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Background: PRKA kinase anchor protein 9 (AKAP9) is a scaffold protein involved in 
various cellular processes, including cell adhesion, proliferation, differentiation, and apop-
tosis. Although the oncogenic role of AKAP9 in solid tumors is well elucidated, the 
functions and mechanisms of AKAP9 in acute myeloid leukemia (AML) are still not 
understood.
Methods: We used the gene expression omnibus (GEO) database (GSE2191) to determine 
the mRNA expression of AKAP9 in the bone marrow of pediatric AML and healthy patients. 
We further used the therapeutically available research to generate effective treatments 
(TARGET) database to elucidate the relationship between AKAP9 expression and clinical 
outcomes in pediatric patients with AML. In addition, cell proliferation, cell cycle, apoptosis, 
RT-PCR, and Western blotting assays were applied to reveal the functions of AKAP9 and the 
underlying mechanisms of AKAP9 silencing in THP1 and HL60 cell lines.
Results: AKAP9 is overexpressed in the bone marrow of pediatric AML patients as 
compared with that of healthy patients. High expression of AKAP9 was found to be 
a predictor of poor overall survival (OS) and event-free survival (EFS). Using univariate 
and multivariate survival analyses, we found that high AKAP9 expression is an independent 
predictor of a worse OS and EFS. Functionally, AKAP9 silencing significantly inhibited 
AML cell proliferation, and cell cycle progression and promoted apoptosis. Moreover, 
AKAP9 silencing significantly downregulated the expression of stemness markers and β- 
catenin.
Conclusion: AKAP9 upregulation is a predictor of unfavorable prognosis, promotes stem-
ness, and activates the Wnt/β-catenin pathway in AML patients. AKAP9 may act as 
a prognostic biomarker of AML in pediatric patients and a future therapeutic target.
Keywords: PRKA kinase anchor protein 9, acute myeloid leukemia, prognosis, leukemic 
stem cells, pediatric

Introduction
Acute myeloid leukemia (AML) is a common hematological malignancy character-
ized by a clonal malignant proliferation of myeloid primordial cells.1 AML has 
a poor prognosis and is the main cause of death in children and adults under 35 
years of age in China.2 Chemotherapy remains the primary treatment option for 
patients with AML. Despite the improvement in AML research and therapies, 

Correspondence: Li Zhao  
Department of Central Laboratory, 
Gansu Key Laboratory of Genetic Study 
of Hematopathy, The First Hospital of 
Lanzhou University, Lanzhou 
University, No. 1 Donggang West Road, 
Lanzhou, Gansu, 730000, People’s 
Republic of China  
Tel +8613919934053  
Fax +8609318356353  
Email zhaoli@lzu.edu.cn

Cancer Management and Research 2022:14 157–167                                                         157
© 2022 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Cancer Management and Research                                                       Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 7 October 2021
Accepted: 7 December 2021
Published: 10 January 2022

C
an

ce
r 

M
an

ag
em

en
t a

nd
 R

es
ea

rc
h 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-1504-4589
mailto:zhaoli@lzu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com


several challenges still exist in the clinical treatment of 
this disease.3 Although the majority of patients achieve the 
stage of initial remission after induction chemotherapy, 
a large proportion of cases relapse and fail the re- 
induction chemotherapy. Accumulating evidence has sug-
gested that leukemia stem cells (LSCs) play a key role in 
the recurrence and treatment failure of AML.4 Therefore, 
investigation of the mechanisms underlying the develop-
ment and maintenance of LSCs and the development of 
more effective therapeutic targets of AML are essential.5

PRKA kinase anchor proteins (AKAPs) are a group of 
structurally diverse proteins, having the common function 
of binding to the regulatory subunit of protein kinase 
A (PKA) and limiting the holoenzyme to specific locales 
within cells.6 AKAP9 is a member of the AKAPs family, 
and its overexpression is implicated in solid cancer 
progression.7 But, the function of AKAP9 and its potential 
molecular mechanisms in hematology neoplasms, particu-
larly AML, are unclear.

The purpose of the present study was to investigate 
AKAP9 expression in AML and elucidate the relationship 
between AKAP9 mRNA expression and the clinical prog-
nosis of pediatric patients with AML. Additionally, we 
explored the function and potential molecular mechanisms 
involved in AKAP9-mediated progression and recurrence 
of AML.

Materials and Methods
Patients and Samples
The public microarray data of pediatric AML and normal 
control (pediatric healthy) were obtained from the gene 
expression omnibus (GEO) database (GSE2191) in 
May 2021.8 The differential expression of AKAP9 
mRNA between 54 pediatric AML patients and 4 normal 
controls was analyzed by GEO2R. Moreover, we ana-
lyzed complete clinical and expression data of 285 AML 
pediatric patients obtained from the therapeutically avail-
able research to generate effective treatments (TARGET, 
https://ocg.cancer.gov/programs/target/) database. 
Patients were categorized into High-AKAP9 and Low- 
AKAP9 groups based on the median expression levels of 
AKAP9. We evaluated the correlation between mRNA 
expression of AKAP9 and prognosis and prognostic fac-
tors in patients with AML. The risk stratification was 
defined as the level of potential clinical risk based on the 
cytogenetic characteristics or molecular alterations as 
being related to those of acute myeloid leukemia.1 

Univariate and multivariate COX analyses were con-
structed to identify the prognostic risk factors for overall 
survival (OS) and event-free survival (EFS) in pediatric 
patients with AML.

Cell Culture
Human AML cell lines (HL-60, THP1) were obtained 
from the cell bank of type culture collection of the 
Chinese academy of sciences (Shanghai, China) and cul-
tured under standard conditions in RPMI-1640 media 
(Meilunbio, Dalian, China) supplemented with 1% peni-
cillin-streptomycin and 10% fetal calf serum. The cells 
were incubated at 37°C in a humidified atmosphere with 
5% CO2.

Lentivirus Infection
To determine the biological functions of AKAP9 in 
AML cells, we conducted AKAP9 silencing experi-
ments. AML cells were infected with lentivirus contain-
ing either a short hairpin RNA for AKAP9 (sh-AKAP9) 
or a negative control vector (sh-NC) according to the 
manufacturer’s instructions. We observed green fluores-
cence at 48 h after lentivirus transfection using 
a fluorescence microscope (magnification, 100x). 
Puromycin was used for screening of the infected cells 
at 72 h after transfection. The silencing efficiencies of 
AKAP9 were identified by real-time quantitative poly-
merase chain reaction (RT-PCR) and Western blot ana-
lysis. shRNAs were synthesized by Genechem 
(Shanghai, China). The sequence of the AKAP9 
shRNA used was 5ʹ.GCCAAGAAGAAAGATTGATT 
TAAATCAATCTTTCTTCTTGGC.3ʹ.

RNA Isolation and Real-Time 
Quantitative Polymerase Chain Reaction
The total RNA was extracted using TRIzol reagent. The 
target cDNA was obtained by reverse transcription using 
a FastKing gDNA Dispelling RT SuperMix kit 
(TIANGEN, Beijing, China) according to the manufac-
turer’s instructions. A SuperReal PreMix Plus kit 
(TIANGEN, Beijing, China) was used to perform RT- 
PCR with specific primers as previously described.7,9 

Primers for RT-PCR were synthesized by TaKaRa 
Biotechnology (Dalian, China). Each sample was tested 
on triplicates, and the mRNA expression was measured by 
the threshold cycle (CT) values. The relative expression of 
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mRNA was calculated by the 2ΔΔCT method, and β-actin 
was used as an internal reference for mRNAs.

Protein Isolation and Western Blot 
Analysis
Total protein was extracted from the cells with RIPA 
buffer. The concentration of protein was determined by 
the BCA protein assay kit (MeiLunBio, Dalian, China). 
Equal amounts of protein were separated by SDS-PAGE 
and transferred onto the polyvinyl difluoride (PVDF) 
membranes. The membranes were blocked for 2 h with 
5% non-fat milk in tris-buffered saline (TBS) at room 
temperature and incubated with primary antibodies against 
AKAP9 (1:500 dilution, Abcam, catalog ab32679), β- 
catenin (1:1000 dilution, Proteintech, catalog 66379- 
1-Ig), CD133 (1:1000 dilution, Proteintech, 18470-1-AP), 
ALDH1A1 (1:1000 dilution, Proteintech, 15910-1-AP), 
and β-actin (1:1000 dilution, Proteintech, catalog 66009- 
1-Ig) at 4°C overnight. The membranes were then washed 
with TBS-tween-20 thrice and incubated with anti-mouse 
or anti-rabbit secondary antibodies (1:5000 dilution, 
Proteintech, catalog SA00001-1, and SA00001-2) for 2 
h at room temperature. The protein bands were treated 
with ECL reagent (Beyotime Biotechnology, Shanghai, 
China) and visualized by Amersham Imager 600 visualizer 
(GE Healthcare, Pittsburgh, USA). The protein expression 
level was quantified and analyzed using ImageJ software 
(National Institutes of Health) software.

Cell Proliferation Assays
Cell proliferation ability was evaluated using cell counting 
kit-8 (CCK8) (MeiLunBio, Dalian, China) according to 
the manufacturer’s protocol. First, the cells were inocu-
lated into 96-well plates at a density of 5×104/ well and 
treated with CCK-8 solution at 0, 24, 48, 72, and 96 
h. Finally, the absorbance of each well was measured by 
a microplate spectrophotometer at 450 nm.

Cell Cycle Assays
For cell-cycle analysis, the cells were washed with cold 
PBS, and then fixed with 70% ethanol at 4°C overnight. 
The cells were washed twice with PBS and incubated with 
1 mg/mL propidium iodide and 0.5 mg/mL RNase 
A (MultiSciences Biotech, Co., Ltd., Hangzhou, China) 
for 30 min in dark at 37°C. The phase change of the cell 
cycle was examined using a flow cytometer (BD 
Biosciences, San Jose, CA, USA). The flow cytometry 

data were analyzed using ModFit LT software for 
Windows (Version 5.0.9). All experiments were conducted 
in independent triplicates.

Cell Apoptosis Analysis
Annexin V-phycoerythrin (APC) and 7-amino- 
actinomycin D (7-AAD) apoptosis detection kits 
(MultiSciences Biotech, Co., Ltd., Hangzhou, China) 
were used to detect the apoptosis of THP1 and HL60 
cells after AKAP9 silencing according to the manufac-
turer’s protocols. In short, 5 × 105 cells were washed 
twice with cold PBS and resuspended in 500 µL binding 
buffer. Next, the cells were stained with 5 µL Annexin 
V-APC and 5 µL 7-AAD for 15 min in the dark at room 
temperature. The apoptotic cell percentage was calculated 
using a flow cytometer (BD Biosciences, San Jose, CA, 
USA). The flow cytometry data were analyzed by FlowJo 
(version 10.7.1) software.

Statistical Analysis
Statistical analyses were carried out using SPSS 22.0 soft-
ware (IBM, Armonk, New York, USA). OS and EFS were 
evaluated by the Kaplan–Meier method and analyzed using 
the Log rank test. Univariate and multivariate analyses of 
prognostic factors in patients with AML were conducted 
using the Cox regression model. Multivariate analysis 
included variables with P < 0.1 in univariate analysis. 
Pearson Chi-square and Fisher’s exact tests were used for 
categorical variables. Quantitative variables were expressed 
as mean ± SD. The Student’s t-test was used to determine 
differences between the two groups. A P-value less than 
0.05 was considered statistically significant.

Results
AKAP9 Expression in Pediatric AML
To explore the role of AKAP9 in AML pathogenesis, we 
evaluated the expression of AKAP9 in AML patients and 
normal control based on the GSE2191 from the GEO 
database, which contained 4 normal controls and 54 pedia-
tric patients with AML. Differences in AKAP9 expression 
levels between pediatric AML and the normal group were 
evaluated using the Mann–Whitney U-test. The findings 
revealed that AKAP9 has a significantly higher expression 
in pediatric patients with AML compared to normal con-
trol (P < 0.01) (Figure 1A).

To explore whether AKAP9 expression might play a role 
in relapse and drug resistance of AML in pediatric patients, 
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we compared the positive rate of minimal residual disease 
(MRD) and complete remission (CR) rate between high- and 
low-AKAP9-expression, respectively, at end of the first 
and second course of chemotherapy. We found that the 
MRD rate in the high-AKAP9 group was significantly higher 
than that in the low-AKAP9 group at end of the first course 
(37.1 vs 14.8%; P < 0.01) and second course (20.3 vs 7.7%; 
P < 0.01) of chemotherapy (Figure 1B). The CR rate in the 
low-AKAP9 group was significantly higher than that in the 
high-AKAP9 group (88.7% vs 65.7%, P < 0.01) at end of the 
first course of chemotherapy; however, no significant differ-
ences were observed at the end of the second course of 
chemotherapy in patients with low and high AKAP9 expres-
sion (88.0 vs 81.8%; P=0.163) (Figure 1C).

AKAP9 Overexpression is a Predictor of 
Poor Prognosis in Pediatric AML Patients
To determine the applicability of AKAP9 in the prognosis 
of pediatric AML, we analyzed the relationship between 

the AKAP9 expression level and OS/EFS time based on 
the TARGET database. We found that patients with high 
AKAP9 expression had a shorter OS and EFS time com-
pared to patients with low AKAP9 expression (Figure 1D 
and E). These findings suggest that the high expression of 
AKAP9 can result in poor survival in pediatric patients 
with AML. Therefore, AKAP9 can act as a significant 
biomarker to determine the prognosis of pediatric AML 
patients.

Association Between AKAP9 Expression 
and Clinical Characteristics of Pediatric 
AML
We investigated the association between the AKAP9 
expression and the clinicopathological features of pediatric 
patients with AML. Patients with low AKAP9 expression 
showed higher white blood cell counts than those with 
high AKAP9 expression (median, 59.0 × 109/L vs 31.1 × 
109/L; P < 0.01). Significant differences were observed in 

Figure 1 The AKAP9 mRNA expression and prognosis in pediatric patients with AML. (A) The AKAP9 mRNA expression level in pediatric AML and control in the 
GSE2191 cohort. (B) Patients with a high AKAP9 expression had a significantly higher MRD positive rate when compared with those with a low AKAP9 expression. (C) 
Patients with a high AKAP9 expression showed significantly higher CR rate when compared with those with a low AKAP9 expression. (D and E) High AKAP9 mRNA 
expression proved to be a predictor of poor overall survival and event-free survival, as ascertained from the TARGET database. *P < 0.05, **P < 0.01, ***P < 0.001.
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the bone marrow (BM) blast percentages (P = 0.009), 
peripheral blood (PB) blast percentages (P < 0.01), and 
risk stratification (P = 0.044) between the two groups. No 
significant relationships were noted between the AKAP9 
expression and age, gender, race, karyotype status, and 
internal tandem duplication of the FLT3 (FLT3-ITD) 
(Table 1).

AKAP9 Overexpression is Independently 
Associated with Poor Prognosis of 
Pediatric AML Patients
To investigate whether AKAP9 is an independent prog-
nostic factor in AML, we conducted univariate and multi-
variate Cox analysis for OS and EFS using the TARGET 

database. The univariate analysis showed that three fac-
tors – FLT3-ITD, risk stratification, and AKAP9 expres-
sion – are risk markers associated with shorter OS, while 
four factors – FLT3-ITD, risk stratification, FAB category, 
and AKAP9 expression – are risk markers associated with 
shorter EFS. As per the findings of multivariate analysis, 
AKAP9 overexpression is an independent prognostic fac-
tor for poor OS and EFS in pediatric AML patients 
(Figure 2A and B).

Establishment of AKAP9 Stable 
Down-Regulation AML Cell Line
To investigate the biological functions of AKAP9 in AML, 
THP1, and HL60 cells were infected with lentivirus con-
taining AKAP9-shRNA to conduct stable knock-down of 
AKAP9. As shown in Figure 3A, the cells that were 
successfully transfected with lentivirus showed green 
fluorescence after 48 h. The RT-PCR and Western blot 
results revealed that the mRNA and protein levels of 
AKAP9 in THP1 and HL60 cells infected with lentivirus 
containing AKAP9-shRNA were significantly downregu-
lated as compared with the corresponding levels in the 
control cells (P < 0.001; Figure 3B–D).

AKAP9 Silencing Inhibits Cell 
Proliferation and Cell Cycle Progression 
of AML Cells
CCK8 assays were performed to evaluate the effect of AKAP9 
silencing on cell proliferation in AML cells. According to the 
growth curve, the proliferation of THP1 cells and HL60 cells 
was significantly suppressed after AKAP9 silencing, while 
cells transfected with shNC exhibited no significant inhibition 
of cell proliferation (Figure 4A and B).

To explore whether AKAP9 is involved in the cell 
cycle of AML cells, we assessed the effect of AKAP9 
silencing on the cell cycle distribution of THP1 cells and 
HL60 cells using FACS. The findings suggested that 
AKAP9 silencing slightly, but statistically significantly, 
prolonged the G0/G1 phase (5.38% and 3.87%) and 
reduced the G2/M phase (4.14% and 4.91%) in both 
THP1 and HL60 cells; however, the S phase was not 
significantly changed. As expected, the G0/G1 phase, 
S phase, and G2/M phase were not changed in sh-NC 
transfected cells (Figure 4C–F). Together, these findings 
revealed that AKAP9 gene silencing significantly 
decreases the cell proliferation potential and significantly 
inhibits the cell cycle progression of AML cells.

Table 1 Comparison of Clinical Manifestations and Laboratory 
Features Between Low-AKAP9 and High-AKAP9 AML Patients

Characteristics LowAKAP9 
(n=142)

HighAKAP9 
(n=143)

P

Age/years, median 

(range)

11(0–22) 9(0–23) 0.202

Gender, no. (%) 0.438

Male 79(55.63) 73(51.05)

Female 63(44.37) 70(48.95)
Race, no. (%) 0.840

Caucasian 105(73.94) 105(73.43)
African American 16(11.27) 16(11.19)

Asian 3(2.11) 6(4.20)

Other 6(4.23) 7(4.90)
Unknown 12(8.45) 9(6.30)

WBC at diagnosis/ 

×109/L, median (range)

59.0(1.6–446) 31.1(0.9–519) <0.01

BM blast/ %, median 

(range)

77.5(31–100) 72.0(14–100) 0.009

PB blast/%, median 
(range)

66.0(0–97) 52.0(0–97) <0.01

Risk stratification, no. (%) 0.044

Low 67(47.18) 47(32.87)
Standard 51(35.92) 74(51.75)

High 18(12.68) 15(10.49)

Unknown 6(4.23) 7(4.90)
Karyotype, no. (%) 0.677

Normal 34(23.94) 37(25.87)

Abnormal 101(71.13) 96(67.13)
Unknown 7(4.93) 10(6.99)

FLT3-ITD, no. (%) 0.894

Positive 23(16.20) 24(16.78)
Negative 119(83.80) 119(83.22)

Abbreviations: WBC, white blood cells; BM, bone marrow; PB, peripheral blood; 
FLT3-ITD, internal tandem duplication of the FLT3 gene.

Cancer Management and Research 2022:14                                                                                     https://doi.org/10.2147/CMAR.S343033                                                                                                                                                                                                                       

DovePress                                                                                                                         
161

Dovepress                                                                                                                                                              Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


AKAP9 Silencing Promotes the Apoptosis 
of AML Cells
We determined whether AKAP9 is involved in AML cell 
apoptosis. Annexin V APC/7-AAD double-staining assays 
revealed that the average percentage of apoptotic cells in 
the sh-AKAP9 group (THP1, 11.23%; HL60, 11.61%) 
was significantly higher than the corresponding percen-
tage in sh-NC (THP1, 7.15%; HL60, 5.52%) and control 
(THP1, 7.52%; HL60, 5.80%) groups (P < 0.01, 
Figure 5A and B). There were no significant differences 
in the apoptotic rates between the control and sh-NC 
groups (P > 0.05; Figure 5B). The results revealed that 

AKAP9 silencing significantly promotes apoptosis in 
THP1 and HL60 cells.

AKAP9 Silencing Decreased Stem Cell 
Marker Expression of AML Cells
To further investigate the effect of AKAP9 on the stem-
ness of AML cells, we analyzed the stem cell biomarkers 
including ALDH1A1 and CD133 by Western blot. The 
expression levels of ALDH1A1 in THP1 and HL60 cells 
were significantly decreased after AKAP9 silencing 
(Figure 6A–C). These data suggest that AKAP9 might be 
a regulator of AML stem cell phenotype.

Figure 2 Univariate and multivariate COX analyses of prognostic factors for OS and EFS in pediatric patients with AML. (A) The AKAP9 overexpression is an independent 
prognostic factor of worse OS in pediatric patients with AML. (B) AKAP9 overexpression is an independent prognostic factor of worse EFS in pediatric patients with AML. 
Abbreviations: CI, confidence interval; HR, hazard ratio.

Figure 3 Establishment of AKAP9-silenced THP1 and HL60 cell lines. (A) Fluorescence images of THP1 and HL60 cells at 48 h after transfection. (B) The mRNA and (C) 
protein expression levels of AKAP9 in THP1 and HL60 were reduced in AKAP9 silenced-cell lines. (D) Quantitative analysis of the AKAP9 protein expression in (C). ****P < 
0.0001.
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Figure 4 Effects of AKAP9 silencing on the proliferation and cell cycle of THP1 and HL60 cells. (A and B) AKAP9 silencing decreased the potential of THP1 and HL60 cells’ 
proliferation. (C and D) and (E and F) AKAP9 silencing inhibited the cell cycle progression of THP1 and HL60 cells. *P < 0.05, **P < 0.01.

Figure 5 AKAP9 silencing promoted the apoptosis of HL60 and THP1 cells. (A) Apoptotic cells were analyzed by flow cytometry by staining annexin APC/7-AAD. (B) The 
percentage of apoptosis in THP1 and HL60 cells after AKAP9 silencing. **P < 0.01, ***P < 0.001.
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AKAP9 Silencing Suppresses the Wnt/ 
β-catenin Signaling Pathway in AML Cells
The Wnt/β-catenin signaling pathway is commonly involved 
in the stemness of cancer cells. The inhibition of Wnt/β- 
catenin signaling can reduce the stemness of AML cells. To 
determine whether AKAP9 participates in regulating the 
stemness of AML cells via Wnt/β-Catenin signaling, we 
evaluated the relationship between AKAP9 and β-catenin 
(CTNNB1), which is a key regulatory molecule of the Wnt 
signaling pathway. The mRNA expression level of CTTNB1 
in AKAP9-high patients was significantly higher than that in 
AKAP9-low patients (Figure 7A). We also observed 
a significant correlation between AKAP9 and β-catenin 
mRNA expressions (P < 0.001) (Figure 7B). Furthermore, 
Western blot assays were conducted to determine the expres-
sion of AKAP9 and intracellular signal transducer β-catenin 
in AKAP9-modulating cells. The results showed that 
AKAP9 down-regulation suppressed the expression of β- 
catenin (Figure 7C and D). All these findings suggested 
that AKAP9 silencing inhibits the Wnt/β-Catenin signaling 
pathway in AML cells.

Discussion
AKAP9, also known as Yotiao, is linked to the devel-
opment and metastasis of several human cancers, 

including lung cancer,10 breast cancer,11,12 colorectal 
cancer,7,13 melanomas,14 thyroid carcinomas,15,16 blad-
der cancer,17 and oral cancer.18 However, the functions 
and mechanisms of AKAP9 in these tumors are not yet 
completely elucidated. Also, there are no available 
demonstrating the role of AKAP9 in the development 
of AML. Our results suggested that AKAP9 expression 
is upregulated in pediatric AML patients, and its high 
expression is associated with poor prognosis. AKAP9 
overexpression was found to be independently asso-
ciated with poor prognosis of pediatric AML patients. 
AKAP9 plays an important role in the progression and 
relapse of AML; however, the related underlying 
mechanisms remain poorly understood.

LSCs are the subset of cells exhibiting quiescent and 
low energy production state and possess limitless self- 
renewal properties.19 The development of treatment stra-
tegies targeting LSCs is expected to facilitate the devel-
opment of a more effective cure for AML. It is unclear 
whether AKAP9 plays a critical role in LSCs. AKAP9 
is the key regulator in the G1 to S phase transition.20 

Our cell experiments confirmed that AKAP9 silencing 
could inhibit the growth of AML cells and regulate the 
cell cycle progression. MRD is a significant predictor of 
AML recurrence and prognosis. MRD positive status 

Figure 6 Effect of AKAP9 silencing on the stem cell-related molecular markers in HL60 and THP1 cells. (A) Western blotting of stem cell-related molecular markers— 
ALDH1A1 and CD133—in the control (Ctrl), sh-NC-, and sh-AKAP9-transfected THP1 and HL60 cells. (B and C) Densitometry analyses of the AKAP9 protein expression 
levels in THP1 and HL60. ***P < 0.001.
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indicated that a small amount of LSC remained in the 
bone marrow protective environment even after the 
complete remission of chemotherapy (or stem cell 
transplantation).21,22 Patients with high AKAP9 expres-
sion had a higher positivity rate of MRD compared with 
patients with low AKAP9 expression. Furthermore, 
ALDH1A1 and CD133 are important markers in 
LSCs.23,24 ALDH1A1 plays an important role in initia-
tion, relapse, chemotherapy resistance, and progression 
of AML. These processes are involved in the prognosis 
of AML.25–27 Moreover, CD133 expression is highly 
associated with chemoresistance and prognosis of 
patients with AML.28 Our results showed that AKAP9 
silencing decreases the expression of ALDH1A1 and 
CD133 in AML cells. The findings support the hypoth-
esis that AKAP9 overexpression contributes to AML 
cell stemness.

The Wnt/β-catenin pathway is at the center of carcino-
genesis and cancer progression. It is necessary for the 
maintenance and self-renewal of LSCs. β-catenin is con-
sidered a vital downstream effector of the Wnt/β-catenin 
pathway.29,30 Several molecules involved in the Wnt/β- 

catenin pathway have a prognostic value in AML.29 

Therapeutics targeting the Wnt/β-catenin pathway have 
a great potential to treat AML. Studies have shown that 
the AKAP gene family is involved in the Wnt/β-catenin 
pathway. The AKAP family members can not only bind to 
β-catenin but also directly interact with GSK3beta, which 
is required for the regulation of β-catenin and thus for Wnt 
signaling31–33 Our results reveal that AKAP9 and β- 
catenin mRNA expressions are highly correlated, and 
AKAP9 silencing suppresses the protein levels of β- 
catenin, indicating that AKAP9 may promote the activa-
tion of β-catenin and Wnt/β-catenin signaling pathway.

Conclusion
In conclusion, AKAP9 mRNA expression is upregulated 
in pediatric AML patients, and its expression influences 
patient prognosis. AKAP9 silencing significantly inhibits 
AML cell proliferation and cell cycle progression and 
promotes apoptosis. Moreover, AKAP9 increases LSCs 
stemness by activating the Wnt/β-catenin signaling path-
way. AKAP9 may serve as a prognostic indicator for 
pediatric AML and provide a novel molecular drug target 

Figure 7 AKAP9 silencing suppressed the Wnt/β-catenin signaling pathway in AML cells. (A) The mRNA expression level of CTTNB1 in AKAP9-high and AKAP9-low 
patients from the TARGET database. (B) The correlation of CTTNB1 and AKAP9 mRNA expressions in pediatric AML patients from the TARGET database. (C) Western 
blotting of β-catenin in the control (Ctrl), sh-NC-, and sh-AKAP9-transfected THP1 and HL60 cells. (D) Densitometry analysis of the β-catenin protein expression levels in 
(C). ***P < 0.001, **** P < 0.0001.
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for AML. Further in vivo experiments and patient-derived 
sample studies are needed to validate our findings.
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AKAP9, A-kinase anchor proteins 9; FAB category, 
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treatments database; GEO, the gene expression omnibus 
database.
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