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Long non-coding RNA UCA1 modulates cell proliferation and apoptosis by
regulating miR-296-3p/Myc axis in acute myeloid leukemia
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ABSTRACT

Acute myeloid leukemia (AML) is a common hematopoietic malignancy with a generally poor
prognosis. Long non-coding RNA (IncRNA) urothelial carcinoma-associated 1 (UCA1) has been
identified as an oncogene in various malignancies including AML. However, the role and mechan-
isms of UCA1 in AML tumorigenesis were incompletely understood. Hence, this study aims to
investigate whether UCA1 regulates AML progression by miR-296-3p/Myc axis. Cell proliferation
and apoptosis were evaluated by MTT assay and flow cytometry, respectively. Luciferase reporter
assay was performed to analyze the interaction between miR-296-3p and UCA1 or Myc. The
results showed that UCA1 knockdown inhibited proliferation and induced apoptosis in AML cells
(U937 and HL60). Mechanistically, UCA1 acted as a sponge of miR-296-3p by binding to miR-296-
3p. Myg, a target of miR-296-3p, was positively regulated by UCA1. Functional assay showed that
the anti-AML effect of UCA1 knockdown could be abrogated by miR-296-3p inhibition and Myc
overexpression. Moreover, UCA1 knockdown inhibited AML cell tumorigenesis in vivo, which was
associated with regulation of miR-296-3p and Myc expression. In conclusion, UCAT modulates
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AML progression by regulating miR-296-3p/Myc axis.

Introduction

Acute myeloid leukemia (AML) is a highly hetero-
geneous hematopoietic malignant tumor charac-
terized by uncontrolled proliferation of myeloid
progenitor cells, resulting in abnormal accumula-
tion of immature precursor cells and insufficient
production of normal mature blood cells [1].
Despite significant improvements in the treatment
of AML, the prognosis of patients with AML
remains poor with a 5-year overall survival of
less than 40% [2,3]. Therefore, mechanisms under-
lying the pathogenesis of AML require illumina-
tion to improve the treatment of AML.

Increasing evidence shows that long non-coding
RNAs (IncRNAs) play an important regulatory role
in the development of AML [4,5]. LncRNAs are a type
of RNA with lengths exceeding 200 nucleotides,
which regulate gene expression and participate in
various biological processes [6]. Recently, Gan et al.
[7] reported that silencing of IncRNA zinc finger
antisense 1 (ZFAS]) inhibited proliferation and facili-
tated apoptosis in AML cells and suppressed AML
xenograft growth in vivo. Qi et al. [8] demonstrated

that a novel IncRNA H22954, lowly expressed in AML
patients, inhibited AML cell growth in a Bcl-2-depen-
dent mechanism.

LncRNA urothelial carcinoma associated 1
(UCA1) was initially identified in 2006 as
a sensitive and specific unique marker for bladder
carcinoma [9]. Existing evidence has indicted that
UCA1 was highly expressed and played an onco-
genic role in multiple malignancies [10-12]. With
regard to AML, Sun and his colleagues provided
evidence that UCA1l knockdown inhibited cell
proliferation, migration and invasion while
induced cell apoptosis in human AML cell lines
HL60 [13]. Another study demonstrated that
UCAL1 knockdown played a positive role in over-
coming the chemoresistance of pediatric AML by
inhibiting glycolysis through the microRNA
(miR)-125a/hexokinase 2 pathway [14]. However,
the mechanisms of UCA1 in AML tumorigenesis
were incompletely understood.

In the current study, we further investigated the
roles and molecular mechanisms of UCAL1 in the
development of AML. microRNA (miR)-296-3p
has been shown to exert tumor-suppressing effects
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in various tumors by targeting oncogenic factors
[15,16]. However, its role in AML remains unclear.
Myc has been shown to exert a pro-AML action
[3]. Our findings confirmed Myc as a target of
miR-296-3p. Furthermore, UCA1 knockdown sup-
pressed AML progression by acting as
a competitive endogenous RNA (ceRNA) of miR-
296-3p to upregulate Myc expression. Our findings
provide a novel view of the mechanisms involved
in AML progression that may illuminate therapeu-
tic strategies based on molecular crosstalk
manipulation.

Materials and methods
Cell culture

Human AML cells (KG1, U937, THP-1, and
HL60) and normal HS-5 bone marrow cells were
obtained from BeNa Culture Collection (Beijing,
China) and have been inspected for phenotypic
variation and mycoplasma contamination. Cells
were grown in RPMI-1640 medium (for U937,
THP-1; HyClone, Logan, UT, USA), IMDM med-
ium (for KG1 and HL60; Gibco, Carlsbad, CA,
USA), or DMEM medium (for HS-5; Gibco), sup-
plemented with 10% fetal bovine serum (Gibco)
and L-glutamine (2 mM; Gibco).

Cell transfection

UCALI overexpression vector (pcDNA3.1-UCA1),
empty vector, UCA1-siRNA, negative control
siRNA (NC-siRNA), miR-296-3p mimic, miR-
296-3p inhibitor, mimic NC, and inhibitor NC
were purchased from GenePharma (Shanghai,
China). Cells were transfected with these plasmids
or siRNA using Lipofectamine™ 2000 Transfection
Reagent (Invitrogen, Thermo Fisher Scientific,
Inc., Waltham, MA, USA).

Cell proliferation assay

Cells in logarithmic growth phase were seeded in
a 96-well plate at a density of 1 x 10* cells per well
in a final volume of 100 pL. After transfection for
48 h, 20 pL of 5 g/L MTT solution (Sigma-Aldrich,
St. Louis, MO, USA) was added to each well. After
incubation for 4 h, the supernatant was discarded

CELL CYCLE (&) 1455

and 150 pL of DMSO was added to each well.
After 15 min of shaking in the dark, the optical
density (OD) at 490 nm was examined with
a microplate reader (Multiskan MK3, Thermo
Labsystems, Finland).

Cell apoptosis assay

Cells in logarithmic growth phase were seeded in
a 24-well plate at a density of 1 x 10° cells per well
in a final volume of 500 pL. After transfection for
48 h, cells were harvested, washed twice with cold
PBS, and then resuspended in 100 pL of Binding
Buffer provided in the Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) cell
apoptosis kit (Sigma-Aldrich). Afterward, 5 pL
Annexin V-FITC and 5 pL PI were added for
10 min of incubation in the dark. The mixtures
were then analyzed using the FACScan flow cyto-
metry (BD Biosciences, Franklin Lakes, NJ, USA).

Bioinformatics analysis

To obtain the candidate miRNAs list which could
be further investigated, TargetScan (http://www.
targetscan.org/vert_72/) was used to predict the
candidate miRNAs which may target on Myc
mRNA. Moreover, starBase (http://starbase.sysu.
edu.cn/) was used to identify miRNAs which may
bind to UCAL.

Luciferase reporter assay

The fragments of UCAl and 3'-untranslated
region (UTR) of Myc containing the predicted
wild-type (WT) binding sites of miR-296-3p or
mutated miR-296-3p binding sites (Mut) were
amplified by PCR and inserted into a pMIR-
REPORT luciferase reporter vector (Ambion,
Austin, TX, USA), named as UCA1 WT, UCA1
Mut, Myc WT, and Myc Mut. For the luciferase
reporter assay, 293 cells were co-transfected with
200 ng constructed luciferase reporter vectors, 25
ng pRL-TK (expressing renilla luciferase as the
internal control) and 20 pM miR-296-3p mimic
or mimic NC using Lipofectamine 2000. The luci-
ferase activity was examined after 48 h of transfec-
tion using the luciferase assay kit (Promega,


http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/

1456 J.LIET AL

Madison, WI, USA) and the Promega GloMax 20/
20 machine.

Animal experiments

Fifteen female nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice (age,
4-week-old; weight, 15-16 g) were obtained from
Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The animals were given free
access to food and water at 22°C under a 12-h
light/dark cycle. All experiments were performed
in compliance with the guidelines for the Care and
Use of Laboratory Animals of the National
Institutes of Health. This study was approved by
the Ethics Committee of The First Affiliated
Hospital of Bengbu Medical College. Every effort
was made to minimize animal suffering and the
number of animals used.

After acclimation for 1 week, mice were ran-
domly divided into three groups (n = 5 per group),
namely, control, LV-sh-NC (lentiviruses bearing
scramble shRNA), and LV-sh-UCA1 (lentiviruses
bearing UCA1 shRNA). HL60 cells were infected
with LV-sh-UCA1 or LV-sh-NC. At 24 h after
infection, infected cells (1 x 107) stably expressing
LV-sh-UCA1 or LV-sh-NC (Hanbio, Shanghai,
China) were subcutaneously injected into the
underarm of NOD/SCID mice. The mice in the
control group received a subcutaneous injection of
untreated HL60 cells. Tumor volume (V, mm?)
was monitored every 1 week after injection using
a caliper and calculated following the formula:
V = (ab®)/2, wherein a is the longest dimension
(mm) and b is the perpendicular width (mm).
Animals were sacrificed under anesthesia with
pentobarbital (50 mg/kg body weight, intraperito-
neally) at 5 weeks post-injection and tumor tissues
were separated. Expression of UCA1l and miR-
296-3p, as well as mRNA expression of Myc were
examined by quantitative real-time PCR (qRT-
PCR). Protein levels of Myc, proliferating cell
nuclear antigen (PCNA), Bax, and Bcl-2 were mea-
sured by western blot.

qRT-PCR analysis

Total RNA was extracted from tumor tissues and
cells by using Trizol reagent (Invitrogen) and then

reverse transcribed into cDNA using a reverse
transcription kit (Takara, Dalian, China). After
that, the expression of UCAl and Myc was
detected using the SYBR premix (Takara) whereas
the expression of miR-296-3p was using the
miRNA qRT-PCR Detection kit (GeneCopoeia,
Rockville, MD, USA) using primers listed in
Table 1. U6 and GAPDH were used as internal
references for miRNA and mRNA/IncRNA,
respectively.

Western blot

Total proteins were extracted from tumor tissues and
cells using the radioimmunoprecipitation assay lysis
buffer (Beyotime, Shanghai, China). Then the pro-
tein samples were loaded and separated with 10%
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gels and transferred to polyvinylidene
difluoride membrane. After the blockade of nonspe-
cific protein signals, the membranes were probed
overnight at 4 °C with the following primary anti-
bodies: Myc, PCNA, Bax, Bcl-2, and GAPDH (all
from Abcam, Cambridge, UK; 1:1000). The mem-
branes were then incubated with the horseradish
peroxidase-conjugated secondary antibody (1:2000;
Abcam) for 1 h at room temperature. Blots were
examined by an Enhanced Chemiluminescence
(ECL) Detection kit (Pierce Biotechnology,
Rockford, IL, USA).

Statistical analysis

Student’s t-test and one-way ANOVA were used to
analyze data with SPSS 22.0 software (IBM,
Chicago, IL, USA). P < 0.05 was considered to
indicate a statistically significant difference.

Table 1. The sequence of primers used for qRT-PCR.
Genes

Sequences (5'-3")

UCA1 Forward CACTCTTTGCCAGCCTCAGCTT
Reverse AGGTGTGAGTGGCGGTCTGAAT

miR-296-3p Forward GAGGGTTGGGTGGAGGCTCTCC
Reverse GTGCAGGGTCCGAGGT

Myc Forward CCTGGTGCTCCATGAGGAGAC
Reverse CAGACTCTGACCTTTTGCCAGG

GAPDH Forward GTCTCCTCTGACTTCAACAGCG
Reverse ACCACCCTGTTGCTGTAGCCAA

ué6 Forward GCTTCGGCAGCACATATACTAAAAT
Reverse CGCTTCACGAATTTGCGTGTCAT




Results

Decreased miR-296-3p expression and
upregualted UCA1 and Myc expression in AML
cells

Expression of UCA1 was significantly higher in
human AML cells (KGI1, U937, THP-1, and
HL60) than that in normal HS-5 bone marrow
cells (Figure 1(a)). Conversely, miR-196-3p expres-
sion was notably downregulated in these four
AML cells (Figure 1(b)). The mRNA and protein
levels of Myc were significantly higher in these
AML cells than that in HS-5 cells (Figure 1(c,d)).

UCA1 knockdown inhibited AML cell proliferation
and induced apoptosis

To assess the biological role of UCA1 in AML, we
explored the effect of UCA1 knockdown on the
proliferation and apoptosis of U937 and HL60
cells. Data from qRT-PCR confirmed that UCA1
expression was distinctly downregulated following
transfection with UCA1-siRNA (Figure 2(a,b)).
MTT assay demonstrated that the growth of cells
transfected with UCAI1-siRNA was notably
impaired (Figure 2(c,d)). Furthermore, flow cyto-
metry analysis indicated that the downregulation
of UCAL greatly facilitated apoptosis in these cells
(Figure 2(e,f)). Moreover, protein levels of PCNA
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(a proliferative marker) and anti-apoptotic Bcl-2
were noticeably downregulated whereas expression
of pro-apoptotic Bax was strikingly upregulated
following UCA1 knockdown in both U937 and
HL60 cells (Figure 2(g,h)).

UCAT1 acted as a ceRNA of miR-296-3p to elevate
Myc expression

To unravel the mechanism of UCA1 behind biolo-
gical behaviors of AML cells, we performed bioinfor-
matics analysis and found that UCA1 harbors
putative binding sites of miR-296-3p (Starbase).
Furthermore, the proto-oncogene Myc (also called
c-Myc) is identified as a putative target of miR-296-
3p (Targetscan). We further determined the relation-
ship among UCA1, miR-296-3p, and Myc. UCAL1
knockdown remarkably upregulated miR-296-3p
expression (Figure 3(a,d)) and downregulated Myc
mRNA and protein levels (Figure 3(b,c,e,f)) in both
U937 and HL60 cells. A dual-luciferase reporter
assay was performed to further analyze the interac-
tion between UCA1 and miR-296-3p as well as miR-
296-3p and Myc 3'UTR and the results showed that
miR-296-3p mimic led to a significant decrease in
luciferase activity in UCA1 WT group, whereas had
no obvious effect on that in UCA1 Mut group,
verifying the direct interaction between UCAI and
miR-296-3p (Figure 3(g)). Furthermore, the

Relative Myc mRNA level

Figure 1. Expression of UCA1, miR-296-3p, and Myc in human AML cells. qRT-PCR analysis of (a) UCA1 expression, (b) miR-296-3p
expression, and (c) Myc mRNA expression, and (d) western blot analysis of Myc protein level in human AML cells (KG1, U937, THP-1,
and HL60) and normal HS-5 bone marrow cells. *P < 0.05, **P < 0.01, vs. HS-5.
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Figure 2. Effect of UCAT knockdown on AML cell proliferation and apoptosis. (a—b) UCA1 expression determined by gRT-PCR
analysis, (c—d) cell viability determined by MTT assay, (e—f) cell apoptosis determined by flow cytometry, and (g—h) protein levels of
PCNA, Bax, and Bcl-2 determined by western blot analysis in U937 and HL60 cells which were transfected with NC-siRNA and UCA1-
siRNA. The data are presented as the mean = SD (n = 3). *P < 0.05, **P < 0.01, vs. NC-siRNA.

luciferase activity in the Myc WT group was notably
decreased following introduction of miR-296-3p
mimic. However, the luciferase activity remained
unchanged following miR-296-3p overexpression
when the binding sites between Myc 3'UTR and
miR-296-3p were mutated. These data suggested
that Myc was a direct target of miR-296-3p (Figure
3(g))-

Also, introduction of miR-296-3p mimic signif-
icantly upregulated miR-296-3p expression (Figure
4(a,e)), downregulated UCA1 expression (Figure 4
(b,f)) and Myc mRNA and protein levels (Figure 4
(c,d,g,h)) in both U937 and HL60 cells. In con-
trast, inhibition of miR-296-3p by transfection
with miR-296-3p inhibitor yielded the opposite
effect on expression of miR-296-3p, UCAl and
Myc (Figure 4(a-h)). In contrast to miR-296-3p
mimic, UCA1 overexpression remarkably upregu-
lated mRNA and protein levels of Myc in both
cells. More importantly, the inhibition of Myc by
miR-296-3p mimic was attenuated by UCA1 over-
expression (Figure 5(a-d)). Together, these find-
ings indicated that UCA1 might act as a ceRNA

for miR-296-3p and prevent it from binding to
Myc mRNA, leading to upregulation of Myc.

UCA1 knockdown inhibited AML cell proliferation
and induced apoptosis by regulating miR-296-
3p/Myc axis

To determine whether UCA1 knockdown inhibits
AML cell proliferation and induces apoptosis by
regulating miR-296-3p/Myc axis, we co-transfected
U937 and HL60 cells with UCA1-siRNA and miR-
296-3p inhibitor. MTT assay and flow cytometry
assay revealed that the proliferation-inhibitory and
pro-apoptotic effect of UCA1 knockdown was par-
tially abrogated by inhibition of miR-296-3p (Figure
6(a,b)). Furthermore, the UCA1l knockdown-
mediated downregulation of PCNA and Bcl-2 and
upregulation of Bax protein levels were negated by
miR-296-3p inhibition (Figure 6(c)). Similarly, Myc
overexpression also overturned the proliferation-
inhibitory and pro-apoptotic effect of UCA1 knock-
down in both U937 and HL60 cells (Figure 7(a-c)).
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Figure 3. Interaction between UCA1, miR-296-3p, and Myc. Effect of UCA1 knockdown on (a, d) miR-296-3p expression, (b, e) Myc
mRNA expression, and (c, f) Myc protein level in U937 and HL60 cells was evaluated by qRT-PCR and western blot. (g) Predicted
binding sites between UCA1 and miR-296-3p (Starbase) as well as mutant sites in UCAT Mut reporter. Predicted binding sites
between Myc 3'UTR and miR-296-3p (Targetscan) as well as mutant sites in Myc 3'UTR Mut reporter. Luciferase reporter assay was
performed to evaluate the interaction between UCA1 and miR-296-3p as well as miR-296-3p and Myc 3'UTR. The data are presented
as the mean + SD (n = 3). **P < 0.01, vs. NC-siRNA or mimic NC.

UCA1 knockdown inhibited AML cell confirmed to be significantly downregulated in
tumorigenesis in vivo and regulated miR-296- tumors formed by LV-sh-UCA1-infected HL60 cells
3p and Myc (Figure 8b). Consistent with the in vitro assay, miR-

296-3p expression was greatly upregulated (Figure 8
(c)), whereas Myc mRNA and protein levels were
notably downregulated (Figure 8(d,e)) following the
knockdown of UCA1. Moreover, UCA1 knockdown
noticeably decreased protein levels of PCNA and Bcl-
2, whereas markedly increased that of Bax in tumors
(Figure 8(e)).

To investigate whether the expression level of UCAL1
affect AML cell tumorigenesis, HL60 cells stably
expressing LV-sh-UCA1 or control LV-sh-NC were
inoculated into NOD/SCID mice. UCA1 knockdown
led to a notable reduction of tumor volume in HL60
cells-induced mouse xenograft models of AML
(Figure 8(a)). Furthermore, UCA1 expression was
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Figure 4. miR-296-3p negatively regulated UCAT and Myc expression. Effect of miR-296-3p overexpression and miR-296-3p
inhibition on (a, €) miR-296-3p expression, (b, f) UCA1 expression, (c, g) Myc mRNA expression, and (d, h) Myc protein level in
U937 and HL60 cells. The data are presented as the mean + SD (n = 3). **P < 0.01, vs. mimic NG; &p < 0.01, vs. inhibitor NC.

Discussion

LncRNAs and miRNAs play crucial roles in reg-
ulating multiple cellular processes and have been
reported as potential therapeutic targets in AML
[17,18]. miRNAs, a class of evolutionarily con-
served, endogenous non-coding RNAs of about
22 nucleotides, can post-transcriptionally regulate
gene expression of target mRNAs, resulting in
translational repression or target degradation
[19]. It is well-established that IncRNAs can exert
their functions by acting as a ceRNA to segregate
miRNAs away from target mRNAs, leading to the
downregulation of miRNAs, upregulation of
miRNA target genes and suppression of miRNAs-
mediated functional roles [20,21]. The ceRNA is
an important mechanism of IncRNA-regulated
gene function. For instance, Tian et al. [22] deli-
neated that IncRNA SBF2-AS1 modulated AML
cell proliferation by acting as a ceRNA of miR-

188-5p to sequester it from its target zinc finger
protein 91 (ZFP91).

LncRNA UCA1 is located on chromosome
19p13.12 with 1.4 kb in length and has been iden-
tified as an oncogene in multiple malignancies
[10-12]. In leukemia, UCA1 has been reported to
contribute to chemoresistance of leukemia includ-
ing AML [14,23]. Furthermore, UCA1 knockdown
suppressed cell proliferation, migration and inva-
sion while facilitated cell apoptosis in human mye-
logenous leukemia cell lines K562 and HL60 [13].
In the current study, we observed that UCA1 was
highly expressed in human AML cells (KG1, U937,
THP-1, and HL60) and as expected, UCA1 knock-
down inhibited proliferation and induced apopto-
sis in both U937 and HL60 cells. To our
knowledge, we demonstrated for the first time
that UCA1 knockdown suppressed HL60 cell
tumorigenesis in vivo. This study further supple-
ments the cancer-promoting function of UCA1 in
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Figure 5. UCA1 overexpression attenuated the inhibition of Myc by miR-296-3p. (a, ¢) Myc mRNA expression and (b, d) Myc protein
level in U937 and HL60 cells which were co-transfected with UCA1 overexpression vector/empty vector and miR-296-3p mimic/
mimic NC. The data are presented as the mean + SD (n = 3). *P < 0.05, **P < 0.01, vs. mimic NC+Vector; ##p < 0.01, vs. mimic NC

+UCA1 or Vector+miR-296-3p mimic.

AML based on the existing literature, emphasizing
UCAL1 as a promising therapeutic target for AML.

The proposed mechanisms for the oncogenic
functions of UCA1 in malignancies were compli-
cated and one important one was its capacity of
sponging certain miRNAs [11,13]. Using bioinfor-
matics analysis and luciferase reporter assay, we
found that UCA1 acted as a sponge of miR-296-3p
by binding to miR-296-3p. Importantly, the pro-
liferation-inhibitory and pro-apoptotic effect of
UCA1 knockdown was overturned by miR-296-
3p inhibition, indicating that UCA1l contributes
to AML progression by sponging miR-296-3p.
miR-296-3p has been shown to exert tumor-
suppressing effects in various tumors by targeting
oncogenic factors [15,16]. In the present study, we
also identified Myc as a target of miR-296-3p. Myc
is a proto-oncogene and acts as an important
regulator of several cellular processes, including
cell proliferation and apoptosis [24,25]. Myc has

been identified as an AML-related oncogenic and
anti-apoptosis gene and has been shown to exert
a pro-AML action [3]. It has been reported that
IncRNA potassium voltage-gated channel subfam-
ily Q member 1 overlapping transcript 1
(KCNQI1OT1) promoted AML progression by act-
ing as a ceRNA of miR-326 to elevate Myc expres-
sion [26]. Also, a recent study has shown that
UCAL1 can regulate expression of Myc by binding
to certain miRNAs [24]. Our present study adds to
this research by demonstrating that UCA1 posi-
tively regulated Myc expression by sponging miR-
296-3p to segregate it away from Myc mRNA.
Moreover, in HL60 cells-induced mouse xenograft
models of AML, the inhibition of tumor formation
following UCA1 knockdown was accompanied by
upregulation of miR-296-3p and downregulation
of Myc. Together, UCA1/miR-296-3p/Myc axis
was responsible for UCA1l promoting AML
progression.
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Figure 6. miR-296-3p inhibition attenuated the anti-AML action of UCA1 knockdown. (a) Cell viability determined by MTT assay, (b)
cell apoptosis determined by flow cytometry, and (c) protein levels of PCNA, Bax, and Bcl-2 determined by western blot in U937 and
HL60 cells which were co-transfected with NC-siRNA/UCA1-siRNA and inhibitor NC/miR-296-3p inhibitor. The data are presented as

the mean + SD (n = 3). *P < 0.05, **P < 0.01, vs. inhibitor NC+NC-siRNA; *P < 0.05, #P < 0.01, vs. inhibitor NC+UCA1-siRNA.

Conclusion apoptosis by regulating miR-296-3p/Myc axis in

AML. Our findings may provide the feasibility for
using IncRNA-based therapy in AML treatment.

In conclusion, the results in the present study show
that UCA1 modulates cell proliferation and
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