
ONCOLOGY LETTERS  22:  799,  2021

Abstract. A previous study has reported the oncogenic role 
of circular RNA (circ)‑ATAD1 in gastric cancer. The aim of 
the present study was to investigate the role of circ‑ATAD1 
in acute myeloid leukemia (AML). Bone marrow mono‑
nuclear cells were collected from 60 patients with AML and 
60 healthy controls, followed by RNA isolation and reverse 
transcription‑quantitative PCR to assess the expression of 
circ‑ATAD1 and microRNA (miR)‑34b. A subcellular frac‑
tionation assay was used to determine the subcellular location 
of circ‑ATAD1 in AML cells. Furthermore, circ‑ATAD1 and 
miR‑34b were overexpressed in AML cells to study crosstalk 
between the two molecules. The effect of circ‑ATAD1 over‑
expression on miR‑34b gene methylation was also analyzed 
by methylation‑specific PCR, and the roles of circ‑ATAD1 
and miR‑34b in the regulation of AML cell proliferation were 
analyzed by BrdU assay. circ‑ATAD1 expression was found to 
be elevated, and inversely correlated with that of miR‑34b, in 
patients with AML. Subcellular fractionation assays showed 
that circ‑ATAD1 was specifically expressed in the nucleus. 
In addition, circ‑ATAD1 overexpression in AML cells 
decreased miR‑34b expression and increased miR‑34b gene 

methylation. Moreover, AML cell proliferation was increased 
by circ‑ATAD1 overexpression, but decreased by miR‑34b 
overexpression, and the effect of circ‑ATAD1 overexpression 
on AML cell proliferation was reduced by miR‑34b overex‑
pression. Together, these results indicate circ‑ATAD1 as a 
nucleus‑specific circRNA in AML, which promotes AML cell 
proliferation by downregulating miR‑34b via methylation.

Introduction

Acute myelogenous leukemia (AML) is the most common type 
of acute leukemia, accounting for ~80% of all cases world‑
wide (1). AML develops from the bone marrow and blood, and 
is characterized by rapid progression and a highly aggressive 
nature (2). Although AML is a severe malignancy, it is treat‑
able and often curable with chemotherapy in combination with 
targeted drugs  (3,4). However, chemoresistance frequently 
occurs after long‑term therapy, resulting in chemotherapeutic 
failure and poor patient survival times (5,6). Therefore, the 
development of novel therapeutic approaches to further 
improve patient survival is urgently required.

Molecular‑targeted therapies are emerging novel 
approaches for AML treatment, which regulate the expression 
of related genes (7‑9). With an increasing understanding of the 
molecular mechanisms of AML, certain molecular pathways, 
such as PI3K/Akt/mTOR signaling and glutathione metabo‑
lism pathways, have been indicated as potential targets for 
anti‑AML therapy (10,11). However, molecular‑targeted therapy 
is still in the research stages. Assessment of therapeutic safety, 
and the identification of more effective drug targets, are being 
widely researched. As covalently closed, single‑strand RNA 
transcripts, circular RNAs (circRNAs) are involved in various 
cancer types by regulating the expression of cancer‑related 
genes (12). Noncoding RNAs have been regarded as novel regu‑
lators of cancer progression (13). microRNAs (miRNAs/miRs) 
and circRNAs are two important types of noncoding RNA. 
MiR‑34b is one of the hallmark miRNAs that are associ‑
ated with AML chemotherapy resistance (14). Furthermore, 
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miR‑34b regulates ubiquitin‑specific protease 2a expression 
to increase intracellular glutathione content and indirectly 
interfere with the oxidative cascade, triggered by chemothera‑
peutic agents (15). Circ‑ATAD1 is a newly identified circRNA 
contributing to gastric cancer cell progression (16). However, 
to the best of our knowledge, its role in other cancer types is 
yet to be reported. Therefore, the present study was conducted 
to investigate the role of circ‑ATAD1 and miR‑34b in AML.

Materials and methods

Research subjects. A total of 60 patients with AML (38 men 
and 22 women; age, 62.2+/‑5.7 years) and 60 healthy controls 
(38  men and 22  women; age, 62.1+/‑5.8  years) who were 
admitted to the Xing'an League People's Hospital (Ulanhot, 
China) between May 2017 and May 2020, were enrolled in 
the present study. All healthy controls showed normal physi‑
ological parameters in systemic physiological examination, 
including bone marrow blasts <4%, and had no history of 
AML. All patients were diagnosed using a bone marrow test. 
All enrolled patients had a percentage of bone marrow blasts 
>20% (with a mean of 21.5%) and no previous history of AML 
or other malignancies. Patients with other clinical disorders 
(such as metabolic disorders, chronic diseases and severe infec‑
tion), and who had initiated therapy for such disorders within 
3 months prior to admission, were excluded. The present study 
was approved by the Ethics Committee of Xing'an League 
People's Hospital (approval no. 323SE), and all patients and 
control subjects provided written informed consent.

Bone marrow mononuclear cells (BMMNCs) and AML 
cell lines. Bone marrow was collected from all patients and 
healthy controls by biopsy, and used to isolate BMMNCs using 
lymphocyte separation medium (TBD Science; Tian Jin Hao 
Yang Biological Manufacture Co., Ltd.). The isolation proce‑
dure was conducted following the manufacturer's instructions. 
Briefly, 2 ml bone marrow mixed with medium was centrifuged 
at 400 x g for 15 min. The second layer of the supernatant 
(containing the lymphocytes) was then used for cell culture. 
The Beckman MoFlo Astrios high‑performance, live‑cell 
sorting system (Beckman Coulter, Inc.) was used to isolate 
BMMNC subpopulations, as outlined in a previous study (17). 
PE‑conjugated mouse anti‑human CXCR4 (cat. no. 60089PE.1; 
Stemcell Technologies, Inc.) and APC‑conjugated rat 
anti‑human CD45 (cat. no. 28145‑1; Signalway Antibody LLC) 
were used to isolate the BMMNCs, per the sorting identification 
strategy of a previous study (17). The cells were resuspended 
in minimal essential medium with Earle's salts (Gibco; Thermo 
Fisher Scientific, Inc.) containing 10% fetal calf serum and 
1% antibiotics (penicillin/streptomycin; Gibco; Thermo Fisher 
Scientific, Inc.); 1x107 resuspended bone marrow cells were 
seeded into 100‑mm cell culture dishes and incubated at 37˚C in 
a humidified incubator with 5% CO2. Kasumi‑3 and Kasumi‑6 
AML cell lines were purchased from the ATCC, and cultured 
in RPMI‑1640 medium (10% FBS) at 37˚C in an incubator with 
5% CO2 and 95% humidity. Cells used in the subsequent assays 
were collected at ~85% confluence.

Transient transfection. Overexpression of circ‑ATAD1 and 
miR‑34b was achieved by transfecting 1x106 Kasumi‑3 or 

Kasumi‑6 cells with a circ‑ATAD1 expression vector (1 µg; 
pcDNA3.1 backbone vector; Invitrogen; Thermo Fisher 
Scientific, Inc.) or miR‑34b mimics (10 nM; Sigma‑Aldrich; 
Merck KGaA) using Lipofectamine®  2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) (1:2). Untransfected and 
empty vector‑ or NC miRNA‑(Sigma‑Aldrich; Merck KGaA) 
transfected cells were used as the normal control and negative 
control (NC) cells, respectively. The sequences of the miR‑34b 
mimics and miR‑NC are displayed in the Table I. After incu‑
bation with the transfection mixture for 6 h at 37˚C, cells were 
immediately washed with fresh medium, followed by culture 
in fresh medium for another 48 h prior to use.

RNA isolation and reverse transcription‑quantitative (RT‑q)
PCR. Total RNA was isolated from BMMNCs and in vitro 
cultured cells using RNAzol reagent (Sigma‑Aldrich; Merck 
KGaA), and treated with DNA eraser (Takara Bio, Inc.) 
at 37˚C until the OD260 nm/280 nm ratio had reached ~2.0 
(pure RNA). The integrity of all RNA samples was deter‑
mined by electrophoresis using a 5% urea‑PAGE gel. Total 
RNA was used for first‑strand cDNA synthesis with the Prime 
Script RT reagent kit (Takara Bio, Inc.) per the manufacturer's 
instructions. Circ‑ATAD1 expression was determined using 
the SYBR® Green Quantitative RT‑qPCR Kit (Sigma‑Aldrich; 
Merck KGaA) with GAPDH as the internal control. Mature 
miR‑34b expression was analyzed using the All‑in‑One™ 
miRNA qRT‑PCR Detection Kit (GeneCopoeia, Inc.) with 
U6 as the internal control. All operations were completed 
following the manufacturers' instructions. The qPCR thermo‑
cycling conditions for all genes, cirRNA and miRNAs were 
as follows: 95˚C for 1 min, followed by 40 cycles of 95˚C for 
10 sec and 60˚C for 45 sec. PCR reactions were performed 
using the CFX96 Touch Real‑Time PCR Detection System 
(Bio‑Rad Laboratories, Inc.). Ct values of the targeted genes 
were normalized to the corresponding internal controls 
based on the 2‑ΔΔCq method, which was used to quantify gene 
expression (18). The qPCR primers are listed in Table II.

Subcellular fractionation assay. Both the nuclear and cyto‑
plasmic fractions of Kasumi‑3 and Kasumi‑6 cells were 
prepared using the Nuclei Isolation Kit: Nuclei EZ Prep 
(Sigma‑Aldrich; Merck KGaA) according to the manufac‑
turer's instructions, and used for RNA isolation and RT‑qPCR 
to detect circ‑ATAD1, with GAPDH as the internal control.

Fluorescence in   s i tu hybrid iza t ion (FISH) and 
immunofluorescence (IF). IF staining with anti‑histone 
H3 (1:300; cat. no. ab6002; Abcam) was in reference to a 
previous study (19). The Blocking buffer was PBS with 1% 
BSA (Thermo Fisher Scientific, Inc.). The Alexa fluor 555 
anti‑rabbit antibody (cat. no. ab150078; Abcam) was used as 
the secondary antibody (1:500). FISH was performed using 
Kasumi‑3 and Kasumi‑6 cells as described previously (19). 
The probe of cir‑ATAD1 (TAC​CAC​AGC​CTG​GAG​GCC​
CAT​AG) was synthesized and labeled with digoxigenin 
(DIG‑dUTP) by Sangon Biotech (Shanghai) Co., Ltd. 
Specifically, the slices covered by cells were fixed in 4% 
paraformaldehyde (MilliporeSigma) for 10  min at room 
temperature. Before pre‑hybridization, cells were permeabi‑
lized with cold 0.1% Triton X‑100 and pre‑hybridized with 
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a hybridization buffer at 37˚C for 1 h. The slides were incu‑
bated with a hybridization buffer containing the FISH probe 
at 95˚C for 5 min, and then at 37˚C overnight in the dark in 
a humid chamber. The samples were washed with 2 x saline 
sodium citrate buffer (SSC) for 10 min at 37˚C, 1 x SSC for 
2 x 5 min at 37˚C, and 0.5 x SSC for 10 min at room tempera‑
ture. The slides were then incubated with anti‑DIG‑488 
(1:300; cat. no. ab150077; Abcam) at 37˚C for 50 min, and the 
nuclei were counterstained with DAPI at room temperature 
for 30 min. Finally, the slices were sealed in fluorescence 
decay‑resistant medium and images were obtained under a 
fluorescence microscope (Nikon Corporation).

Methylation‑specific PCR (MSP). Genomic DNA isolation 
from transfected Kasumi‑3 and Kasumi‑6 cells was performed 
using a routine method (20). All genomic DNA samples were 
processed using the EZ DNA Methylation‑Gold™ Kit (Zymo 
Research Corp.) per the manufacturer's protocol. Then, 
qPCR and routine PCR were performed to detect methyla‑
tion of the miR‑34b gene promoter using PCR Master Mix 
x2 (Invitrogen; Thermo Fisher Scientific, Inc.). The MSP 
primers can be used to amplify methylated template, while 
the primers for unmethylation‑specific PCR (USP) do not 
amplify these products. Both the MSP and USP conditions 
were as following: 95˚C for 5 min, followed by 40 cycles of 

95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 50 sec, and 
then 72˚C for 10 min. All primers used for MSP and USP 
are listed in Table III.

BrdU assay. A total of 3x103 transfected Kasumi‑3 and 
Kasumi‑6 cells were transferred to each well of a 96‑well plate 
in 0.1 ml medium, and cultured at 37˚C for 48 h before the 
addition of BrdU. The experiment was conducted using the 
BrdU Cell Proliferation Assay (cat. no. QIA58; Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's protocol. Then, 
cells were cultured with 20  µl/well diluted BrdU reagent 
(10 mM) for 6 h, fixed with Fixing solution and incubated for 
30 min. After fixation, the cells were incubated for another 
48 h with peroxidase‑coupled anti‑BrdU‑antibody (supplied 
by the kit), followed by washing twice with ice‑cold PBS. 
After incubation with peroxidase substrate for 3 h, OD values 
were measured at  450  nm. For the represent images, the 
anti‑Brdu (1:500; cat. no. ab6362; Abcam) was used as primary 
antibody, and Goat anti‑rabbit Alexa Fluor® 546 (1:2,000; 
cat. no. A11010; Invitrogen; Therno Fisher4 Scientific, Inc.) 
was used as the secondary antibody. The detailed method has 
been previously published (21).

Statistical analysis. AML and control groups were compared 
by unpaired t‑test. Comparisons among multiple independent 

Table I. Sequences of oligonucleotides.

Oligonucleotide	 Sequence (5'‑3')

Mimics NC sense	 UUCUCCGAACGUGUCACGUU
Mimics NC antisense	 AACGUGACACGUUCGGAGAA
miR‑34b mimics sense	 UAGGCAGUGUCAUUAGCUGAUUG
miR‑34b mimics antisense	 CAAUCAGCUAAUGACACUGCCUA

NC, negative control; miR, microRNA.

Table II. Sequences of quantitative PCR primers.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

Circ‑ATAD1	 GTTTCCTTCCTGTGTGAGGC	 GGTCCGAGACGGTCCTTAAA
U6	 CTCGCTTCGGCAGCACA	 AACGCTTCACGAATTTGCGT
miR‑34b	 AGGCAGTGTCATTAGCTGATTGT	 ACAATCAGCTAATGACACTGCCT
GAPDH	 CCATTTGCAGTGGCAAAG	 CACCCTTTGTGTTAGTG

Table III. Sequences of primers used for MSP.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

miR‑34b USP	 TTTTTATTTGTTTTGTTTTGTGTTTGTTTTG	 CAACTACAACTCCCAAACAATCC
miR‑34b MSP	 ATTCGTTTCGTTTCGCGTTCGTTTC	 CGACTACAACTCCCGAACGATCCG

MSP, methylation‑specific PCR. USP, Unmethylation‑specific PCR.

https://www.spandidos-publications.com/10.3892/ol.2021.13060
https://www.spandidos-publications.com/10.3892/ol.2021.13060
https://www.spandidos-publications.com/10.3892/ol.2021.13060


WU et al:  circ‑ATAD1 UPREGULATION IN AML PROMOTES CANCER CELL PROLIFERATION4

cell transfection groups were analyzed by one‑way ANOVA 
followed by Tukey's test. Correlations were analyzed by 
Pearson's correlation coefficient. Data are presented as the 
mean ± standard deviation of three independent replicates. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Patients with AML exhibit altered expression of circ‑ATAD1 
and miR‑34b. Samples of BMMNCs from both patients with 
AML (n=60) and healthy controls (n=60) were subjected to 
RNA isolation and RT‑qPCR to determine the differential 
expression of circ‑ATAD1 and miR‑34b. Compared with the 
controls, circ‑ATAD1 was highly expressed in AML (Fig. 1A, 
P<0.01), while miR‑34b expression was lower in AML 
(Fig. 1B, P<0.01), suggesting that circ‑ATAD1 upregulation 
and miR‑34a downregulation may be involved in AML. To 
study the crosstalk between circ‑ATAD1 and miR‑34b, their 
correlations across both AML and control samples were deter‑
mined using Pearson's correlation analysis. The data showed 
that circ‑ATAD1 and miR‑34b were closely and inversely 
correlated across AML samples (Fig. 1C; P<0.0001), but not 
across the control samples (Fig. 1D). Therefore, circ‑ATAD1 
and miR‑34b may interact with each other in AML.

circ‑ATAD1 overexpression decreases miR‑34b expression 
in AML cells. To further study the crosstalk between 
circ‑ATAD1 and miR‑34b, Kasumi‑3 and Kasumi‑6 cells were 
transfected with either a circ‑ATAD1 overexpression vector 
or miR‑34b mimics, followed by expression confirmation 
every 24 h until 96 h. It was observed that both circ‑ATAD1 
and miR‑34b were overexpressed between 24 and 96 h post 
transfection (Fig. 2A and B, P<0.05). In addition, circ‑ATAD1 
overexpression decreased that of miR‑34b (Fig. 2C, P<0.05). 
By contrast, miR‑34b overexpression failed to significantly 
alter circ‑ATAD1 expression (Fig. 2D). Therefore, circ‑ATAD1 
may downregulate miR‑34b expression in AML cells.

Circ‑ATAD1 is a nucleus‑specific circRNA that increases 
miR‑34b gene methylation in AML cells. A subcellular 
fractionation assay was used to determine the subcellular 
location of circ‑ATAD1 in both Kasumi‑3 and Kasumi‑6 
cells, and circ‑ATAD1 was only detected in the nuclear 
fractions (Fig. 3A). The relative expression of circ‑ATAD1 
and miR‑34b in Kasumi‑3 cells (nuclei), in Kasumi‑6 cells 
(nuclei), in the control and that in the AML patient samples 
is also provided. The expression levels of circ‑ATAD1 
were highest in AML samples (Fig. 3B; P<0.01), and those 
of miR‑34b were highest in the healthy control samples 
(Fig.  3C; P<0.01). FISH (Figs.  S1  and  S2) also showed 

Figure 1. Expression of circ‑ATAD1 and miR‑34b is altered in patients with AML. Samples of bone marrow mononuclear cells from patients with AML 
(n=60) and healthy controls (n=60) were subjected to RNA isolation and reverse transcription‑quantitative PCR to determine the differential expression 
of (A) circ‑ATAD1 and (B) miR‑34b. To study the crosstalk between circ‑ATAD1 and miR‑34b, correlation analyses across both (C) AML and (D) control 
samples were conducted by Pearson's correlation coefficient. ***P<0.01. circ, circular RNA; AML, acute myelogenous leukemia; miR, microRNA.
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similar results. In addition, the effects of circ‑ATAD1 
overexpression on miR‑34b gene methylation were analyzed 
by MSP. Compared with cells transfected with empty 
pcDNA3.1 vector, cells transfected with the circ‑ATAD1 
expression vector showed increased methylation of miR34b 
(Fig. 3D). These results indicate the significantly different 
expression of these two molecules in healthy and tumor 
cells. In addition, the expression of miR‑34b was regulated 
by circ‑ATAD1 through methylation‑related mechanisms in 
Kasumi‑3 and Kasumi‑6 cells.

Circ‑ATAD1 overexpression promotes the proliferation of 
AML cells through miR‑34b. The role of circ‑ATAD1 and 
miR‑34b in regulating Kasumi‑3 (Fig. 4A and C) and Kasumi‑6 
(Fig. 4B and D) cell proliferation was analyzed using a BrdU 
assay. Circ‑ATAD1 overexpression increased cellular prolif‑
eration, while miR‑34b overexpression decreased cellular 
proliferation (both (P<0.05). Moreover, co‑transfection analysis 
showed that the effect of circ‑ATAD1 overexpression on AML 
cell proliferation was reduced by miR‑34b overexpression 
(P<0.05). The results indicated Circ‑ATAD1 overexpression 

Figure 2. Circ‑ATAD1 overexpression decreases miR‑34b expression in AML cells. (A) Kasumi‑3 and (B) Kasumi‑6 cells were transfected with either 
circ‑ATAD1 expression vector or the miR‑34b mimics, followed by confirmation of overexpression every 24 h until 96 h. Relative expression of (A) circ‑ATAD1 
and (B) miR‑34b in Kasumi‑3 and Kasumi‑6 cells were compared between 24 and 96 by RT‑qPCR. Effects of (C) circ‑ATAD1 overexpression on miR‑34b 
expression, and the effects of (D) miR‑34b overexpression on circ‑ATAD1 expression were also analyzed by RT‑qPCR. Data are presented as the mean ± SD 
of three independent replicates. *P<0.05. circ, circular RNA; miR, microRNA; AML, acute myelogenous leukemia; C, control; NC, negative control; RT‑q, 
reverse transcription‑quantitative.

https://www.spandidos-publications.com/10.3892/ol.2021.13060
https://www.spandidos-publications.com/10.3892/ol.2021.13060
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promotes the proliferation of AML cells through miR‑34b. The 
Circ‑ATAD1‑miR‑34b cell signaling axis, which contributed 
the tumor cell proliferation, has been revealed. However, 
methylation‑related mechanisms were the major regulation 
mechanism between Circ‑ATAD1 and miR‑34b.

Discussion

BMMNCs are located in hematopoietic niches and play 
important roles in protecting leukemic cells from conven‑
tional chemotherapy (19). Leukemia initiating cells (LICs) 
interact with their surrounding bone marrow microenvi‑
ronment  (22), and the complex cell network surrounding 
LICs determines their fate (23). Various cellular signaling 
pathways and metabolic mechanisms regulate the BMMNC 
microenvironment and contribute to AML develop‑
ment (24,25). However, the detailed regulation mechanism 
for BMMNC malignant transformation has not been clearly 
defined.

The involvement of circ‑ATAD1 in AML, and its potential 
crosstalk with miR‑34b, a tumor suppressor in AML (26), 
were investigated in the present study. As such, circ‑ATAD1 
was found to be upregulated in AML, which downregulated 

miR‑34b expression through methylation, promoting AML 
cell proliferation.

A previous study characterized circ‑ATAD1 as an onco‑
genic circRNA in gastric cancer (16), where it was reported to 
be upregulated. Furthermore, circ‑ATAD1 was found to sponge 
miR‑140‑3p to upregulate YY1 expression. Additionally, YY1 
activates the transcription of phosphorylated CTD interacting 
factor 1 to promote cancer cell proliferation, invasiveness 
and migration (16). Consistently, circ‑ATAD1 was found to 
be upregulated in AML in the present study, with enhancing 
effects on cancer cell proliferation. Therefore, circ‑ATAD1 is 
likely an oncogenic circRNA in AML. However, as miRNA 
sponges, most circRNAs are primarily localized in the 
cytoplasm (27); the present study revealed that circ‑ATAD1 
was only detected in the nucleus, and not in the cytoplasm. 
Therefore, we hypothesize that circ‑ATAD1 may be expressed 
in different subcellular locations in different cell types, though 
further confirmative investigation is required.

miR‑34b was recently confirmed to target heat shock 
factor protein 1 in AML, which suppressed cell survival (26). 
Consistently, the present study showed that miR‑34b 
was downregulated in AML, and that its overexpression 
suppressed cellular proliferation, further confirming the 

Figure 3. Circ‑ATAD1 is a nucleus‑specific circRNA that increases methylation of the miR‑34b gene in AML cells. (A) Subcellular fractionation assays were 
used to determine the subcellular location of circ‑ATAD1 in both Kasumi‑3 and Kasumi‑6 cells. Relative expression of (B) circ‑ATAD1 and (C) miR‑34b 
in Kasumi‑3 cells (nuclei), Kasumi‑6 (nuclei) cells and (C) samples from healthy control and patients with AML. Expression of GAPDH or U6 in the 
nuclei of Kasumi‑3 and Kasumi‑6 cells was normalized to ‘1’. Effects of circ‑ATAD1 overexpression on miR‑34b gene methylation were analyzed by MSP 
(D) Representative gel images of three biological replicates are presented. Data are presented as the mean ± SD of three independent replicates. **P<0.01. circ, 
circular RNA; miR, microRNA; AML, acute myelogenous leukemia; MSP methylation‑specific PCR; USP, unmethylation‑specific PCR.
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tumor suppressive role of miR‑34b in AML. However, to the 
best of our knowledge, the upstream regulators of miR‑34b in 
AML have not been reported previously. In the current study, 
circ‑ATAD1 was shown to be a nucleus‑specific circRNA. 
DNA methylation is known to occur in the nucleus (28), and 

numerous circRNAs potentially regulate the methylation of 
miRNAs in association with cancer biology (29,30). Notably, 
the present study revealed that circ‑ATAD1 downregulated 
miR‑34b expression in AML by increasing methylation of 
the miR‑34b gene promoter. Furthermore, miR‑34b mimics 

Figure 4. Circ‑ATAD1 overexpression increases acute myelogenous leukemia cell proliferation through miR‑34b. Role of circ‑ATAD1 and miR‑34b in regu‑
lating (A) Kasumi‑3 and (B) Kasumi‑6 cell proliferation was analyzed by BrdU assay. Representative images of (C) Kasumi‑3 and (D) Kasumi‑6 cells are 
displayed. Scale bar, 20 µm. Blue signals indicate DAPI staining; red signals indicate Brdu signaling Normalized data of three biological replicates are 
presented. Mean values of three replicates are presented. *P<0.05. circ, circular RNA; miR, microRNA; NC, negative control.

https://www.spandidos-publications.com/10.3892/ol.2021.13060
https://www.spandidos-publications.com/10.3892/ol.2021.13060
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reversed circ‑ATAD1 overexpression‑induced cellular 
proliferation, indicating an interaction between the two 
noncoding RNAs. However, a moderate correlation was 
observed between circ‑ATAD1 and miR‑34b across AML, 
but not the control samples. Therefore, certain AML‑related 
factors may be involved in mediating the interaction 
between circ‑ATAD1 and miR‑34b. Collectively, the results 
of the present study revealed the circ‑ATAD1‑miR‑34b 
axis as a novel regulatory signaling pathway specific to 
AML malignant transformation. However, its downstream 
genes, and the specific role and contribution in different cell 
types at different transformation phases, requires further 
investigation.

In conclusion, circ‑ATAD1 is upregulated in AML and 
promotes AML cell proliferation by downregulating miR‑34b 
via promoter methylation.
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