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of acute myeloid leukemia through targeting miR-
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LncRNAs have been shown to be involved in the biological and pathological processes of acute myeloid
leukemia (AML). Hox antisense intergenic RNA myeloid 1 (HOTAIRM1) was reported to be highly
expressed in AML. However, the detailed role and molecular mechanism of HOTAIRM1 in AML
pathogenesis remain undefined. In the present study, HOTAIRM1 and miR-148b expressions in AML
patients and healthy controls were detected by qRT-PCR. Cell proliferation and apoptosis were
evaluated by CCK-8 and flow cytometry assays, respectively. The regulatory interaction between
HOTAIRM1 and miR-148b was explored by bioinformatics analysis using starBase v3.0 software and The
Cancer Genome Atlas (TCGA) AML dataset. We found that the miR-148/miR-152 family members
including miR-148a, miR-148b, and miR-152 were predicted to be potential targets of HOTAIRM1.
HOTAIRM1 expression was negatively correlated with miR-148b expression but had no correlation with
miR-148a/miR-152 expressions in AML samples from the TCGA dataset. HOTAIRM1 expression was
higher while miR-148b expression was lower in AML patients than in healthy controls. A negative
correlation between HOTAIRM1 and miR-148b in AML patients was observed. HOTAIRML1 silencing and
miR-148b overexpression both suppressed cell proliferation and induced apoptosis in AML cells. miR-
148b was identified as a target of HOTAIRM1 in AML cells. Moreover, HOTAIRM1 knockdown inhibited
proliferation and induced apoptosis in AML cells by negatively regulating miR-148b. In summary,
HOTAIRM1 was involved in the progression of AML through targeting miR-148b, shedding light on the
biological function and molecular mechanism of HOTAIRM1 in AML.
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Non-coding RNAs (ncRNAs), a group of new regulatory
molecule with no or limited protein-coding potential, are

1. Introduction

(cc)

Acute myeloid leukemia (AML), the most prevalent type of adult
leukemia, is an aggressive heterogeneous hematological
malignancy associated with several cytogenetic, molecular, and
epigenetic aberrations."” AML is characterized by the unlimited
proliferation and blocked apoptosis of aberrantly differentiated
myeloid cells in the bone marrow (BM) and peripheral blood,
which ultimately leads to hematopoietic insufficiency and poor
prognosis.® According to the 2017 report by the American
Cancer Society, there were an estimated 21 380 new AML cases
and 10 590 deaths due to AML in the USA.* Even with the great
progress in current therapeutic approaches including chemo-
therapy and hematopoietic stem cell transplants, the clinical
outcome of AML remains unsatisfactory due to the occurrence
of chemoresistance and high rates of relapse following the
standard therapy.” Therefore, elucidating the molecular mech-
anisms underlying AML leukemogenesis is critical for the
development of novel therapeutic approaches for AML to
improve the survival of AML patients.
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attracting increasing attention due to their important roles in
AML pathogenesis.® Long ncRNAs (IncRNAs) is a class of
evolutionarily conserved ncRNAs longer than 200 nucleotides.”
Recently, substantive studies regarding IncRNAs have reported
that IncRNAs are involved in a variety of physiological and
pathological processes, such as cellular proliferation, differen-
tiation, apoptosis, and metastasis.® Several recent pieces of
evidence have demonstrated that IncRNAs are frequently
deregulated, which contribute to the pathogenesis and devel-
opment of various human malignancies including AML and
may serve as novel therapeutic targets.” Hox antisense inter-
genic RNA myeloid 1 (HOTAIRM1), located in the 5 end of
homeobox A (HOXA) genomic cluster which is highly conserved
in evolution, is transcribed antisense to the HOXA1/2 intergenic
region." As a myeloid-specific IncRNA, HOTAIRM1 regulates
gene expression in the HOXA cluster during myelopoiesis and is
associated with myeloid formation and differentiation.'* It was
demonstrated that HOTAIRM1 was highly expressed in AML
and associated with poor prognosis, shorter overall survival and
leukemia-free survival.'* However, the detailed role and
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molecular mechanism of HOTAIRM1 in AML pathogenesis
remain undefined.

As one of the best-studied ncRNAs, microRNAs (miRNAs, 18-
25 nucleotides in length) have been widely recognized as
important regulators of hematopoiesis and their dysregulation
is correlated with the pathogenesis of hematologic malignan-
cies such as AML."> miR-148a, miR-148b, and miR-152 are three
highly homologous members of the miR-148/152 family with
a common stem-loop structure and the same seed region, which
are located on human chromosome 7, 12, and 17, respectively."
Previous reports showed that the expression of the miR-148/152
family was lower in patients with AML and associated with AML
clinicopathological parameters.’* Recently, a novel regulatory
mechanism about the competitive endogenous RNA (ceRNA)
hypothesis has been proposed that the interaction between
IncRNAs and mRNAs widely exists in various biological
processes and IncRNAs function as a ceRNA to suppress the
expression and biological functions of miRNAs.*'® Our study
aimed to investigate whether HOTAIRM1 and the miR-148/152
family were involved in the ceRNA regulatory network in AML
as well as the underlying mechanism.

2. Materials and methods

2.1. Patients and blood samples

Peripheral blood samples were collected from 29 AML patients
and 17 age-matched healthy individuals at Huaihe Hospital of
Henan University. Our study was performed in accordance with
the Guidelines of Huaihe Hospital of Henan University and was
approved by the Ethic Committee at Huaihe Hospital of Henan
University. All participants signed the written informed consent
before the study.

2.2. Cell culture and transfection

Human AML cell lines HL60, THP-1, and NB4 were purchased
from the American Type Culture Collection (Manassas, VA, USA)
and grown in RPMI-1640 medium (HyClone, Logan, Utah, USA)
containing 10% heat-inactivated fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA), and 1% penicillin/streptomycin
(Sigma-Aldrich, St Louis. MO, USA) at 37 °C in a 5% CO,
humidified atmosphere. siRNA specifically targeting
HOTAIRM1 (si-HOTAIRM1), miR-148b agomir (miR-148b), miR-
148b antagomir (anti-miR-148b), and their matched controls
(si-con, miR-con, and anti-miR-con) were synthesized from
GenePharma Co., Ltd. (Shanghai, China). For transfection, cells
were seeded at 3 x 10° cells per well into 6-well plates or 5 x 10°
cells per well into 96-well plates. After 24 h, cells were trans-
fected with si-HOTAIRM1 (25 nM), si-con (25 nM), miR-148b (50
nM), miR-con (50 nM), anti-miR-148b (50 nM), or anti-miR-con
(50 nM) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). Cells were harvested 48 h after transfection.

2.3. Quantitative real-time PCR (qRT-PCR)

Total RNA from peripheral blood samples and cultured cells
were extracted using TRIzol Reagent (Invitrogen) and reversely
transcribed to cDNAs using PrimeScript RT Reagent Kit (Takara,
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Dalian, China). Then, HOTAIRM1 and miR-148b expressions
were detected by SYBR® Green Real-Time PCR Master Mixes
(Thermo Fisher Scientific, Waltham, MA, USA) and TagMan
microRNA assay (Ambion, Austin, TX, USA) on the StepOnePlus
gPCR system (Thermo Fisher Scientific). GAPDH and U6 small
nuclear RNA were chosen as the endogenous control for
HOTAIRM1 and miR-148b, respectively. The 2~ **“ method was
applied to calculate the relative gene expression. Amplification
condition consisted of a 5 min hot start at 95 °C and then 40
cycles of 95 °C for 5 s, 60 °C for 30 s, and 72 °C for 10 s. The
primers used were synthesized by Invitrogen and the primer
sequences are as below: HOTAIRM1, forward 5-CCCACCGTT-
CAATGAAAG-3’, and reverse 5-GTTTCAAACACCCACATTTC-3';
GAPDH, forward 5'-TGCACCACCAACTGCTTAG-3' and reverse
5'-GACGCAGGGATGATGTTC-3'; miR-148b, forward 5/
TGCTCAGTGCATCACAGAA-3', and reverse 5-GTGCAGGGTCC-
GAGGT-3’; U6, forward 5-GCTTCGGCAGCACATATACTAAAAT-
3/, and reverse 5'-CGCTTCAGAATTTGCGTGTCAT-3'.

2.4. Cell counting kit-8 (CCK-8) assay

HL60, THP-1, and NB4 cells were seeded at 5 x 10° cells per well
into 96-well plates in triplicates and transfected with si-
HOTAIRM1, si-con, miR-148b, miR-con, si-HOTAIRM1 + anti-
miR-148b, si-HOTAIRM1 + anti-miR-con, or si-con + anti-miR-
con. Following culturing for indicated times, 10 ul of CCK-8
working solution (Beyotime, Shanghai, China) was added into
each well and cells were incubated for another 2 h at 37 °C.
Then, the optical density of each well was measured at 450 nm
on a microplate reader (Bio-Rad, Hercules, CA, USA).

2.5. Apoptosis analysis by flow cytometry

At 48 h post-transfection, HL60 and THP-1 cells were harvested
and washed twice with ice-cold PBS. Then, the cells were
resuspended in 100 pl 1 x binding buffer and double-stained
with 5 pl annexin V and 10 ul propidium iodide (PI) for
15 min in the dark from the Annexin-VFITC Apoptosis Detection
Kit (KeyGen, Nanjing, China). The apoptotic cells were analyzed
using a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA).

2.6. Luciferase reporter assay

The wild-type fragments of HOTAIRM1 containing the pre-
dicted binding sites of miR-148b and its corresponding mutant
were synthesized by PCR and inserted into the pmirGLO dual
luciferase miRNA target expression vector (Promega, Madison,
WI, USA). The recombinant reporter plasmids were named as
WT-HOTAIRM1 and MUT-HOTAIRM1. For luciferase reporter
assay, HL60 cells were seeded into 24-well plates with 3 x 10*
cells per well and transiently cotransfected with the constructed
luciferase reporter plasmids and miR-148b or miR-con using
Lipofectamine 2000 reagent (Invitrogen). HL60 cells were har-
vested at 48 h post-transfection and the firefly and Renilla
luciferase activities were measured using the Dual-Luciferase
Reporter Assay kit (Promega).
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2.7. Statistical analysis

All experimental data are shown as mean + standard deviation
(SD). Statistical analyses were conducted using SPSS Statistics
(version 19.0; SPSS, Inc., Chicago, IL, USA). Student's ¢ test and
one-way analysis of variance were used to evaluate significant
differences. P < 0.05 was considered as statistically significant.

3. Results

3.1. The expression of HOTAIRM1 and miR-148b in AML

Bioinformatics analysis by starBase v3.0 software predicted that
HOTAIRM1 could target the miR-148/miR-152 family members
including miR-148a, miR-148b, and miR-152, and the predicted
complementary binding sites of the miR-148/miR-152 family
members to HOTAIRM1 were shown in Fig. 1A. The correlation
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between HOTAIRM1 and the miR-148/miR-152 family member
expressions in a cohort of AML patients from The Cancer
Genome Atlas (TCGA) dataset were further explored. Analysis of
TCGA AML dataset revealed that HOTAIRM1 expression was
negatively correlated with the expression of miR-148b but not
miR-148a/miR-152 in AML samples (Fig. 1B-D), suggesting that
miR-148b may be a potential target of HOTAIRM1 in AML.
Subsequently, we analyzed the expressions of HOTAIRM1 and
miR-148b in the peripheral blood samples from 29 AML
patients and 17 age-matched healthy individuals by qRT-PCR.
The results showed that HOTAIRM1 expression was higher
(Fig. 1E) while miR-148b expression was lower (Fig. 1F) in AML
patients than healthy controls. Interestingly, Pearson's corre-
lation analysis revealed a negative correlation between
HOTAIRM1 and miR-148b expression in AML patients (Fig. 1G).
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Fig. 1

Relative miR-148b expression

The expressions of HOTAIRM1 and miR-148b in AML. (A) The predicted complementary binding sites of the miR-148/miR-152 family

members to HOTAIRM1 by bioinformatics analysis using starBase v3.0 software. (B—D) The correlation between HOTAIRM1 and the miR-148/
miR-152 family member expressions in a cohort of AML patients from TCGA dataset. gqRT-PCR analysis of HOTAIRM1 (E) and miR-148b (F) in the
peripheral blood samples from 29 AML patients and 17 age-matched healthy individuals. (G) Pearson's correlation analysis of the correlation

between HOTAIRM1 and miR-148b expression in AML patients.
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3.2. The effects of HOTAIRM1 on AML cell proliferation and
apoptosis

To determine the biological functions of HOTAIRM1 in AML
cells, HL60, THP-1, and NB4 cells were transfected with si-
HOTAIRM1 or si-con. The transfection efficiency was deter-
mined by qRT-PCR and the results showed that HOTAIRM1
expression was remarkably repressed by transfection with si-
HOTAIRM1 in HL60 (Fig. 2A), THP-1 (Fig. 2B), and NB4 cells
(Fig. 2C). The subsequent CCK-8 assay demonstrated that
downregulation of HOTAIRM1 suppressed the proliferation of
HL60 (Fig. 2D), THP-1 (Fig. 2E), and NB4 cells (Fig. 2F)
compared with control groups. Flow cytometry analysis revealed
that the proportion of apoptotic HL60 and THP-1 cells was
effectively promoted after HOTAIRM1 silencing (Fig. 2G).
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Therefore, we concluded that HOTAIRM1 silencing suppressed
cell proliferation and induced apoptosis in AML cells.

3.3. The effects of miR-148b on AML cell proliferation and
apoptosis

We also determined the biological functions of miR-148b in
AML cells, HL60, THP-1, and NB4 cells were transfected with
miR-148b or miR-con. The transfection efficiency was deter-
mined by qRT-PCR and the results manifested that miR-148b
expression was upregulated following introduction with miR-
148b in HL60 (Fig. 3A), THP-1 (Fig. 3B), and NB4 cells
(Fig. 3C). The subsequent CCK-8 assay demonstrated that
augmented expression of miR-148b impeded the proliferation
of HL60 (Fig. 3D), THP-1 (Fig. 3E), and NB4 cells (Fig. 3F)
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Fig.2 HOTAIRMLI silencing suppressed cell proliferation and induced apoptosis in AML cells. (A—C) gRT-PCR was applied to examine HOTAIRM1
expression in HL60, THP-1, and NB4 cells after transfection with si-HOTAIRM1 or si-con for 48 h. (D—F) Cell proliferation was evaluated by CCK-
8 assay after HL60, THP-1, and NB4 cells were treated with si-HOTAIRM1 or si-con for 24, 48, and 72 h. (G) Apoptosis of si-HOTAIRM1 or si-con-
transfected HL60 and THP-1 cells was analyzed by flow cytometry analysis. *P < 0.05 vs. si-con.
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Fig. 3 miR-148b overexpression suppressed cell proliferation and induced apoptosis in AML cells. (A—C) miR-148b expression was detected by
gRT-PCRin HL60, THP-1, and NB4 cells transfected with miR-148b or miR-con for 48 h. (D—F) Cell proliferation was assessed by CCK-8 assay in
HL60, THP-1, and NB4 cells transfected with miR-148b or miR-con for 24, 48, and 72 h. (G) Apoptosis of miR-148b- or miR-con-transfected
HL60 and THP-1 cells was analyzed by flow cytometry analysis. *P < 0.05 vs. si-con.

compared with control groups. Meanwhile, flow cytometry
analysis further revealed that the apoptosis rates of HL60 and
THP-1 cells were increased after miR-148b overexpression
(Fig. 3G). These findings suggested that miR-148b over-
expression suppressed cell proliferation and induced apoptosis
in AML cells.

3.4. miR-148b is a target of HOTAIRM1 in AML cells

To confirm whether HOTAIRM1 could act as a molecular
sponge of miR-148b, luciferase reporter plasmids containing
the WT or MUT fragment of HOTAIRM1 were constructed
(Fig. 4A) and cotransfected with miR-148b or miR-con into HL60
cells. As shown in Fig. 4B, promotion of miR-148b significantly
decreased the luciferase activity of WT-HOTAIRM1 relative to
miR-con group, but did not change the luciferase activity of
MUT-HOTAIRM1. gRT-PCR analysis further implicated that

miR-148b expression was increased in si-HOTAIRM1-

10356 | RSC Adv., 2019, 9, 10352-10359

transfected HL60 and THP-1 cells versus si-con-introduced
group (Fig. 4C). These results proved that miR-148b is a target
of HOTAIRM1 in AML cells.

3.5. HOTAIRM1 knockdown inhibited proliferation and
induced apoptosis in AML cells by negatively regulating miR-
148b

gRT-PCR results hinted that anti-miR-148b evidently reduced
miR-148b expression in HL60 and THP-1 cells (Fig. 5A). We also
observed that anti-miR-148b elevated HOTAIRM1 expression in
HL60 and THP-1 cells (Fig. 5B). To determine whether
HOTAIRM1 exerted its role in AML via miR-148b, rescue
experiments were performed in HL60 and THP-1 cells after
transfection with si-HOTAIRM1 + anti-miR-con, si-con + anti-
miR-con, or si-HOTAIRM1 + anti-miR-148b. CCK-8 assay
uncovered that HL60 and THP-1 cells transfected with si-
HOTAIRM1 and anti-miR-con showed a remarkable inhibition

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The interaction between HOTAIRM1 and miR-148b in AML cells. (A) The WT or MUT fragments of HOTAIRM1 carrying the predicted miR-
148b binding sites. (B) HL60 cells were cotransfected with WT-HOTAIRM1 or MUT-HOTAIRM1 and miR-148b or miR-con for 48 h, and luciferase
activity was then measured by luciferase reporter assay. (C) gRT-PCR analysis was performed to detect miR-148b expression in HL60 and THP-1

cells transfected with si-HOTAIRM1 or si-con for 48 h. *P < 0.05.

of cell proliferation compared with control group, which was
greatly reversed following reintroduction with anti-miR-148b
(Fig. 5C and D). Furthermore, flow cytometry analysis demon-
strated that HOTAIRM1 knockdown conspicuously induced
apoptosis of HL60 and THP-1 cells with respect to control
group, while this effect was attenuated by cotreatment with
HOTAIRM1 knockdown and miR-148b inhibition (Fig. 5E and
F). These data suggested that HOTAIRM1 knockdown inhibited
proliferation and induced apoptosis in AML cells by upregu-
lating miR-148b.

4. Discussion

More recently, the incidence and mortality rates of AML have
risen dramatically with age in China.'” Therefore, much more
research is required to identify new available therapeutic targets
and develop effective therapeutic strategies for AML. In recent
decades, accumulating previous studies suggest that IncRNAs
could modulate gene expression through several molecular
mechanisms such as epigenetic control, transcriptional and
post-transcriptional regulation.'®* Moreover, IncRNAs have been
shown to be involved in the biological and pathological
processes of AML, acting as oncogenes or tumor suppressors.
Our study is the first direct investigation of the role and
molecular mechanism of HOTAIRM1 in AML. Herein, we
demonstrated that HOTAIRM1 was negatively correlated with
miR-148b expression in AML tissues and miR-148b was a target
of HOTAIRM1 in AML. Moreover, we identified that HOTAIRM1

This journal is © The Royal Society of Chemistry 2019

knockdown inhibited proliferation and induced apoptosis in
AML cells by acting as a ceRNA of miR-148b.

Increasing experimental data have demonstrated that
HOTAIRM1 plays crucial roles in several types of tumor.
HOTAIRM1 was abnormally upregulated in glioblastoma mul-
tiforme (GBM) tissues and cells, and its silencing caused tumor
suppressive effects in GBM in vitro and in vivo by epigenetic
regulation of HOXA1 gene.” In contrast, HOTAIRM1 was
downregulated in gastric cancer (GC) and suppressed the
progression of GC in vitro and in vivo by regulating miR-17-5p/
phosphatase and tensin homolog (PTEN) axis.” HOTAIRM1,
which was downregulated in hepatocellular carcinoma (HCC),
might suppress the proliferative ability and promote the
apoptosis of HCC cells by inhibiting the Wnt pathway.>* These
results suggested the context-dependent role of HOTAIRM1 in
different types of tumors. In the present study, we demon-
strated that HOTAIRM1 was upregulated in AML patients, in
line with the previous report."* Functional analysis revealed that
depletion of HOTAIRM1 suppressed proliferation and induced
apoptosis in AML cells, suggesting that HOTAIRM1 played an
oncogenic role in AML.

It has been proposed that IncRNAs function as endogenous
miRNA sponges to competitively target miRNAs and suppress
the function of miRNAs.'® To further elucidate the molecular
mechanism underlying the oncogenic role of HOTAIRM1 in
AML, we aimed to predict the potential miRNAs that can be
targeted by HOTAIRM1. Our bioinformatics analysis by starBase
v3.0 software predicted that the miR-148/miR-152 family
members including miR-148a, miR-148b, and miR-152, which
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Fig. 5 Effects of HOTAIRM1 or along with miR-148b on AML cell proliferation and apoptosis. (A) gRT-PCR analysis of miR-148b expression in
HL60 and THP-1 cells transfected with anti-miR-con or anti-miR-148b for 48 h. (B) gRT-PCR analysis of HOTAIRM1 expression in HL60 and
THP-1 cells transfected with anti-miR-con or anti-miR-148b for 48 h. (C and D) CCK-8 assay was performed to detect cell viability in HL60 and
THP-1 cells transfected with si-HOTAIRM1 + anti-miR-con, si-con + anti-miR-con, or si-HOTAIRM1 + anti-miR-148b for 48 h. (E and F) Flow
cytometry analysis was performed to evaluate apoptosis of HL60 and THP-1 cells after transfection with si-HOTAIRM1 + anti-miR-con, si-con +

anti-miR-con, or si-HOTAIRM1 + anti-miR-148b for 48 h. *P < 0.05.

were reported to be lowly expressed in AML,** were the predicted
potential targets of HOTAIRM1. Moreover, HOTAIRM1 expres-
sion was negatively correlated with miR-148b expression but
had no correlation with miR-148a/miR-152 expressions in AML
samples from TCGA dataset, suggesting that miR-148b may be
a potential target of HOTAIRM1 in AML. miR-148b, located on
chromosome 12q13, is well-documented to be highly expressed
in some tumors including ovarian cancer®* and lung cancer,*
but frequently downregulated in other malignancies, such as
pancreatic cancer,” GC,” and AML."*** However, the detailed
role of miR-148b in AML remains unclear. In our study, we
suggested that miR-148b expression was downregulated in AML
patients and overexpression of miR-148b inhibited proliferation
and induced apoptosis in AML cells, suggesting the tumor
suppressive role of miR-148b in AML. Furthermore, Pearson's
correlation analysis suggested a negative correlation between

10358 | RSC Adv., 2019, 9, 10352-10359

miR-148b and HOTAIRM1 in AML patients. Luciferase reporter
assay and qRT-PCR analysis indicated that HOTAIRM1 sup-
pressed miR-148b expression by acting as a ceRNA in AML cells.
Rescue experiments implied that inhibition of miR-148b
reversed the effects of HOTAIRM1 knockdown on prolifera-
tion and apoptosis in AML cells. Collectively, these results
suggested that HOTAIRM1 was involved in the progression of
AML through targeting miR-148b.

5. Conclusion

In summary, we provided the first evidence that HOTAIRM1
functioned as a molecular sponge of miR-148b in AML. Our
findings indicated that HOTAIRM1 knockdown inhibited
proliferation and induced apoptosis in AML cells by negatively
regulating miR-148b, shedding light on the biological function

This journal is © The Royal Society of Chemistry 2019
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and molecular mechanism of HOTAIRM1 in AML. Therefore,
HOTAIRM1 may be a promising therapeutic target for AML.
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