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ABSTRACT

Decitabine (DAC) is an inhibitor of DNA methyltransferase used to treat leukemia, but primary or
secondary resistance to DAC may develop during therapy. The mechanisms related to DAC
resistance remain poorly understood. In this study, we find that miR-29b expression was
decreased in various leukemia cell lines and AML patients and was associated with poor prog-
nosis. In DAC-sensitive cells, miR-29b inhibited cell growth, promoted apoptosis, and increased
the sensitivity to DAC. Similarly, it exerted anti-leukemic effects in DAC-resistant cells. When the
miR-29b promoter in DAC-resistant cells was demethylated, its expression was not up-regulated.
Furthermore, the expression of ID1, one of the target genes of miR-29b, was down-regulated in
miR-29b transfected leukemic cells. ID1 promoted cell growth, inhibited cell apoptosis, and
decreased DAC sensitivity in leukemic cells in vitro and in vivo. ID1 was down-regulated in DAC-
sensitive cells treated with DAC, while it was up-regulated in DAC-resistant cells. Interestingly, the
ID1 promoter region was completely unmethylated in both DAC-resistant cells and sensitive cells
before DAC treatment. The growth inhibition, increased DAC sensitivity, and apoptosis induced by
miR-29b can be eliminated by increasing ID1 expression. These results suggested that DAC
regulates ID1 expression by acting on miR-29b. Abnormal ID1 expression of ID1 that is methyla-
tion independent and induced by miR-29b may be involved in the process of leukemia cells
acquiring DAC resistance.
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1. Introduction . . )
5-azadeoxycytidine and 5-aza-2-deoxycytidine (deci-

Acute myeloid leukemia (AML) is a group of malig-  tabine, DAC) can replace cytosine to covalently bind

nant clonal diseases of hematopoietic system and the
most common hematological malignant tumor [1,2].
Leukemia cells excessively proliferate in hematopoie-
tic tissues such as bone marrow, which inhibits normal
hematopoiesis [2,3]. AML pathogenesis involves
many abnormal changes such as cell differentiation,
proliferation, apoptosis, and chromosome and gen-
ome instability [4-8]. In addition, epigenetic modifi-
cations such as microRNA (miRNA) and DNA
methylation expression play an important role in
AML pathogenesis and progression [9-13]. Disease
development is characterized by numerous hyper-
methylation changes of tumor suppressor genes,
which are related to DNA methyltransferases
(DNMTs) [14-16]. The DNMT inhibitors

to and inactivate DNMTs, which reactivates tumor
suppressor genes silenced by methylation, and even-
tually exert an anti-tumor role by restoring tumor cells
to normal terminal differentiation, aging, or apoptosis
[17,18].

Decitabine has become one of the important
drugs for patients with AML and myelodysplas-
tic syndrome [19-22]. However, some patients
develop primary or secondary resistance during
treatment, which leads to treatment failure and
disease progression. Reducing or delaying the
occurrence of drug resistance is a challenge in
the clinical treatment of leukemia that has
become an important area of research [23-25].
However, the mechanism of DAC resistance is
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not clear. Jia Yu reported decreased of TRAF6
blocked decitabine-induced DNMT degradation,
leading to decitabine resistance in triple-negative
breast cancer [26]. Knockdown of TBCIDI16
decreased cell proliferation and ERK phosphor-
ylation levels, as well as increased sensitivity to
decitabine in AML cells [27]. SAMHDI1 expres-
sion inversely correlates with response to deci-
tabine in leukemic cells and SAMHDI1 ablation
could increase the anti-leukemic activity of dec-
itabine [28].

We previously established a DAC-resistant leu-
kemic cell line (K562/DAC) and characterized its
expression profile [29]. The results showed some
genes and miRNAs with significantly different
expressions compared with DAC-sensitive cells;
miR-29b was down-regulated, and inhibitor of
DNA binding 1 (ID1) expression was up-
regulated in K562/DAC cells. MiR-29b plays
a role as an anti-oncogene in many types of
tumors including leukemia [30-33]. ID1 is
a target gene of miR-29b [34]; a negative regula-
tor of the helix-loop-helix (HLH) transcription
factor; and plays an oncogenic role in promoting
cell cycle, proliferation, migration and inhibiting
apoptosis [35-38]. This evidence led us to assess
the role of miR-29b-ID1 signaling in DAC drug
resistance. In this study, we investigated miR-29b
expression in AML patients, evaluated the clinical
significance of miR-29b expression, and explored
the role of miR-29b-ID1 in DAC resistance from
an epigenetic perspective.

2. Materials and methods
2.1. Samples

The Ethics Committee of Affiliated People’s Hospital
of Jiangsu University approved this study, including
the use of samples from de novo AML patients and
healthy controls, approved this study. 25 healthy con-
trols and 102 AML patients came from the sample
bank of our hospital and all patients signed the
informed consent form. The diagnosis of AML was
made according to World Health Organization cri-
teria and the French-American-British classification.
Bone marrow (BM) mononuclear cells were extracted
from BM specimens used gradient centrifugation
(TBD Sciences, China).

2.2. BALB/C nude mice

The Experimental Animal Management and Use
Committee of Jiangsu University approved animal
studies. Twenty 6-week-old female specific pathogen-
free female BALB/c nude mice weighing (20 +2)
g were purchased from Shanghai Slack Experimental
Animal Co., Ltd. with license number of SCXK
(Shanghai, China) 2017-0005. All mice keep in speci-
fic pathogen free. Cells injected subcutaneously on the
back of mice. The weight of mice and the volume of
tumors measured every three days. Sacrifice of mice
abides by the ethical principles of welfare of experi-
mental animals. Volume = 0.5 x length x width?

2.3. Cell culture and transfection

Human leukemia cell lines K562, THP-1, HL60, and
U937 were purchased from the American Type
Culture Collection (ATCC). The K562/DAC line was
constructed in our laboratory [29]. Cells were cultured
in 10% fetal calf serum (ExCell Bio, Shanghai, China)
and 100 U/ml penicillin/streptomycin  (Wisent,
Nanjing, China) in RPMI 1640 medium (Wisent,
Nanjing, China) at 37°C in a 5% CO, humidified
atmosphere. Lentiviruses over-expressing ID1 or
silencing ID1, lentivirus over-expressing miR-29b,
and inhibitor of miR-29b were purchased from
Shanghai Jikai Biological Co., Ltd. (Shanghai, China).
Cell transfection was performed according to the
manufacturer’s instructions. In brief, 5x 10° cells
were cultured in 12-well plates containing 10%
serum and 10 pl lentivirus was added to each well.
The supernatant was removed by centrifugation, and
a new culture medium containing 10% serum was
added after 24 hours. The puromycin was added
after 48 hours of transfection. After sorting by flow
cytometry, the sorted cells were used in subsequent
experiments.

2.4. Cell growth assays

Cells (3 x10°) were distributed equally into 96-
well plates. After culture for 0, 24, 48, and 72 h,
10 pl CCK-8 (Dojindo, Kumamoto, Japan) reagent
was added to each well. The optical density (OD)
value was measured at 450 nm of the absorbance
using a microplate reader to analyze cell growth.



2.5. Half maximal inhibitory concentration
(IC50) detection

Cells (1 x 10*) cells were seeded onto a 12-well plate
containing complete culture solution and different
concentrations of DAC (0, 0.125, 0.25, 0.5, 1, and 2
uM). DAC was added every 24 hours for 3 days, and
the number of viable cells was counted by trypan blue
staining on day 4.

2.6. Cell apoptosis assays

Cells (5% 10°) cells were seeded in 6-well plates
containing complete 1640 culture solution without
fetal bovine serum for 48 h. The apoptosis rate was
detected with an apoptosis detection kit (Annexin
V PE/7-AAD, 559763, BD Biosciences, Franklin
Lakes, NJ, USA), and then analyzed by flow cyto-
metry on a FACSCalibur platform (Becton
Dickinson, San Jose, CA, USA).

2.7. Western blot analysis

Western blotting was conducted as previously
described [39]. The antibodies used in this investiga-
tion were anti-ID1 (Abcam, Cambridge, UK), anti-
GAPDH (BOSTER, Wuhan, China), and anti-p-actin
(Femacs Biotech Co., Ltd., Nanjing, China).

2.8. RNA extraction, reverse transcription, and
real-time quantitative polymerase chain reaction
(QRT-PCR)

RNA extraction and reverse transcription were
conducted based on the miScript kits instructions
(Qiagen, Tilden, Germany). Reverse transcription
and qRT-PCR was conducted as previously
reported [40]. The forward primer for miR-29b
was 5°- TAGCACCATTTGAAATCAGTGTT -3¢
and the reverse universal primer was provided by
the manufacturer. The primers for ID1 were 5’-
CTCCATCATGCCAAGTTCTGC-3°  (forward)
and 5-GAAGGC AGGCAAGACTCGAA-3
(reverse), respectively. The primers used as con-
trols were ABL and sequences were 5-
TCCTCCAGCTGTTATCTGGAAGA -3‘(for-
ward) and 5- TCCAACGAGCGGCTTCAC -3”
(reverse).
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2.9. Bisulfite sequencing PCR (BSP)

Genomic DNA was isolated and modified accord-
ing to the genomic DNA Purification Kit manu-
facturer’s instructions (Gentra Systems Inc,
Minneapolis, MN, USA). The primers for the
methylated miR-29b promoter were 5”-TAGTAG
TGG TTG TTT GTT TTT TTG A-3° (forward)
and 5-CCA CTC TAC TAA AAA CTC CAT
CTC C-3” (reverse). BSP was conducted as pre-
viously reported [37].

2.10. Statistical analysis

Data analysis was performed using SPSS 20.0 soft-
ware (IBM Corp., Armonk, NY, USA) and
GraphPad Prism 5 software (GraphPad Inc., San
Diego, CA, USA). Relative levels of miR-29b
expression were calculated with the 27447
method. Categorical variables were analyzed
using chi square tests and/or Fisher’s exact tests.
The diagnostic value of gene expression was ana-
lyzed wusing receiver operating characteristic
(ROC) curves and areas under the curve (AUCs).
Survival was analyzed by Kaplan-Meier. Univariate
and multivariate were analyzed by Cox regression
analyses. The experiments were repeated at least
three times. The measurement date are presented
as mean * SD. Differences in continuous variables
between two groups were compared by Student’s
t-tests. IC50 values were calculated by Probit
regression analysis. Differences were considered
statistically significant for two-tailed P < 0.05.

3. Results

3.1. miR-29b expression in AML and its clinical
significance

The median levels of miR-29b expression in 25
healthy controls and 102 AML patients were
0.1995 and 0.0667, respectively. miR-29b expres-
sion was significantly lower in subjects with AML
compared with controls (P<0.001, Figure 1la).
Moreover, ROC curve analysis suggested that
miR-29b might be a potential biomarker for dis-
tinguishing AML (n=102) and cytogenetically
normal AML (CN-AML, n=45) from subjects
with controls (Figure 1b, c).
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Figure 1. MiR-29b expression in AML patients and its impact on OS. (a) miR-29b expression levels in controls and AML patients were
detected by gqRT-PCR. (b) Discriminative capacity of miR-29b expression in AML patients by ROC curve analysis. (c) Discriminative
capacity of miR-29b expression in CN-AML patients by ROC curve analysis. (d) Prognostic value of miR-29b expression in all AML
patients. (e) Prognostic value of miR-29b expression in CN-AML patients.

In order to analyze the associations of miR-29b
expression with clinical characteristics of AML,
patients were divided into miR-29b ™" and miR-
29b'°" groups, according to miR-29b expression at
the cutoff value of 0.0084 (sensitivity is 60% and
specificity is 80%) based on the ROC curve. The
clinical parameters of both two groups are shown
in Table 1. White blood cell (WBC) counts in
peripheral blood samples from the miR-29b"s"
group were significantly higher than that of miR-
29b™" group (P=0.022). No significant differ-
ences were observed in other parameters (P
> 0.05).

The survival analysis of 99 patients with avail-
able data showed that there was no significant
difference in complete remission (CR) rates
between these two groups (P=0.533). However,

the overall survival (OS) of miR-29b'" patients
(median 4.5 months, range 1.0-60.0 months) was
significantly shorter than that of miR-29b™s"
patients (median 12.0 months, range 1.0-71.0
months) (P=0.008, Figure 1d). The OS of miR-
29b'°" patients (median 4.0 months, range 1.0-
60.0 months) was also significantly shorter than
that of miR-29b™8" patients (median 12.0 months,
range 1.0-42.0 months) in CN-AML (P=0.036,
Figure le).

Variables in the univariate analysis with P<0.2
(age, sex, WBC, hemoglobin, gene mutations, and
miR-29b expression) were included in the multivari-
ate analysis, which showed that miR-29b expression
might be an independent prognostic event affecting
patients’ survival in all AML (P =0.042) and CN-
AML (P =0.037, Tables 2, 3).
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Table 1. Correlation between miR-29b expression and patients parameters.

Status of miR-29b expression

Low High

Patient’s parameters (n=54) (n=48) P value
Sex, male/female 34/20 26/22 0.841
Age, median (range), yearsA 56 (18-93) 57 (19-87) 0.483
WBC, median (range), x10%/LA 16.3 (1.1-528.0) 6.8(0.3-185.4) 0.022
Hemoglobin, median (range), g/LA 75 (34-138) 74 (32-113) 0.355
Platelets, median (range),x10°/LA 36 (3-447) 40(4-399) 0.564
BM blasts, median (range), %A 49.5 (6.5-97.5) 39 (1.0-92) 0.172
FAB classification 0.134

MO 1 0

M1 4 5

M2 27 20

M3 4 1"

M4 11 9

M5 7 2

M6 0 1
WHO classification 0.195

1(8;21) 8 4

1(15;17) 4 10

AML without maturation 4 4

AML with maturation 20 16

Acute myelomonocytic leukemia 12 10

Acute monoblastic and monocytic leukemia 6 1

Acute erythroid leukemia 0 1

No data 0 2
Risk classification 0.596

Low 12 16

Intermediate 35 23

High 7 5

No data 0 4
Karyotypes 0.183

normal 25 20

t(8:21) 8 6

t(15,17) 4 10

11923 1 0

complex 6 5

others 10 3

No data 0 4
Gene mutations *

C-KIT (£) 1/51 2/43 0.595

FLT3 (£) 7/45 6/39 1.000

NPM1(1) 6/46 4/41 0.748

C/EBPA (1) 7/45 5/40 0.767

N/K-RAS (%) 3/45 4/40 0.706

IDH1/2 (£) 2/46 4/40 0.421

DNMT3A (+) 7/41 2/42 0.162

U2AF1 (1) 1/47 4/40 0.189
CR(x) 34/19 25/19 0.533

WBC, white blood cells; FAB, French-American-British classification; AML, acute myeloid leukemia ; CR, complete

remission.

3.2. Expression and methylation of miR-29b in
leukemia cells

As DAC is a demethylation drug, we detected
miR-29b expression and methylation with qRT-
PCR and BSP. Expression of miR-29b was gradu-
ally increased in DAC-sensitive K562 cells after
treatment with increasing concentrations of DAC
(Figure 2a). The methylation densities of the miR-

29b promoter region in K562 cells treated with
DAC 0, 0.1, 1, and 10puM were 96.92%, 80%,
70.77%, and 49.23% respectively [41].

qRT-PCR showed no significant difference in
the expression of miR-29b in K562/DAC cells
compared with K562 cells. A DAC concentration
of 1 uM is routinely used to maintain cellular drug
resistance, so that treatment was applied to K562
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Table 2. Univariate and multivariate analyses of prognostic factors for overall survival in whole-cohort AML patients.

Univariate Multivariate
Prognostic factors Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value
Age (>60 vs <60 years) 2.840 (1.708-4.723) <0.001 1.381(0.553-3.449) 0.489
Sex (Male vs Female) 1.447 (0.976-2.146) 0.066 1.345 (0.645-0.975) 0.712
WBC (>30 vs < 30 x 10°/L) 2.111 (1.424-3.127) <0.001 1.572 (0.420-4.132) 0.381
Hb(>110 vs < 110 x 10°/L) 1.009 (0.564-1.805) 0.997 — —
Risk classification (Low vs Intermediate vs High) 1.932 (1.567-2.383) <0.001 1.967(1.375-2.841) 0.001
MiR-29b expression (high/low) 2.202 (1.212-3.425) 0.007 1.879 (1.021-2.863) 0.042
K/N-RAS mutations (+) 1.622 (0.840-3.131) 0.150 1.115(0.147-8.467) 0.916
U2AF1 mutations (+) 1.814 (0.732-4.500) 0.199 1.014(0.492-5.806) 0.986
IDH1/2 mutations (+) 1.191 (0.578-2.454) 0.636 — —
CKIT mutations (+) 1.387 (0.439-4.367) 0.577 — —
NPM1 mutations (+) 1.096 (0.569-2.110) 0.784 — —
FLT3 mutations (+) 1.109 (0.577-2.132) 0.757 — —
DNMT3A mutations (+) 1.189 (0.551-2.566) 0.660 — —
CEBPA mutations (%) 1.185 (0.554-2.538) 0.661 — —

Table 3. Univariate and multivariate analyses of prognostic factors for overall survival in CN-AML patients.

Univariate Multivariate
Prognostic factors Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value
Age (>60 vs <60 years) 2.080 (1.017-4.255) 0.045 1.1251(0.262-4.825) 0.874
Sex (Male vs Female) 1.473 (0.824-2.625) 0.191 1.118 (0.620-2.015) 0.712
WBC (>30 vs < 30 x 10°/L) 1.522 (0.852-2.718) 0.049 1.174 (0.305-4.505) 0.816
Hb(>110 vs < 110 x 10%/L) 1.242 (0.555-2.783) 0.598 — —
MiR-29b expression (high/low) 2.079 (1.005-4.310) 0.049 4.187(1.320-24.341) 0.037
IDH1/2 mutations (+) 1.042 (0.441-2.463) 0.926 — —
K/N-RAS mutations (+) 1.395 (0.548-3.550) 0.485 — —
CKIT mutations (%) 2.584 (0.355-18.868) 0.387 — —
NPM1 mutations (+) 1.182 (0.526-2.653) 0.686 — —
FLT3 mutations (+) 1.185 (0.503-2.793) 0.697 — —
DNMT3A mutations (+) 1.525 (0.769-3.024) 0.227 — —
U2AFT mutations (%) 1.181 (0.574-2.452) 0.651 — —
CEBPA mutations (+) 1.189 (0.551-1.556) 0.665 — —

+: positive; -: negative; *, +: bi-allelic mutation; -: mono-allelic mutation or wild type.
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cells. miR-29b expression in K562 cells treated
with 1 pM DAC was significantly up-regulated

compared with K562 and K562/DAC cells (P<
0.01, Figure 2b).
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3.3. Effect of miR-29b on DAC resistance

In order to explore the effect of miR-29b on the
sensitivity of leukemia cells to DAC, miR-29b was
overexpressed or inhibited in DAC-sensitive cells,
including K562, THP-1 and U937 cell lines. The
growth rates of K562 and THP-1 cells were inhibited
by miR-29b transfection, while that of U937 cells was
significantly promoted by the miR-29b inhibitor
(Figure 3a, b). Moreover, the apoptosis rates of 29b-
K562 and 29b-THP-1 cells were significantly higher
than in NC-29b-K562 and NC-29b-THP-1 (P < 0.01).
The apoptosis rate of anti-29b-U937 cells was signifi-
cantly lower than NC-29b-U937 (P < 0.01, Figure 3c).
After treatment with different concentrations of DAC

for 72 h, cell viability decreased in 29b-K562 and 29b-
THP-1 cells compared with the NC-29b-K562 and
NC-29b-THP-1. The IC50 was decreased in K562
and THP-1 cell lines after miR-29b overexpression
(P <0.01, Figure 3d, e). Conversely, U937 cell viability
was increased following incubation with 2 and 4 pM of
DAC. However, there was no significant difference in
IC50 values between the anti-29b-U937 and NC-29b-
U937 groups (Figure 3d, e).

miR-29b was overexpressed to explore its effect
on DAC resistance in K562/DAC cells. The growth
rate of K562/DAC cells was inhibited by miR-29b
transfection (Figure 4a, b). The apoptosis rate of
29b-K562/DAC cells was significantly higher than
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NC-29b-K562/DAC (P < 0.01, Figure 4c). Cell via-
bility was decreased in 29b-K562/DAC cells, com-
pared with NC-29b- 562/DAC. The IC50 was also
decreased in K562/DAC cell lines after miR-29b
overexpression (P < 0.01; Figure 4d, e).

3.4. MiR-29b may participate in DAC resistance
through ID1

ID1 was reported as a target gene of miR-29b [30].
Compared with the NC group, expression of ID was
down-regulated in 29b-K562 and 29b-THP-1 cells
and up-regulated in anti-29b-U937 cells (Figure 5a,
b). Expression levels of ID1 mRNA and protein in
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29b-K562/DAC cells were decreased compared with
the control group (Figure 5c, d).

To analyze the relationship between DAC resis-
tance and ID1 expression, miR-29b expression and
methylation were detected by qRT-PCR and BSP,
respectively. The results showed that ID1 expression
decreased in DAC-treated K562 cells compared to
untreated K562 cells (P < 0.01, Figure 6a). The pro-
moter region of ID1 in K562 cells was completely
unmethylated, while ID1 in K562 cells treated with
DAC was highly unmethylated (Figure 6¢). We also
detected the expression of ID1 in K562/DAC by
qRT-PCR, which showed increased expression of
ID1 in K562/DAC compared with K562 and K562
treated with 1 uM DAC (P < 0.01, Figure 6b).
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To study the effect of ID1 on leukemia cell sensi-
tivity to DAC, we over-expressed ID1 in K562 and
HL60 cells (Figure 7a). The growth rates of K562 and
HL60 cells increased following ID1 transfection
(Figure 7b). The apoptosis rates of ID1-K562 and ID1-
HL60 cells were significantly decreased compared
with the control group (P <0.01, Figure 7c, d). Cell
viability increased in ID1-K562 and ID1-HL60 cells
compared with the NC-K562 and NC-HL60 groups.
The IC50 was increased in K562 and HL60 cells after
ID1 overexpression (P < 0.01, Figure 7e, f).

To further confirm the role of ID1 on DAC resis-
tance in vivo, NC-K562 and ID1-K562 cells were
subcutaneously injected into BALB/c nude mice.
We detected the weight of mice and volume of
tumor every 3 days. The weights of mice were not
significantly different among the groups (Figure 8a).
The tumor volume of the ID1-K562-injected NS

group was increased compared with the NC-K562-
injected NS group and the tumor volume of the ID1-
K562 injected DAC group increased compared with
the NC-K562-injected DAC group after injected 12
days (Figure 8b). The mice were sacrificed at 15 days
after tumor inoculation. The tumors were separated
and weighed. The resulted showed that the tumor
volume increased in the ID1-K562-injected NS
group, compared with the NC-K562 injected NS
group. The NC-K562 injection DAC group had
a smaller tumor volume than the ID1-K562 injection
DAC group (Figure 8c). ID1 expression levels in
each group of tumors were detected by qRT-PCR
and western blot. It showed that ID1 expression was
higher in the ID1-K562 group compared to the NC-
K562 group (Figure 8d, e). The results confirmed
that ID1 overexpression promoted tumor growth
and reduced sensitivity to DAC in vivo.
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To further analyze the effect of ID1 on DAC resis-
tance, ID1 expression was silenced in K562/DAC cells
(Figure 9a, b). The growth rate of cells in the ID1
silence group was lower than in the control group (P
<0.01, Figure 9c). The IC50 of ID1-silenced K562/
DAC cells were also significantly lower than control
group (P<0.01, Figure 9d). In summary, silencing
ID1 expression increased cell sensitivity to DAC.

3.5. Re-expression of ID1 eliminated the effects
induced by miR-29b

ID1 expression in miR-29b-K562/DAC cells was
down-regulated, so ID1 was over-expressed with

lentivirus transfection. ID1 mRNA and protein
levels were higher in the miR-29b-K562/DAC
transfected ID1 group compared to the ID1 con-
trol plasmid group (Figure 10 a, b). Compared
with  miR-29b-K562/DAC-ID-NC  group, the
growth rate of miR-29b-K562/DAC-ID group
cells were increased (P<0.01). Compared with
the NC-miR-29b-K562/DAC-ID1 group, the
growth rate of miR-29b-K562/DAC-ID1 group
cells was decreased (P <0.01). There was no sig-
nificant difference in growth among the K562/
DAC, NC-miR-29b-K562/DAC-ID-NC, and miR-
29b-K562/DAC-ID  groups  (Figure  10c).
Compared with the miR-29b-K562/DAC-ID-NC
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group, the apoptosis rate was lower in miR-29b-
K562/DAC-ID cells (P <0.01). Compared with the
NC-miR-29b-K562/DAC-ID1-NC  group, the
apoptosis rate was increased in the miR-29b-
K562/DAC-ID-NC group (P<0.01). Compared
with the NC-miR-29b-K562/DAC-ID1-NC group,
cell apoptosis increased in the miR-29b-K562
/DAC-ID1-NC group (P <0.01, Figure 10d). Cell

viability was increased in the miR-29b-K562
/DAC-ID group compared with the miR-29b-
K562/DAC-ID-NC group (P <0.01). Cell viability
was decreased in the miR-29b-K562/DAC-ID-NC
group compared with the NC-miR-29b-K562
/DAC-ID1-NC group (P <0.01). Cell viability was
decreased in miR-29b-K562/DAC-ID-NC group
compared to the NC-miR-29b-K562/DAC-ID1-
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NC group (P<0.01; Figure 10e, f). Collectively,
these results indicate that miR-29b’s effects of
growth inhibition, increased DAC sensitivity, and
apoptosis are attenuated by increasing ID1 expres-
sion, further suggesting that miR-29b is the
upstream regulatory molecule of IDI.

4. Discussion

DNMT inhibitors including DAC have achieved
good curative effects in clinical application.
However, some patients cured with DAC
develop primary or secondary drug resistance,
which reduces their survival rate [23,24].
A growing number of studies are exploring the
mechanism of DAC resistance. Most existing
reports describe changes in drug metabolism-
related enzymes such as deoxycytidine kinase
(DCK) and cytidine deaminase (CDA). Qin
and colleagues reported that DCK gene muta-
tion or decreased transcription dampens the
phosphorylation ability of DAC and results in
a significant decrease in the concentration of
the intracellular metabolic active product
5-aza-2-deoxycytidine monophosphate after
contact with DAC in leukemia HL60 cells [42].

As a result, the 5-aza-2-deoxycytidine tripho-
sphate incorporated into DNA double strands
is decreased, and the 5-aza-2-deoxycytidine tri-
phosphate is removed. Enhanced CDA activity
deaminates DAC into 5-aza-2-deoxyuracil,
which also reduces the demethylation effect
[43]. However, the existing research also con-
firmed that there was no mutation of DCK gene
and no significant change in CDA and DCK
activities in patients with secondary drug resis-
tance, which suggested that other molecular
mechanisms are involved in the resistance of
DNMT inhibitors. We previously demonstrated
that DAC could restore the activity of tumor
suppressor genes silenced by hypermethylation
in tumor cells, but it also induced extensive
demethylation and lacked targeting specificity.
In addition to up-regulating tumor suppressor
gene expression, can also activate the expression
of some oncogenes. This may counteract the
anti-tumor effect and make tumor cells resistant
to DAC [44, 45]. It is therefore very important
to understand the role of these oncogenes and
tumor suppressor genes in the process of DAC
resistance and reverse their detrimental effects.

miR-29b serves as a tumor suppressor gene in
many kinds of malignancies and participates in the
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regulation of many important signaling pathways
(46, 47]. It was reported that miR-29b expression
is obviously down-regulated in AML cell lines, and
over-expression of miR-29b can obviously

promote the apoptosis of AML cells by down-
regulating myeloid cell leukemia-1 expression
[48]. This proposal was supported by our results.
We found significantly reduced miR-29b



expression in AML patients; miR-29b might be an
independent prognostic molecule affecting survi-
val in all AML patients and CN-AML patients.
miR-29b inhibited cell growth, promoted apopto-
sis, and increase DAC sensitivity in leukemia cells.

ID1 is a negative regulator of the HLH tran-
scription factor that plays the role of an oncogene
in promoting cell cycle, proliferation, migration
and inhibiting apoptosis [49-54]. Wang et al
reported that ID1 can promote the occurrence
and development of AML by regulating AKT sig-
naling [49]. We previously reported that IDI
expression was up-regulated in AML patients,
and patients with high expression had poor prog-
noses [51]. Bioinformatics predicted that miR-29b
could combine with the 3”-untranslated region
(UTR) region of ID1, and one group reported
that miR-29b directly bound to the ID1 3”-UTR
region [34]. These results suggest that the miR-
29b-ID1 pathway may play an important role in
AML pathogenesis.

In our studies, the demethylation density of the
miR-29b promoter region was obviously decreased
in DAC-sensitive cells under DAC treatment, and
its expression was up-regulated, suggesting that
miR-29b can be regulated by methylation, and
demethylation drug DAC could up-regulate miR-
29b expression by demethylating its promoter
[41]. The ID1 promoter was completely unmethy-
lated before and after DAC treatment, but its
expression was down-regulated under DAC treat-
ment, suggesting that ID1 cannot be regulated by
methylation and DAC might play a role in AML
treatment through the miR-29b-ID1 pathway.
However, we found that the promoter regions of
miR-29b were demethylated in DAC-resistant
cells, but their expression was not up-regulated
and remained low [41], while ID1 expression was
significantly increased. We therefore speculate that
DAC regulates ID1 by acting on miR-29b, and the
abnormal expression of ID1—which is methyla-
tion independent and induced by miR-29b - may
be involved in the process of DAC resistance.

The DNA methylation is an important pathologi-
cal mechanism in the development of leukemia.
DAC, demethylation drugs, DNMT inhibitors, have
achieved good clinical results. It has become an
important treatment for elderly acute myeloid leu-
kemia patients and myelodysplastic syndrome
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patients [55, 56]. It is important to explore the
mechanism of primary and secondary of DAC resis-
tance and then develop new therapy strategy [57, 58].
In this study, we analyzed the role of miR-29b-ID1 in
DAC resistance, revealed the epigenetic regulation
mechanism of miR-29b-ID1 in leukemia treatment.
It provides guidance for its clinical application, prog-
nosis evaluation and disease outcome, provides way
for exploring new diagnostic markers and targeted
treatment markers, and provides foundation for
improving the antileukemia efficacy of DAC.

5. Conclusions

Taken together, our results indicate that down-
regulation of miR-29b is a frequent event and
predicts poor prognosis in de novo AML patients.
miR-29b overexpression can increase leukemia cell
sensitivity to DAC and provides possible guidance
for clinical DAC resistance. DAC regulates the
expression of ID1 by acting on miR-29b. The
abnormal expression of ID1 which is methylation-
independent induced by miR-29b may be involved
in the process of acquiring DAC resistance.
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