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Purpose: Acute myeloid leukemia (AML) is the most common type of leukemia and
characterized by the malignant growth of leukemic cells. Adenosine deaminases acting on
RNA 1 (ADARI1) have been shown to participate in the proliferation of cancer cells and
progression of various cancers. However, the role of ADARI in AML has not been
investigated.

Patients and methods: We compared the expression levels of ADAR1 between samples
obtained from different AML patients and controls using quantitative-polymerase chain
reaction and Western blotting. We also investigated the functional role and possible mechan-
isms via silencing the expression of ADARI in vitro and in vivo.

Results: We found that the mRNA and protein levels of ADAR1 were significantly higher in
AML patients. The mRNA expression of ADAR1 was positively correlated with the ratio of
leukemic cells. Additionally, silencing of ADARI expression significantly suppressed the prolif-
eration of AML cells and induced GO0/1 arrest. For the analysis of the mechanism, the quantitative-
polymerase chain reaction and Western blotting results revealed that ADAR1 knockdown resulted
in the decreased expression of Wingless-Int (Wnt) effectors including p-catenin, c-Myc, transcrip-
tion factor 4, and cyclin D2. In the nude mouse model, inhibition of ADARI expression reduced
the tumorigenic potential and decreased the expression o]f Wnt effectors.

Conclusion: These results demonstrate that ADAR1 may be involved in the regulation of
the proliferation of AML cells partially via regulation of the Wnt signaling pathway.
Keywords: acute myeloid leukemia, ADARI, proliferation, cell cycle, Wnt pathway

Introduction

Acute myeloid leukemia (AML) is the most common type of leukemia, with an
annual incidence of 3-4/100,000 adults." AML is characterized by the uncontrolled
proliferation and accumulation of leukemic cells in the bone marrow.” It is gen-
erally recognized that the rapid growth of leukemic cells and the deregulation of
signaling pathways leads to the development and progression of AML.*> Although
substantial advancements in improving therapy against AML have been achieved in
the previous decades, the prognosis remains poor and the mechanisms of leukemo-
genesis are not completely understood.* An increasing number of studies have
revealed that AML displays a complex variety of genetic changes, which results
in the malignant proliferation of AML cells and variable clinical prognosis of AML
patients.” Consequently, better understanding of these changes is essential for the
effective treatment of AML and design of novel personalized therapies.®
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Adenosine deaminase acting on RNA 1 (ADARI1), a
double-stranded RNA-editing enzyme, participates in var-

processes.L10

ious physiological and pathological
Emerging evidence has shown that ADARI is involved
in modulating the proliferation, progression, and drug
resistance of several cancers including liver,'' lung,'
and cervical cancer.'” It has been demonstrated that the
role of ADARI in various cancers may be completely
distinct. A study reported that overexpression of ADARI
promoted the growth of lung cancer cells.'? In contrast,
another study demonstrated that downregulation of
ADARI may increase the proliferation of metastatic mel-
anoma cells.'* In hematological malignancies, it was pre-
viously revealed that ADARI is for the

maintenance of both fetal and adult hematopoietic stem

essential

cells.'® The expression and activity of ADARs are modu-
lated during the differentiation of myeloid cells.'® In addi-
tion, a formal study showed that ADAR1 was highly
expressed in pediatric acute leukemia.'® Based on the
evidence provided in previous reports, ADARI] may be a
novel diagnostic biomarker and prognostic predictor in
leukemia. However, its functions and underlying mechan-
isms in adult AML have not been fully elucidated.

In this study, we aimed to detect the expression levels of
ADARI in bone marrow samples obtained from adult
patients with AML of different disease status and controls.
Furthermore, the roles of ADAR1 were investigated in vivo
and in vitro by silencing its expression. Subsequently, sev-
eral mechanisms potentially involved in regulating the pro-
liferation of AML cells through ADARI1 were also studied.

Materials and methods

Patients

All patients included in this study provided written
informed consent. The study was approved by the Ethics
Committee of The Third Xiangya Hospital of Central South
University (Changsha, China). We divided all the newly
diagnosed patients or patients in progression into AML
(N=63) and AML-CR groups (N=38) according to the latest
National Comprehensive Cancer Network guidelines.'” We
excluded the AML-M3 patients as their pathogeneses and
treatments deviated significantly from those of other AML
patients. A total of 27 patients diagnosed with iron anemia
and idiopathic thrombocytopenic purpura were enrolled and
formed the control group. The ratio of leukemic cells was
identified through flow cytometric analysis. Bone marrow
mononuclear cells (BMMCs) of the patient samples were

prepared through Ficoll-Hypaque density gradient

centrifugation.

Cell lines and culture conditions

Human K562 cells were kindly provided by the Tumor
Research Institute of the Central South University. The use
of these cells was approved by the ethics committee of the
institutional review board of The Third Xiangya Hospital,
Central South University (IRB2018-S090). Cells were cul-
tured in RPMI 1640 medium containing 10% fetal bovine
serum in a 5% carbon dioxide incubator at 37 °C and
harvested in the exponential growth phase.

Adenoviral vectors

The adenoviral vectors (control and shADART1) were pro-
vided by Dr. Wang (Pittsburgh, PA, USA). The generation
and purification of Ad-control and Ad-shADARI, as well
as the identification of TCID50, were performed by the
Genechem Gene Technology Company Ltd. (Shanghai,
China). Total RNA and protein were prepared 48 h post-
transfection, and subjected to quantitative-polymerase
chain reaction (qPCR), Western blotting, and in-vivo
analysis.

Isolation of total RNA and real-time PCR
Total RNA from BMMCs and K562 cells were isolated
using the TRIzol reagent according to the instructions
Life
synthesized using

provided by the manufacturer
USA). cDNA was
Moloney Murine Leukemia Virus Reverse Transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA) following
the recommendations provided by the manufacturer. The

(Invitrogen
Technologies,

mRNA expression levels were measured via relative quan-
titative real-time PCR (qRT-PCR) using the CFX96™
Real-Time System (Bio-Rad Laboratories, Hercules, CA,
USA). The real-time PCR amplification was performed
using the SYBR Green Mix (Bio-Rad Laboratories). All
reactions were performed in triplicate. The expression
levels were analyzed using the cycle quantification value
calculated through the ACycle threshold method. The
amplification efficiencies were validated showing identical
slopes. A negative control without template was also
included. Human umbilical vein endothelial cells were
used as a positive control. The following primers were
used:

ADARI1-Forward: TGGCAGCCTCCGGGTG,

ADARI1-Reverse: TGTCTGTGCTCATAGCCTTG;

B-actin-Forward: CAGGGCGTGATGGTGGGCA,
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B-actin-Reverse: CAAACATCATCTGGGTCATCTTC
TC;
B-catenin-Forward: TGGTGACAGGGAAGACATCA,
B-catenin-Reverse: CCATAGTGAAGGCGAACTGC;
c-Myc-Forward: GGAGACACCGCCCACCA,
c-Myc-Reverse: GCGCTGCGTAGTTGTGCTG;
TCF4-Forward: GTACTGACCCAGTGCCATCTT,
TCF4-Reverse: AGTTTGATGGCAAGGAAGGCT;
CCND2-Forward: ACCACCTTCTTGGCTAAGTCC,
CCND2-Reverse: TGCTGAACTTTGCACTCCCT.

Western blotting

The BMMCs, K562 cells, and mouse tumors were treated
with radioimmunoprecipitation assay lysis buffer for 30 min.
After centrifugation at 12,000% rpm for 15 min, the super-
natant was used for the whole-protein lysate samples. Protein
concentrations were determined using the bicinchoninic acid
standard method. Protein extracts were analyzed through
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
using 6-12% gels, followed by transfer to polyvinylidene
fluoride membranes. Subsequently, the membranes were
blocked in non-fat milk for approximately 1 h at room
temperature, and subsequently incubated for 2 h at room
temperature or overnight at 4 °C with primary antibodies.
The membranes were incubated with anti-ADARI1 (1:200;
Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-3-
catenin (1:2,000; Proteintech, Wuhan, China); anti-c-Myc
(1:1,000; Cell Signaling Technology, Danvers, MA, USA);
anti-transcription factor 4 (anti-TCF4: 1:2,000; Proteintech);
anti-Cyclin D2 (anti-CCND2: 1:2,000; Proteintech), or anti-
B-actin (1:5,000; Proteintech) antibodies at 4 °C overnight.
This was followed by incubation with horseradish peroxi-
dase-conjugated secondary antibodies (1:5,000; Proteintech).
Immunoreactive bands were visualized using the enhanced
chemiluminescence method according to the instructions
provided by the manufacturer (Bio-Rad Laboratories). All
Western blotting analyses were performed in triplicate inde-
pendent experiments.

Cell proliferation assay and colony

formation in soft agar

K562 cells were seeded in a 96-well plate at a density of
1x10° cells per well. The growth rate of cells was mea-
sured using the Cell Proliferation MTT Kit (Sigma-—
Aldrich, St. Louis, MO, USA) according to the instruc-
tions provided by the manufacturer. Three independent
experiments were performed. For the soft agar assay,

1x10% cells were seeded in 0.6% low-melting agarose
(Sigma—Aldrich) and placed at the bottom of a six-well
plate. After culture for 2 weeks, surviving colonies (>50
cells per colony) were counted and stained with crystal
violet (Sigma—Aldrich). Triplicate independent experi-
ments were performed.

Cell cycle analysis

Cell cycle analysis was performed using flow cytometry as
previously described. K562 cells, which were infected
with Ad-control or Ad-shADARI, were fixed in 70%
ethanol for 24 h. Subsequently, cells were washed thrice
with pre-cooled phosphate-buffered saline (PBS) and incu-
bated with RNase A (0.2 mg/mL) diluted in pre-cooled
PBS. Propidium iodide was subsequently added, and the
samples were analyzed with the FACScalibur Flow
Cytometer (BD Biosciences, San Jose, CA, USA).

In-vivo analysis

Evaluation of the in-vivo efficacy of ADARI1 in K562 cells
was performed using a xenograft model in immunodeficient
nude mice. Male nude mice (aged 5—7 weeks) were housed
under conditions of constant photoperiod (12-h light/dark
cycles) with sterilized food and water. Prior to inoculation,
K562 cells were washed twice with PBS and resuspended in
RPMI-1640. Each mouse was subcutaneously inoculated over
the flank with 1x10” K562 cells in a total volume of 0.2 mL.
Tumor diameter was measured once every 3 days using cali-
pers, and tumor volume was calculated using a standard for-
mula: width®x length x0.52. Body weights of the mice were
measured once every 3 days. The mice were sacrificed 40 days
after inoculation through cervical dislocation. The tumor tis-
sues were removed and stored at —80 °C until further analysis.
The Animal Experiment Committee of the Central South
University approved all the protocols for the care and treat-
ment of animals. This research adhered to the instructive
notions for the care for laboratory animals, released by the
Ministry of Science and Technology (China) on September
30th, 2006.

Immunohistochemical staining

The tumor sections were deparaffinized, rehydrated, and
washed with PBS. Antigen retrieval was performed in
10 mM sodium citrate buffer at pH 6.0 for 20 min in a
microwave oven. After blocking with 3% hydrogen per-
oxide for 10 min, the sections were incubated with 0.1%
TritonX-100 in PBS for 20 min at room temperature, and
subsequently immersed in a blocking solution of 5%
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bovine serum albumin for 20 min at room temperature.
(1:100)
Immunohistochemistry Antibody Diluent, and the sections

Primary antibodies were added in an
were incubated overnight at 4 °C. Subsequently, the sec-
tions were rinsed with PBS and incubated for 1 h at room
temperature with a horseradish peroxidase-conjugated
Goat anti-Rabbit IgG polyclonal antibody. The sections
were rinsed with PBS and the signal was developed
using the peroxidase substrate 3,3’-diaminobenzidine,
which appears as a brown reaction product. All sections
were counterstained with hematoxylin and images were

captured under a microscope.

Statistical analysis

The SPSS version 21.0 software (IBM Corp., Armonk, NY,
USA) was used to perform data analyses. The expression
levels of ADARI in clinical samples were compared using
the Wilcoxon signed-rank test. Spearman correlation coeffi-
cients were used to evaluate the positive correlation between
the mRNA expression of ADAR1 and ratio of leukemic cells
in clinical samples. Quantitative data are presented as
mean =+ standard error of the mean. The chi-squared test
was used to determine the significance of differences
among the covariates. The significance of the in-vitro data
was determined using the Student’s #-test (two-tailed). A
P<0.05 denoted statistically significant difference.

Results
Expression of ADARI is increased in
AML patients and positively correlated

with leukemic cells

As shown in Figure 1A, we first examined the mRNA
expression of ADAR1 in BMMCs obtained from different
AML patients and controls using the qPCR method. The
results revealed that the expression of ADAR1 mRNA was
significantly higher in the BMMCs of AML patients,
whereas it was relatively lower in the AML-CR and con-
trol group. Spearman analysis was used to detect the link
between the expression of ADARI mRNA and the ratio of
leukemic cells. As shown in Figure 1B, we found that the
levels of ADAR1 mRNA were positively correlated with
the ratio of leukemic cells (Figure 1B: r=0.432; P<0.001).
Subsequently, we examined the expression of ADARI
protein in different AML patients and controls using
Western blotting. Owing to the limited volumes of clinical
samples extracted from bone marrow, we were only able to
examine 32 AML samples, 18 AML-CR samples, and 15

control samples. The results showed that the AML patients
had the highest levels of ADARI protein, whereas AML-
CR patients and controls did not demonstrate a positive
expression of ADARI protein (Figure 1C and D).

Silencing of ADARI contributes to the
decrease in the proliferation of leukemic

cells in vitro

Considering that AML patients express relatively higher
levels of ADARI, we use adenovirus transfection to silence
its expression in K562 cells. The transfection efficiency of
shADARI1 in K562 cells was evaluated by qPCR and
Western blotting (Figure 2A and B). As expected, after
transfection, the level of ADARI in K562 cells was signifi-
cantly decreased by approximately 90% compared with that
measured in the Ad-control. Notably, the transfection effi-
ciency was sustained for 3 weeks (data not shown). For
functional analysis, cells transfected with sShRNA targeting
ADARI1 were found to be less tumorigenic, as manifested by
the decreased rates in cell growth (Figure 2C) and the
decreased capability for colony focus formation (Figure 2D
and E). Additionally, a significant increase was detected in
the population of cells at the G0/1 phase at day 5, along with
a decrease in cells at the G2 phase compared with control
cells (Figure 2F and G).

Silencing of ADARI in K562 cells results
in the inhibition of wingless-int (wnt)
pathway effectors

We examined the expression levels of several signaling path-
ways, which play important roles in regulating the prolifera-
tion of AML, to identify the molecular mechanisms involved
in the effects of ADARI on the proliferation of AML cells.
As shown in Figure 3A, we found that several Wnt pathway
effectors (B-catenin, c-Myc, TCF4, and CCND2) were down-
regulated in shADARI cells compared with control cells.
This result was further confirmed by Western blotting in
shADARI1 and control cells (Figure 3B). Our results indi-
cated that ADAR1 may regulate the proliferation of AML
cells through the Wnt pathway.

Silencing of ADAR 1 inhibits the proliferation

of AML cells and wnt pathway in vivo

Immunodeficient nude mice were subcutaneously injected
with K562 cells transduced with Ad-Control or Ad-
shADARI to further investigate the effect of ADARI on
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Figure | Expressions of ADARI in AML patients and the control subjects. (A) The mRNA levels of ADARI in AML patients and control subjects were measured by qPCR .
(B) The relationship between the levels of ADARI mRNA and the ratio of leukemic cells. (C) Representative pictures of three independent experiments that gave similar
results were shown. (D) Summarized data of Western blots of the levels of ADARI protein in AML patient and control group. Data were shown as mean * S.E.M. *P<0.05.

*#r=0.432, P<0.001 Spearman correlation analysis.

the proliferation of AML cells in vivo. Six days after injec-
tion, all mice had developed detectable tumors. On day 14
after tumor inoculation, the mice harboring tumors with
reduced expression of ADARI showed drastically
decreased tumor growth (Figure 4A) compared with the
control group, as demonstrated by their substantially
reduced body weight (Figure 4B). The tumors were resected
and analyzed as follows. Using Western blotting and immu-
nohistochemical staining, it was shown that tumor tissues
derived from shADARI1-transduced cells exhibited reduced
expression of B-catenin, c-Myc, TCF4, and CCND2 com-
pared with the control group (Figure 4C—E). These results
suggested that downregulation of ADARI1 may have inhib-
ited the proliferation of AML cells via the Wnt pathway.

Discussion

Markedly high expression levels of ADAR1 were previously
reported in Chinese pediatric patients with leukemia.'® A
study utilizing a chronic myeloid leukemia mouse model

showed that deletion of ADAR1 may normalize the periph-
eral white blood count and eliminate leukemic cells, reveal-
ing a new role of ADAR1 in myeloid leukemia cells.'® These
previous findings prompt us to investigate the role of
ADARTI in the development of adult AML. In the present
study, we found that the expression of ADARI1 was signifi-
cantly higher in patients with AML, and silencing of ADARI1
decreased the proliferation of AML cells and expression of
Wnt effectors in vitro or in vivo. Our data indicated that
ADARI1 may promote the proliferation of AML cells by
regulating the Wnt signaling pathway.

Previous reports have shown that ADAR1 is involved
in regulating the proliferation, apoptosis, and invasion of
numerous types of cancer, including gastric,'” hepatocel-

""and lung cancer.'” However, there is

lular carcinoma,
limited information regarding the expression levels and
functions of ADARI in adult AML. Our findings demon-
strated that the levels of ADAR1 mRNA and protein were

markedly higher in patients with AML compared with
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Figure 2 Silence of ADARI in AML cell line inhibits the proliferation of K562 cells. (A) The transfection efficiency of adenoviral vectors were measured by qPCR. (B) The
transfection efficiency of adenoviral vectors were measured by Western Blot. (C) The effects of ADARI knockdown on cell proliferation in K562 cells measured by MTT
assay. (D) The effects of ADARI| knockdown on colony formation capacity of K562 cells. The same amounts of related cells were plated into a 6-well plate. Cell colonies
were stained and counted after two weeks. (E) Summarized data of the colony formation assay. (F) The effects of ADARI knockdown on cell cycle of K562 cells measured
by flow-cytometry assay. (G) Summarized data of the cell cycle analysis. All the above experiments were repeated at least three times. The data represents mean * SD of

three independent experiments. *P<0.05.

those measured in the AML-CR or control groups.
Moreover, the ratio of malignant leukemic cells showed
a positive correlation with the expression of ADARI
mRNA (r=0.426; P<0.001). Of note, patients with AML
showed a positive expression of ADARI protein, whereas

the AML-CR and controls did not express the ADARI
protein. This observation suggested higher specificity in
the level of ADARI protein in AML samples. Based on
these results, we propose that ADARI is highly expressed
in AML patients and may play an oncogenic role in the
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development of AML. However, further flow sorting of
AML cells with specific markers in BMMCs may help to
precisely investigate the expression levels of ADARI.

The role of ADARI in the development of hematopoi-
esis is well established.'® Thus, ADARI1 is essential for the
survival of hematopoietic cells. In addition, ADARI is
important in the development of malignant leukemic
cells.'> Considering that ADARI is highly expressed in
patients with AML, we downregulated the expression of
ADARI using adenoviral infections for a detailed investi-
gation of its functions. Our functional assays demonstrated
that depletion of ADARI may significantly inhibit the
proliferation and clonal formation of leukemic cells in
vitro and in vivo. Moreover, we showed that the down-
regulation of ADARI significantly induced cell cycle
arrest at GO/1, which is consistent with the reduced expres-
sion of CCND2. These data indicated that ADARI is
involved in modulating the proliferation of AML cells by
affecting the leukemic cell cycle. Similar effects of
ADARI1 on the proliferation of tumor cells were also
observed in other types of cancer.'>'*?° The results of
this study provide a novel understanding of the role of
ADARI in the development of adult AML cells. However,
the specific mechanisms through which ADARI regulates
changes in the leukemic cell cycle and proliferation remain
unknown.

There are numerous signaling pathways (mTOR, nuclear
factor-kB, NOTCH, and Wnt) participating in the regulation
of proliferation and the cell cycle of AML cells.*' ** The
mTOR and Wnt pathways have been previously reported to
modulate the functions of ADARI1.""?° It has been shown
that loss of ADAR1 may alter the expression of Wnt targets,
including CCNDI1 and c-Myc, in intestinal functions.?® The
canonical Wnt signaling pathway is activated by the entry of
B-catenin into the nucleus, and promotes transcriptional acti-
vation in conjunction with TCF4. Furthermore, it activates
target genes that are related to the survival and proliferation
of cancer cells.”® We recognized that the CCND2 is one of
the important target genes of the canonical Wnt pathway.
Therefore, we examined other key regulators of the Wnt
pathway (B-catenin, c-Myc, TCF4) to further investigate the
role of this pathway after knockdown of ADARI1. We found
that deletion of ADAR1 in AML cells resulted in decreased
expression of these Wnt target genes. Moreover, the in-vivo
results also confirmed that the Wnt signaling pathway may be
the downstream target of ADARI in modulating the prolif-
eration of AML cells. These data imply the presence of a
novel mechanism involved in the effects of ADARI1 on the

proliferation and cell cycle of AML cells. However, whether
the regulation of AML cell proliferation by ADARI is
merely dependent on the Wnt pathway warrants further
investigation.

Conclusion

Our study reported that ADAR1 may function as an onco-
gene in adult AML. The mRNA expression of ADAR1 was
associated with the ratio of leukemic cells. In addition,
ADARTI displayed growth-enhancing activity in vitro and
in vivo, as demonstrated by the depletion experiments in
cell culture and mouse models. In the analysis of the mechan-
ism, deletion of ADARI resulted in decreased expression of
certain target genes involved in the Wnt pathway. These
findings provide new insights into the biological value of
ADARLI in the proliferation of AML cells, and suggest that
ADARI may be useful in the detection of additional biomar-
kers related to the development of AML.
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