self-renewal capacity of LSC/LIC, accelerating AML
progression.

Furthermore, another AML1-ETO9a (A/E9a)-
induced M2 AML model was used to evaluate the
function of miR-182 in certain types of leukemia [41].
Recipient mice receiving miR-182-depleted A/E9a*
AML blasts had markedly shortened OS time during
primary and secondary BMT than those receiving
miR-182WT A/E9a* AML blasts (Figure S2I-]). It
indicated that the low expression of miR-182 observed
in M2 subtypes was also relating to AML progression.

To test whether the homing ability of
miR-182-null leukemia cells affects the survival of
AML mice, a total of 2x106 GFP* blasts isolated from
182WT and 182KO AML mice were injected into the
lethally irradiated mice, followed by measuring the
homed cells (GFP*) in BM at 16 h after
transplantation. We found no significant difference in
GFP* cells between 182WT and 182KO AML mice
(Figure S2K). We then transplanted the same number
of GFP* blasts from MLL-AF9-transformed AML mice
into normal 182WT and 182KO mice, followed by
counting OS time. No significant difference in OS was
found between 182WT and 182KO mice (Figure S2L).
These results indicated that homing ability of

miR-182-null leukemia cells do not affect the

progression of AML mice.

miR-182 knockout in MLL-AF9-transformed
leukemic blasts accelerates oncogenesis signal
pathway

To explore the underlying mechanisms that
control the proliferation and self-renewal of LSC in
miR-182-depleted murine AML blasts, BM GFP* cells
were sorted from 182WT and 182KO AML mice and
performed for RNA-seq. Gene Ontology (GO, Figure
4A) and Gene Set Enrichment Analysis (GSEA, Figure
4B-C) demonstrated that signal pathways including
transcriptional ~ misregulation in cancer and
hematopoietic cell lineage were enriched in 182KO
AML cells in comparison to 182WT AML cells,
although the P value in GSEA of transcriptional
misregulation in cancer is not significant. Multiple
enriched genes (Hoxa6, Hoxal0, and Meisl) in the
pathway of transcriptional misregulation in cancer
were associated with LSC self-renewal and survival
(Figure 4D). Also, Cd34 and Mac-1 in the pathway of
hematopoietic cell lineage were associated with
undifferentiation status of leukemic cells. We then
validated its expression by qRT-PCR and found that
these genes were indeed increased in 182KO
compared with 182WT AML blasts (Figure 4E).
Therefore, the results from RNA-seq were consistent
with the phenotype from 182WT and 182KO AML
mice that depletion of miR-182 accelerates AML
progression through increasing the self-renewal of
LSC.

The overexpression of miR-182 could benefit
AML treatment

To further identify the function of miR-182 and
explore its potential application in AML clinical
treatment, MLL-AF9* AML cells were transduced
with LVX-puro-mmu-miR-182 (1820E) or negative
vector (182NC). As indicated in Figure S3A, miR-182
expression was increased by 5-fold in 1820E-AML
cells than 182NC AML cells. Wright-Giemsa stain
indicated that leukemic blasts dramatically decreased
in PB (Figure S3B) and BM (Figure 5A) from recipient
mice receiving 1820E than those receiving 182NC
AML cells. GFP* cells were significantly decreased in
PB (Figure S3C) and BM (Figure 5B) from recipient
mice receiving 1820E compared with 182NC AML
cells. Also, overexpression of miR-182 markedly
decreased the percentage of LIC (Figure 5C) and
Edu-positive cells (Figure 5D), as well as the colony
number (Figure 5E). In addition, 1820E substantially
decreased the weight of the spleen (Figure 5F) and
liver (Figure 5H), due to the inhibition of the
infiltration of leukemic blasts in the spleen (Figure 5G)
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and liver (Figure 5I), which is opposite to the results
of miR-182 deletion. Finally, serial BMT using 182NC
and 1820E AML cells were performed. OS time in
primary BMT was significantly extended in recipients
receiving 1820E compared with 182NC AML cells
(Figure 5], median survival, 40 days vs 31 days, P <
0.01), secondary BMT (Figure 5K, median survival, 34
days vs 24.5 days, P < 0.01) as well as tertiary BMT
(Figure 5L, median survival, 27 days vs 18 days, P <
0.001). All these data indicated that miR-182
overexpression inhibits leukemogenesis in vivo by
decreasing AML self-renew ability and proliferation,
which might benefit AML treatment.

miR-182 is dispensable for normal
hematopoiesis

Since miRNAs may affect both normal and
malignant hematopoietic function, it is hard to
develop miRNA as a suitable target in AML [14]. To
clarify the role of miR-182 in normal hematopoiesis,
we performed blood cell count with miR-182 KO
(182KO) and miR-182 WT (128WT) mice. White blood
cell (WBC), lymphocyte (LYM), neutrophil (NEU),
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CFU-GEMM, CFU-M, CFU-GM, and BFU-E colonies =~ CD45.2/(CD45.2+CD45.1) in recipient mice (Figure
in 182WT mice were indistinguishable from 182KO  6K). Taken together, these results suggest that
mice, respectively (Figure 6]). Finally, we performed a  depletion of miR-182 facilitates the self-renewal
competitive transplantation to evaluate the effects of  activity of LSC, but miR-182 unlikely could affect the
miR-182 depletion on the self-renewal ability.  normal hematopoiesis and the function of HSPC.
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Wright-Giemsa stain in 182NC compared with 1820E AML cells (left) and statistical analysis of leukemic blasts (right). Bar scales represent 20 um. (B) The percentages of BM GFP+ cells were
determined in 182NC (n = 3) compared with 1820E AML cells (n = 3). Shown are the representative plots (left) and statistical analysis of GFP* cells (right). (C) The percentages of BM LIC
were determined in 182NC (n = 3) compared with 1820E (n = 3) AML cells. Shown are the representative plots (left) and statistical analysis of LICs (right). (D) 182NC (n = 3) and 1820E
(n = 3) AML blasts were incubated with buffer containing EU in vitro, and the incorporation of EdU was measured by flow cytometry. Shown are the representative plots (left) and statistical
analysis of EdU* in BM GFP* cells (right). (E) BM GFP* cells (2x10%/dish) from 182NC and 1820E AML mice were sorted for colony formation assay. Shown are the representative pictures
(left) and statistical analysis of colony number (right). Bar scales represent 40 um. (F and H) The representative images of the spleen (left, F) and liver (left, H) and statistical analysis of spleen
weight (right, F) and liver weight (right, H). (G and 1) HE stain for spleen (G) and liver (1) tissues in recipients receiving 182NC AML cells compared with those receiving 1820E AML cells
at the endpoint. Bar scales represent 100 pm. (J-L) Kaplan-Meier curves and P values (log-rank test) from primary (J), secondary (K), and tertiary BMT (L) are shown, respectively. *P < 0.05;
P < 0.01; *¥*P < 0.001. Using log-rank test for survival time.
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Figure 6. miR-182 is not required for the normal hematopoiesis. (A-C) The total numbers of WBC, LYM, NEU, MON, RBC, and PLT were counted by automatic blood cell counter
in 182WT (n = 17) and 182KO (n = 16) mice. (D) The total numbers of BM mononuclear cells were counted in 182WT (n = 6) and 182KO (n = 6) mice. (E) T (CD3*), B (B220*), and myeloid
cells (Mac-1*, Gr-1*) frequencies were performed by flow cytometry in PB from 182WT (n = 4) versus 182KO (n = 4) mice. (F) The percentages of long-term hematopoietic stem cell
(LT-HSC, Lin-c-Kit*Sca-1*CD34-CD135-), short-term hematopoietic stem cell (ST-HSC, Lin-c-Kit*Sca-1*CD34+*CD135-), and multipotential progenitor (MPP, Lin-c-Kit*Sca-1*CD34*CD135*)
were measured by flow cytometry in 182WT (n = 4) and 182KO (n = 4) mice. (G-J) BM LSK (Lin-c-Kit*Sca-1*) cells were sorted from 182WT (n = 3) and 182KO (n = 3) mice and plated on
methylcellulose medium for colony number. Shown are the representative pictures (G) and statistical analysis of colony number (H), total number (1), and the classification of burst-forming
unit-erythroid (BFU-E), colony-forming unit-granulocyte, erythroid, macrophage, and megakaryocyte (CFU-GEMM), colony-forming unit-granulocyte (CFU-G), colony-forming
unit-macrophage (CFU-M), and colony-forming unit-granulocyte and macrophage (CFU-GM) (J). Bar scales represent 100 um. (K) In vivo competition assays for CD45.2/CD45.2+CD45.1 after
transplantation for the indicated months. Shown are the representative plots (left) and statistical analysis of CD45.2/CD45.2+CD45.1 (right). N.S: not significant.

miR-182 functions as a tumor suppressor by
directly targeting BCL2 and HOXA9

To further select the target genes by miR-182,
software including TargetScan (http://targetscan.
org) [31, 42] and the microRNA.org [43] was utilized

to predict possible target genes. BCL2 and HOXA9Y,
which are associated with proliferation and survival,
were finally selected for the following tests (Figure
7A-B). We then analyzed human and murine mature
miR-182 sequences and found these two sequences
are conserved (Figure S4A). Only one base is different
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between human and murine miR-182 sequences
(Figure S4A). Also, the miR-182 target regions in
3'-UTR of HOXA9 and BCL2 are conserved for human
and murine miR-182 (Figure S4B-C). To determine
whether BCL2 and HOXAY are directly targeted by
miR-182, putative miR-182-binding sites were
amplified and subcloned into vector psi-Check-2, and
luciferase  (Luc)  activities were  measured.
Overexpression of miR-182 reduced the Luc activity
of BCL2 and HOXA9 in comparison to negative
control (Figure 7C-D). However, overexpression of
miR-182 did not affect the Luc activity of psi-Check-2
carrying mutated miR-182-binding sites (Figure
7C-D). We then measured BCL2 and HOXA9 protein
levels in 1820E- or 182NC-expressing leukemic cells
and found that 1820E decreased BCL2 and HOXA9
protein expressions in MOLM-13 and THP1 cells
compared with 182NC (Figure 7E). Also,
overexpression of miR-182 reduced the protein
expressions of BCL2 and HOXA9 in K562 and
OCI-AMLS3 cells (Figure S4D-E). Furthermore, Bcl2
and Hoxa9 protein expressions were substantially
increased in BM blasts from 182KO compared with
182WT AML mice (Figure 7F, exposure in very short
time). In another blots with exposure for a relatively
long time, MLL-AF9-positive cells show reasonable
expressions of Bcl2 and Hoxa9 (Figure S4F). However,
1820E did not affect the transcriptional expression of
BCL2 in MOLM-13 and THP1 cells (Figure 7G), as well
as HOXA9 in MOLM-13 cells, but slightly decreased
the transcriptional expression of HOXA9 in THP1
cells (Figure 7G). It indicated that miR-182 mainly
affects the post-transcription processing or translation
of BCL2 and HOXAO.

To explore whether BCL2 and HOXA9
overexpression can rescue miR-182-induced anti-
leukemic property, colony formation was counted in
1820E- or 182NC-expressing leukemic cells, which
were further transduced with LVX-based vector
overexpressing BCL2 or HOXA9, respectively.
Overexpression of BCL2 (Figure 7H-I) and HOXA9
(Figure 7]J-K) lacking 3'-UTR almost rescued the
decreased protein expression and partially rescued
the decreased colonies by miR-182, respectively. To
avoid the overexposure of the blots for the
overexpression of HOXA9, blots in Figure 7] were
exposed for very short time. Therefore, the blots of
THP1 control cells almost show no protein expression
of HOXA9. When the blots of Figure 7] were exposed
for a relatively long time, THP1 control cells
expressed a reasonable level of HOXA9 (Figure S4G).
However, BCL2 and HOXA9 overexpression inhibited
miR-182-induced anti-leukemia activity to some
extent, suggesting that there were other targets
regulated by miR-182 in AML. In short, miR-182 binds

3-UTR of BCL2 and HOXAY to inhibit their protein
expression.

miR-182 expression is suppressed by promoter
methylation

Since CpG island  methylation-induced
transcriptional silencing of tumor suppressor genes
frequently occurs in cancer cells [17], we explored the
possible CpG islands at pri-miR-182 promoter. Total
of three CpG islands (CpG island 1-3) located 6-12 kb
upstream of pri-miR-182 were found (Figure S5A-C).
To determine whether DNA hypermethylation was
present in leukemic blasts, we used MethylTarget™
assays to measure methylation status in 8 AML cell
lines, 34 untreated primary AML blasts, and 26
normal BM mononuclear cells as NCs. The average
frequencies of CpG island 1 were higher in AML cell
lines and primary AML blasts compared with NCs,
respectively (Figure 8A, Figure S6). Also, the average
frequencies of CpG island 3 were higher in AML cell
lines (95.4%) and primary AML blasts (28.9%) in
comparison to NCs (11.5%), respectively (Figure 8C,
Figure S7). While, the average frequencies of CpG
island 2 were similar in primary AML blasts than in
NCs (Figure 8B, Figure S8-9). Furthermore, CpG
island 3 and CpG island 1 were more heavily
hypermethylated than CpG island 2 in primary AML
blasts (Figure 8D), respectively. As expected, miR-182
expression was lower in AML patients with
methylation (methylation% > 20%) than those with
unmethylation (methylation% < 20%, Figure 8E and
Table S4). These results demonstrated that CpG
islands 3 and 1 but not CpG island 2 were
hypermethylated in leukemic cells than NCs and
miR-182 expression is likely suppressed by promoter
methylation.

Next, we explored whether AZA restored the
expression of miR-182. As expected, AZA markedly
increased the expression of miR-182 in MOLM-13,
MV4-11, THP1, and OCI-AML3 cells (Figure 8F),
which all present miR-182 hypermethylation (Figure
S7). In consistent with it, AZA treatment markedly
decreased the protein levels of BCL2 and HOXA9
(Figure 8G) and substantially induced apoptosis in
these four cell lines (Figure 8H, Figure S10A-B).
Furthermore, we evaluated whether AZA increased
the expression of miR-182 and presented
anti-leukemic ability in primary AML blasts. Three
primary AML blasts (80, 82, and 115) with
hypermethylation (methylation% of CpG island 3 is
above 40%, Figure 8I) and two AML blasts (62 and 73)
with unmethylation (methylation% of CpG island 3 is
below 20%, Figure 8I) were treated by AZA. As
indicated in Figure 8], AZA elevated the expression of
miR-182 in primary AMLS80, 82, and 115, as well as
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substantially ~ decreased BCL2 and HOXA9
expressions (Figure 8K) and induced apoptosis
(Figure 8L, Figure S10C). However, AZA did not
markedly increase miR-182 expression (Figure 8M)
and decrease BCL2 and HOXA9 expressions (Figure
8N), as well as did not substantially induce apoptosis
(Figure 80, Figure S10D) in AML62 and 73. Finally,
miR-182 expression was measured in three normal
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with wild-type psicheck-2-BCL2-3'-UTR (WT), psicheck-2-BCL2-3'-UTR (Mut), psicheck-2-HOXA9-3'-UTR (WT), and psicheck-2-HOXA9-3-UTR (Mut) for 24 h, following by the
transfection with miR-182 mimic or scramble (miR-NC) for another 24 h. Firefly and Renilla luciferase activities were both measured. Histograms indicated that the Firefly luciferase activities
were normalized to Renilla luciferase activities. (E) The protein expressions of BCL2 and HOXA9 were measured in MOLM-13 and THP] cells transduced with 1820E or 182NC. (F) The
protein levels of Bcl2 and Hoxa9 were measured in MLL-AF9-transformed murine AML blasts with 182WT or 182KO. (G) The transcript expressions of BCL2 and HOXA9 were measured in
MOLM-13 and THPI cells transduced with 1820E or 182NC. (H and J) The protein expressions of BCL2 and HOXA9 were determined in 1820E-and 182NC-transduced MOLM-13 and
THP1 cells, following by transduction with LVX-HOXA9 or LVX-NC (Vector), respectively. (I and K) Colonies were counted in 1820E- and 182NC-transduced MOLM-13 and THPI cells,
which were transduced with LVX-HOXA9 or LVX-NC (Vector), respectively. Shown are the representative pictures (left) and statistical analysis of the colony (right). Bar scales represent 200

pm. *P < 0.05; **P < 0.01; *P < 0.001. N.S: not significant.
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Figure 8. miR-182 promoter is hypermethylated in leukemic cells. (A-C) The percentages of DNA methylation of CpG islands | (A), 2 (B), and 3 (C) in normal control (NC),
primary AML blasts, and AML cell lines. (D) The percentages of DNA methylation of CpG islands 1, 2, and 3 in primary AML blasts. (E) miR-182 expressions were measured in AML blasts with
miR-182 methylation (> 20%) and unmethylation (< 20%). (F) miR-182 expressions were measured in the indicated leukemic cell lines treated with 5-azacytidine (5 uM, AZA) or not for four
days. (G) BCL2 and HOXAS9 protein levels were measured in the AZA-treated or-untreated leukemic cells for four days. (H) Apoptosis was measured in the AZA-treated or untreated
leukemic cells for four days. (I) The percentage of DNA methylation of CpG island 3 in five AML patients. (J) miR-182 expression was measured in AML patients 80, 82, and 115, which were
treated with AZA or not for four days. (K) BCL2 and HOXAS9 protein levels were measured in AML patients 80 and 82, which were treated with AZA or not for four days. (L) Apoptosis was
measured in AZA-treated or untreated AML patients 80 and 82. (M) miR-182 expressions were measured in AML patients 62 and 73, which were treated with AZA or not for four days. (N)
BCL2 and HOXAJ9 protein levels were measured in AML patients 62 and 73 treated with AZA or not for four days. (O) Apoptosis was measured in AZA-treated or -untreated AML patients
62 and 73. (P) miR-182 expressions were measured in three NC samples treated with AZA or not for four days *P < 0.05; **P < 0.01; ***P < 0.001. N.S: not significant.

miR-182 promoter methylation determines
the sensitivity of BCL2 inhibitor venetoclax
(Ven)

Several studies have indicated that BCL2
expression strongly correlated with Ven sensitivity,
and loss of BCL2 expression caused Ven resistance
[44, 45]. We first analyzed the protein expression of

BCL2 in AML patients with miR-182 promoter
methylation or unmethylation, which resulted in the
low or high expression of miR-182, respectively
(Figure 8E, Table S4). As indicated in Figure 9A, BCL2
protein expression was substantially higher in AML
patients with miR-182 promoter hypermethylation
compared with unmethylation. Furthermore, the
sensitivity of Ven was determined in vitro. Our results
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show that AML patients with miR-182 promoter
unmethylation are significantly more resistant for Ven
treatment than those with miR-182 hypermethylation
(Figure 9B), suggesting that miR-182 promoter
methylation might determine the expression of BCL2
and the sensitivity of Ven treatment.
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Figure 9. miR-182 promoter methylation determines the sensitivity of Ven. (A)
The protein expressions of BCL2 were measured in AML blasts with miR-182
hypermethylation or unmethylation. (B) Cell viability was measured in AML blasts with
miR-182 hypermethylation or unmethylation treated with different concentrations of Ven
for 24 h in vitro.

Discussion

Our studies identified an important AZA-miR-
182-BCL2/HOXA9 axis in AML blasts. However,
AZA might regulate the expressions of BCL2/HOXA9
through other miRNAs or other genes. Also, more
AML samples were needed for AZA treatment.
miR-182 level was decreased in AML blasts whereby
DNA hypermethylation at pri-miR-182 promoter was
observed. Overexpression of miR-182 extended the
OS of human AML cells-transplanted NSG mice and
MLL-AF9-induced murine AML in vivo. Furthermore,
depletion of miR-182 in MLL-AF9-transformed
murine AML model facilitated the development of
AML through increasing LIC/LSC frequency and
function. Although previous reports indicated that
miR-182 acts as oncogenic miRNA or tumor
suppressor miRNA in different solid tumors [46, 47],
our results confirm that miR-182 plays tumor
suppressor role in AML cells. miRNAs have been
reported to directly or indirectly regulate various
targets with potential counteracting roles [35].
Therefore, the cell context-dependent balance in
miR-182-regulated targets might finally determine the
biological roles in AML cells.

Our results demonstrated that depletion of
miR-182 did not affect normal hematopoiesis.

However, Wurm et al. reported that overexpression of
miR-182 by lentivirus transduction in LSK cells
decreased the percentage of mature granulocytes in
BM and PB in wvivo, but not developed a
hyperproliferative disease or leukemia-like disease
[29]. This function might be due to the decreased
expression of C/EBPa by the overexpression of
miR-182 in murine LSK cells [29]. However,
considering that culture of lentivirus-transduced
HSPCs in vitro will result in the differentiation,
miR-182 knocking mouse model is still required to
completely elucidate the effects of miR-182 on normal
hematopoiesis.

HOXA9 is a master regulatory transcription
factor to regulate self-renewal of LIC/LSC. HOXA9
overexpressing in LSC than HSPC is required for the
MLL-AF9-transformed leukemia [48]. Co-expressions
of Hoxa9 and Meis1 in murine HSPC are sufficient to
induce a fatal AML in xenografted mice [49].
Furthermore, HOXAY interacts with JMJD1C and
PBX3 to maintain the phenotype and development in
HOXA9-dependent and MLL-rearranged leukemia [5,
50]. Therefore, these reports have indicated that
HOXAQY is the core gene for the proliferation and
self-renewal LIC/LSC. However, until now no
efficient therapeutic compounds directly inhibit or
degrade HOXA9 protein expression. Thus,
overexpression of miR-182 should be a promising tool
to inhibit HOXA9 expression.

Recently, BCL2 has been reported to be
overexpressed in ROS-low LSC and targeting BCL2
selectively eliminated LSC [51], demonstrating that
BCL2 is an important target for LSC. Our results
indicate that BCL2 is a direct target for miR-182, which
is consistent with other reports [52, 53]. Therefore,
restoring miR-182 expression by HMAs or miRNA
mimics can decrease BCL2 expression. In addition to
miR-182, BCL2 was regulated by miR-15a/16-1 and
low expression of miR-15a/16-1 led to the
overexpression of BCL2 in chronic lymphocytic
leukemia [54, 55]. Also, BCL2 mRNA stability was
regulated by YBX1 in an mé64-dependent manner [56].
Therefore, a complicated regulatory net contributes to
the over expression of BCL2 in AML cells and
targeting BCL2 protein by Ven substantially improves
the overall survival in AML patients [57]. However,
Ven resistance which frequently occurs in partial
AML patients with lost expression of BCL2, limits the
further application of Ven [44].

Our results first demonstrated that the average
miR-182 methylation is higher in AML patients than
in NCs. Most AML patients presented miR-182
hypermethylation, while partial AML patients had
miR-182 unmethylation. Furthermore, AML patients
with miR-182 unmethylation had high expression of
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miR-182 followed by lost expression of BCL2 protein,
which finally led to the resistance of Ven treatment in
vitro. Therefore, miR-182 methylation might be a
predicative marker for the sensitivity of Ven
treatment. However, more AML samples with
miR-182 unmethylation are required for the further
tests in vitro and in vivo.

DNA methylation might be potential biomarker
for tumor classification and predicative response to
drug treatment because it has several advantages such
as accuracy, stability, specificity, and easiness to be
measured by MSP [58]. Although multiple CpG
islands at pri-miR-182 promoter were found in
melanoma and renal cell carcinoma [46, 59], whether
all these CpG islands are hypermethylated in
leukemia cells are largely unknown. We first
identified three CpG islands at the putative miR-182
promoter region, and found that CpG islands 3 and 1
are mostly hypermethylated than CpG island 2 in
AML blasts. CpG island 2 is hypomethylated in both
AML blasts and NCs. Furthermore, hypermethylation
level of CpG island 3 is higher than CpG island 1 in
AML blasts. Also, AZA increased miR-182 level in
leukemic cells with hypermethylation at miR-182
promoter (CpG island 3>20%) and presented strong
anti-leukemic activity by decreasing BCL2 and
HOXA9 protein. While AZA did not upregulate
miR-182 level in leukemic cells with unmethylation at
miR-182 promoter and presented less anti-leukemic
activity. Therefore, our studies identify a novel
hypermethylation-miR-182-BCL2/HOXA9 axis in
AML blasts and CpG island 3 methylation level might
be a predicative biomarker for HMA drug treatment.

The marked characteristics of HSPC and LSC are
the unique self-renewal ability. Although HSPC and
LSC have common pathways to maintain self-renewal
ability, self-renewal of LSC depends on some special
genes, which are unnecessary for HSPC [60].
Therefore, elucidating these independencies of HSPC
versus LSC might provide more effective and less
toxic therapies for AML treatment. Several reports
have indicated that miRNAs could regulate HSPC
and LSC self-renewal [13, 61]. However, only a few
studies have reported that miRNAs are required for
LSC but not for HSPC self-renewal. Our results first
demonstrated that miR-182 inhibited self-renewal in
LSC but not in HSPC. miR-182 was dispensable for
normal hematopoiesis, suggesting that miR-182 is an
ideal target for LSC. These results might shed light on
the different regulation of self-renewal in LSC and
HSPC.

Conclusions

Our studies concluded that miR-182 is a
tumor-suppressor gene and inhibits the self-renewal

of LSC but not HSPC via targeting BCL2 and HOXA9Y,
suggesting that miR-182 is potential therapy target for
LSC. miR-182 expression is suppressed or silenced by
promoter methylation, which then determines the
sensitivity of Ven and provides a predictive
biomarker for Ven in AML.

Abbreviations

miRNAs: microRNAs; AML: acute myeloid
leukemia; LSCs: leukemia stem cells; HSPCs: normal
hematopoietic stem progenitor cells; Ven: venetoclax;
bone marrow transplantation: BMT; OS: overall
surviva, MLL: mixed-lineage leukemia; LIC:
leukemia-initiating cell; miR-182: MicroRNA-182-5p;
HMA: hypomethylation agent; AZA: 5-Azacytidine;
WBC: white blood cell; LYM: lymphocyte; NEU:
neutrophil;, MON: monocytes; RBC: red blood cell;
PLT: platelet.

Supplementary Material

Supplementary materials and methods, figures and
tables. https:/ /www.thno.org/v13p0077s1.pdf

Acknowledgements

This research was supported by Zhejiang
Provincial Natural Science Foundation of China
(LY20HO080002) and the National Natural Science
Foundation of China (81971991).

Author Contributions

YSS, XF., Y.Y.G, LDY., Y.DJ. and ES.Y.
conducted most of the experiments. L.Z.H., SL.Z,
ZM., ZB., HLL. and W.H.C. conceptualized the
study. Y.H.G. provided human specimens, clinical
information, and data analysis. HX.F, Y.H.G. and
G.S.M. wrote the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Miles LA, Bowman RL, Merlinsky TR, Csete IS, Ooi AT,
Durruthy-Durruthy R. et al. Single-cell mutation analysis of clonal
evolution in myeloid malignancies. Nature. 2020; 587: 477-82.

2. Fassbind P, Jeker B, Mueller BU, Bacher U, Zimmerli S, Endrich O. et al.
Improved survival rates of AML patients following admission to the
intensive care unit. Leuk Lymphoma. 2019; 60: 2423-31.

3.  Matsukawa T.Aplan PD. Clinical and molecular consequences of fusion
genes in myeloid malignancies. Stem Cells. 2020; 38: 1366-74.

4. Krivtsov AV, Twomey D, Feng Z, Stubbs MC, Wang Y, Faber J. et al.
Transformation from committed progenitor to leukaemia stem cell
initiated by MLL-AF9. Nature. 2006; 442: 818-22.

5. Zhu N, Chen M, Eng R, DeJong J, Sinha AU, Rahnamay NF. et al.
MLL-AF9- and HOXA9-mediated acute myeloid leukemia stem cell
self-renewal requires JMJD1C. J Clin Invest. 2016; 126: 997-1011.

6. Mastelaro de Rezende M, Ferreira AT.Paredes-Gamero EJ. Leukemia
stem cell immunophenotyping tool for diagnostic, prognosis, and
therapeutics. ] Cell Physiol. 2020; 235: 4989-98.

https://www.thno.org



Theranostics 2023, Vol. 13, Issue |

93

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

Khraiwesh B, Arif MA, Seumel GI, Ossowski S, Weigel D, Reski R. et al.
Transcriptional control of gene expression by microRNAs. Cell. 2010;
140: 111-22.

Schotte D, Pieters R.Den Boer ML. MicroRNAs in acute leukemia: from
biological players to clinical contributors. Leukemia. 2012; 26: 1-12.
Wong P, Iwasaki M, Somervaille TC, Ficara F, Carico C, Arnold C. et al.
The miR-17-92 microRNA polycistron regulates MLL leukemia stem cell
potential by modulating p21 expression. Cancer Res. 2010; 70: 3833-42.
Raffel S.Trumpp A. miR-126 Drives Quiescence and Self-Renewal in
Leukemic Stem Cells. Cancer Cell. 2016; 29: 133-5.

Guo S, Lu J, Schlanger R, Zhang H, Wang JY, Fox MC. et al. MicroRNA
miR-125a controls hematopoietic stem cell number. Proc Natl Acad Sci U
S A.2010; 107: 14229-34.

Hu W, Dooley J, Chung SS, Chandramohan D, Cimmino L, Mukherjee S.
et al. miR-29a maintains mouse hematopoietic stem cell self-renewal by
regulating Dnmt3a. Blood. 2015; 125: 2206-16.

Khalaj M, Woolthuis CM, Hu W, Durham BH, Chu SH, Qamar S. et al.
miR-99 regulates normal and malignant hematopoietic stem cell
self-renewal. ] Exp Med. 2017; 214: 2453-70.

Lechman ER, Gentner B, Ng SW, Schoof EM, van Galen P, Kennedy JA.
et al. miR-126 Regulates Distinct Self-Renewal Outcomes in Normal and
Malignant Hematopoietic Stem Cells. Cancer Cell. 2016; 29: 214-28.

Mi S, Li Z, Chen P, He C, Cao D, Elkahloun A. et al. Aberrant
overexpression and function of the miR-17-92 cluster in MLL-rearranged
acute leukemia. Proc Natl Acad Sci U S A. 2010; 107: 3710-5.

Gao XN, Lin J, Li YH, Gao L, Wang XR, Wang W. et al. MicroRNA-193a
represses c-kit expression and functions as a methylation-silenced tumor
suppressor in acute myeloid leukemia. Oncogene. 2011; 30: 3416-28.

Dou L, Zheng D, Li ], Li Y, Gao L, Wang L. et al. Methylation-mediated
repression of microRNA-143 enhances MLL-AF4 oncogene expression.
Oncogene. 2012; 31: 507-17.

Chim CS, Wong KY, Qi Y, Loong F, Lam WL, Wong LG. et al. Epigenetic
inactivation of the miR-34a in hematological malignancies.
Carcinogenesis. 2010; 31: 745-50.

LiY, Gao L, Luo X, Wang L, Gao X, Wang W. et al. Epigenetic silencing
of microRNA-193a contributes to leukemogenesis in t(8;21) acute
myeloid leukemia by activating the PTEN/PI3K signal pathway. Blood.
2013; 121: 499-509.

Tang T, Wong HK, Gu W, Yu MY, To KF, Wang CC. et al. MicroRNA-182
plays an onco-miRNA role in cervical cancer. Gynecol Oncol. 2013; 129:
199-208.

Hirata H, Ueno K, Shahryari V, Deng G, Tanaka Y, Tabatabai ZL. et al.
MicroRNA-182-5p promotes cell invasion and proliferation by down
regulating FOXF2, RECK and MTSS1 genes in human prostate cancer.
PL0S One. 2013; 8: e55502.

Chiang CH, Chu PY, Hou MF.Hung WC. MiR-182 promotes
proliferation and invasion and elevates the HIF-lalpha-VEGF-A axis in
breast cancer cells by targeting FBXW7. Am ] Cancer Res. 2016; 6:
1785-98.

Lei R, Tang J, Zhuang X, Deng R, Li G, Yu J. et al. Suppression of MIM by
microRNA-182 activates RhoA and promotes breast cancer metastasis.
Oncogene. 2014; 33: 1287-96.

Li Y, Zhang H, Li Y, Zhao C, Fan Y, Liu J. et al. MiR-182 inhibits the
epithelial to mesenchymal transition and metastasis of lung cancer cells
by targeting the Met gene. Mol Carcinog. 2018; 57: 125-36.

Kong WQ, Bai R, Liu T, Cai CL, Liu M, Li X. et al. MicroRNA-182 targets
cAMP-responsive element-binding protein 1 and suppresses cell growth
in human gastric adenocarcinoma. FEBS J. 2012; 279: 1252-60.

Yan S, Wang H, Chen X, Liang C, Shang W, Wang L. et al. MiR-182-5p
inhibits ~ colon  cancer  tumorigenesis, angiogenesis,  and
lymphangiogenesis by directly downregulating VEGF-C. Cancer Lett.
2020; 488: 18-26.

LiY, Zhang H, Gong H, Yuan Y, Li Y, Wang C. et al. miR-182 suppresses
invadopodia formation and metastasis in non-small cell lung cancer by
targeting cortactin gene. J Exp Clin Cancer Res. 2018; 37: 141.

Lai TH, Ewald B, Zecevic A, Liu C, Sulda M, Papaioannou D. et al.
HDAC Inhibition Induces MicroRNA-182, which Targets RAD51 and
Impairs HR Repair to Sensitize Cells to Sapacitabine in Acute
Myelogenous Leukemia. Clin Cancer Res. 2016; 22: 3537-49.

Wurm AA, Zjablovskaja P, Kardosova M, Gerloff D, Brauer-Hartmann
D, Katzerke C. et al. Disruption of the C/EBPalpha-miR-182 balance
impairs granulocytic differentiation. Nat Commun. 2017; 8: 46.

Zhang B, Liu XX, He JR, Zhou CX, Guo M, He M. et al. Pathologically
decreased miR-26a antagonizes apoptosis and facilitates carcinogenesis
by targeting MTDH and EZH2 in breast cancer. Carcinogenesis. 2011; 32:
2-9.

Lewis BP, Burge CB.Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA
targets. Cell. 2005; 120: 15-20.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Dweep H, Sticht C, Pandey P.Gretz N. miRWalk--database: prediction of
possible miRNA binding sites by “walking” the genes of three genomes.
J Biomed Inform. 2011; 44: 839-47.

John B, Enright AJ, Aravin A, Tuschl T, Sander C.Marks DS. Human
MicroRNA targets. PLoS Biol. 2004; 2: e363.

Link KA, Lin S, Shrestha M, Bowman M, Wunderlich M, Bloomfield CD.
et al. Supraphysiologic levels of the AMLI-ETO isoform AE9a are
essential for transformation. Proc Natl Acad Sci U S A. 2016; 113: 9075-80.
Li Z, Chen P, Su R, Li Y, Hu C, Wang Y. et al. Overexpression and
knockout of miR-126 both promote leukemogenesis. Blood. 2015; 126:
2005-15.

Hu Y.Smyth GK. ELDA: extreme limiting dilution analysis for
comparing depleted and enriched populations in stem cell and other
assays. ] Immunol Methods. 2009; 347: 70-8.

Jin ZB, Hirokawa G, Gui L, Takahashi R, Osakada F, Hiura Y. et al.
Targeted deletion of miR-182, an abundant retinal microRNA. Mol Vis.
2009; 15: 523-33.

Zhang D, LiY, Yao X, Wang H, Zhao L, Jiang H. et al. miR-182 Regulates
Metabolic Homeostasis by Modulating Glucose Utilization in Muscle.
Cell Rep. 2016; 16: 757-68.

Zhou L, Miller C, Miraglia L], Romero A, Mure LS, Panda S. et al. A
genome-wide microRNA screen identifies the microRNA-183/96,/182
cluster as a modulator of circadian rhythms. Proc Natl Acad Sci U S A.
2021; 118: €2020454118.

Iwasaki M, Liedtke M, Gentles AJ.Cleary ML. CD93 Marks a
Non-Quiescent Human Leukemia Stem Cell Population and Is Required
for Development of MLL-Rearranged Acute Myeloid Leukemia. Cell
Stem Cell. 2015; 17: 412-21.

Yan M, Ahn EY, Hiebert SW.Zhang DE. RUNX1/AML1 DNA-binding
domain and ETO/MTG8 NHR2-dimerization domain are critical to
AML1-ETO9%a leukemogenesis. Blood. 2009; 113: 883-6.

Garcia DM, Baek D, Shin C, Bell GW, Grimson A.Bartel DP. Weak
seed-pairing stability and high target-site abundance decrease the
proficiency of Isy-6 and other microRNAs. Nat Struct Mol Biol. 2011; 18:
1139-46.

Betel D, Wilson M, Gabow A, Marks DS.Sander C. The microRNA.org
resource: targets and expression. Nucleic Acids Res. 2008; 36: D149-53.
Pei S, Pollyea DA, Gustafson A, Stevens BM, Minhajuddin M, Fu R. et al.
Monocytic Subclones Confer Resistance to Venetoclax-Based Therapy in
Patients with Acute Myeloid Leukemia. Cancer Discov. 2020; 10: 536-51.
Pan R, Hogdal L], Benito JM, Bucci D, Han L, Borthakur G. et al. Selective
BCL-2 inhibition by ABT-199 causes on-target cell death in acute myeloid
leukemia. Cancer Discov. 2014; 4: 362-75.

Xu X, Wu J, Li S, Hu Z, Xu X, Zhu Y. et al. Downregulation of
microRNA-182-5p contributes to renal cell carcinoma proliferation via
activating the AKT/FOXO3a signaling pathway. Mol Cancer. 2014; 13:
109.

Xue J, Zhou A, Wu Y, Morris SA, Lin K, Amin S. et al. miR-182-5p
Induced by STAT3 Activation Promotes Glioma Tumorigenesis. Cancer
Res. 2016; 76: 4293-304.

Gao L, Yan SB, Yang J, Kong JL, Shi K, Ma FC. et al. MiR-182-5p and its
target HOXA9 in non-small cell lung cancer: a clinical and in-silico
exploration with the combination of RT-gPCR, miRNA-seq and
miRNA-chip. BMC Med Genomics. 2020; 13: 3.

Thorsteinsdottir U, Kroon E, Jerome L, Blasi F.Sauvageau G. Defining
roles for HOX and MEISI genes in induction of acute myeloid leukemia.
Mol Cell Biol. 2001; 21: 224-34.

Li Z, Zhang Z, Li Y, Arnovitz S, Chen P, Huang H. et al. PBX3 is an
important cofactor of HOXA9 in leukemogenesis. Blood. 2013; 121:
1422-31.

Lagadinou ED, Sach A, Callahan K, Rossi RM, Neering SJ, Minhajuddin
M. et al. BCL-2 inhibition targets oxidative phosphorylation and
selectively eradicates quiescent human leukemia stem cells. Cell Stem
Cell. 2013; 12: 329-41.

Zhang S, Zhang Q, Shi G.Yin J. MiR-182-5p regulates BCL2L12 and BCL2
expression in acute myeloid leukemia as a potential therapeutic target.
Biomed Pharmacother. 2018; 97: 1189-94.

Yan D, Dong XD, Chen X, Yao S, Wang L, Wang J. et al. Role of
microRNA-182 in posterior uveal melanoma: regulation of tumor
development through MITF, BCL2 and cyclin D2. PLoS One. 2012; 7:
€40967.

Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu M. et al.
miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc Natl Acad
Sci US A. 2005; 102: 13944-9.

Calin GA, Cimmino A, Fabbri M, Ferracin M, Wojcik SE, Shimizu M. et
al. MiR-15a and miR-16-1 cluster functions in human leukemia. Proc Natl
Acad Sci U S A. 2008; 105: 5166-71.

https://www.thno.org



Theranostics 2023, Vol. 13, Issue |

94

56.

57.

58.

59.

60.

61.

Feng M, Xie X, Han G, Zhang T, Li Y, Li Y. et al. YBX1 is required for
maintaining myeloid leukemia cell survival by regulating BCL2 stability
in an m6A-dependent manner. Blood. 2021; 138: 71-85.

Pollyea DA, Stevens BM, Jones CL, Winters A, Pei S, Minhajuddin M. et
al. Venetoclax with azacitidine disrupts energy metabolism and targets
leukemia stem cells in patients with acute myeloid leukemia. Nat Med.
2018; 24: 1859-66.

Wu H.Zhang Y. Reversing DNA methylation: mechanisms, genomics,
and biological functions. Cell. 2014; 156: 45-68.

Liu S, Howell PM.Riker Al. Up-regulation of miR-182 expression after
epigenetic modulation of human melanoma cells. Ann Surg Oncol. 2013;
20: 1745-52.

Zhang Y, Xia F, Liu X, Yu Z, Xie L, Liu L. et al. JAM3 maintains
leukemia-initiating cell self-renewal through LRP5/ AKT/beta-catenin/
CCND1 signaling. J Clin Invest. 2018; 128: 1737-51.

Song SJ, Ito K, Ala U, Kats L, Webster K, Sun SM. et al. The oncogenic
microRNA miR-22 targets the TET2 tumor suppressor to promote
hematopoietic stem cell self-renewal and transformation. Cell Stem Cell.
2013; 13: 87-101.

https://www.thno.org



