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Introduction: Progression and chemoresistance of acute myeloid leukemia (AML) con-
tribute to most of the treatment failure. Notch pathway has been proven to be involved in
many biological processes and diseases, especially AML. In this study, we aimed to explore
genes correlated with Notch1 pathway in AML and determine their roles in the regulation of
AML progression and chemoresistance.

Methods: TCGA database was used to explore Notchl associated genes. Kaplan—Meier
survival analysis was performed to evaluate the prognostic significance of genes.
Quantitative RT-PCR (qRT-PCR) and Western blot were performed to examine the expres-
sion of genes. The expression of PRKD2 was up-regulated or knocked down in AML cell
lines by lentivirus or siRNAs. CCK-8 and flow cytometry were used to analyze the effect of
PRKD?2 on cell proliferation and chemoresistance.

Results: Based on TCGA database, PRKD2 was found to be positively correlated with Notchl
expression, cytogenetic risk status and poorer prognosis in AML. Moreover, the expression level
of PRKD2 was higher in AML chemo-resistant cells than in chemo-sensitive cells. Functionally,
knockdown of PRKD2-induced apoptosis and increased chemosensitivity of AML cells. PRKD2
overexpression promoted proliferation and chemoresistance of AML cells. Furthermore, we
found PRKD2 could regulate Notchl pathway. Besides, high PRKD2 expression was correlated
with higher risk group of AML patients which indicated that PRKD2 was an independent
prognostic marker for AML.

Conclusion: Taken together, our results showed that PRKD2 could promote the prolifera-
tion and chemoresistance of AML cells by regulating Notch1 pathway. The study broadened
our insights into the underlying mechanisms in chemoresistance and proliferation of AML,
and provided a new prognostic marker and treatment target for AML.
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Introduction

Acute myeloid leukemia (AML) is the most common and aggressive type of acute
leukemia, which is characterized by the uncontrolled proliferation of myeloid
progenitor cells leading to abnormal accumulation of immature precursors and
insufficient generation of normal mature blood cells.' It has been reported that
AML is the most common cause of leukemia-related mortality in adult patients with
a 5-year overall survival (OS) around 40%.> Despite the use of new target drugs
such as FLT3 inhibitors and IDHI1/2 inhibitors in the clinic, the mainstay of
treatment approach is chemotherapy and several chemotherapeutic drugs including
anthracycline are predominantly used.*® Although great prognostic improvement
of AML has been made during the past few decades, 60—80% of patients who have
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initially achieved complete remission finally relapse while
parts of them eventually die of this disease due to
chemoresistance.” Therefore, it is of great significance to
elucidate the underlying mechanisms of chemoresistance
in AML and develop novel therapeutic strategies for rever-
sing chemoresistance.

Notch signaling pathway is a highly conserved cell
signaling system present in most multicellular
organisms.® Recent studies show that Notch signaling
pathway plays crucial roles in the regulation of cell-cell
contacts, cell survival, proliferation, differentiation, as
well as fate determination during multiple physiological
processes.”'® Because of its potential in maintaining the
balance between cell survival and apoptosis, its roles in
tumor initiation and progression have been evaluated pre-
viously. For instance, Baker et al reported Notch1-PTEN-
ERK1/2 signaling axis promoted HER2+ breast cancer cell
proliferation and supported cancer stem cell survival.''
Another study showed that patients with lung adenocarci-
noma had higher Notchl expression compared to normal
controls and overexpression of Notchl also suggested
a higher rate of cancer recurrence.'? Moreover, we pre-
viously reported that Notch1/DIl4 pathway was activated
in AML cells and could promote disease progression.'*
Besides, we found that activation of Notchl pathway may
indicate an unfavorable prognosis in AML.'* Since
Nothchl pathway has played critical roles in AML patho-
genesis, it is of great value to further explore its regulatory
network.

In this study, we analyzed TCGA database and found
that PRKD?2 was positively correlated with Notchl expres-
sion and its overexpression predicted poorer prognosis in
AML patients. Further results showed that PRKD2 could
promote cell proliferation and chemoresistance, as well as
inhibit drug-induced apoptosis via activating Notchl path-
way in AML cells. In conclusion, our study demonstrated
biological functions, molecular mechanisms and clinical
significance of PRKD2/Notchl regulation axis in AML,
and PRKD2 may hopefully serve as a new prognostic
marker and treatment target for AML.

Materials and Methods

TCGA RNA Sequencing and Clinical Data
The RNA-seq and clinical profiles of 134 newly diagnosed
AML patients (non-APL) were downloaded from TCGA

database, which contains RNA sequencing data for multiple

types of cancer.'”> The RNA-seq data were analyzed using
R packages.

Cell Lines and Cell Culture

Human AML cell lines K562, K562/A02, KASUMI and
U937 were purchased from the Institute of Hematology &
Blood Diseases Hospital, Chinese Academy of Medical
Sciences & Peking Union Medical College, Tianjin,
China. Cells were cultured in RPMI 1640 (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS). The multidrug-resistant cell line K562/A02
was maintained in the medium supplemented with 1 mg/l
adriamycin (ADM) which was removed from the medium

Table | Clinical Characteristics of AML Patients

Characteristics Overall Cohort (n=134)
Favorable | Intermediate/ | Poor
Normal
(n=17) (n=91) (n=26)

Sex (male/female) 9/8 45/46 10/16
Age: median (range) | 52 (22-77) | 58 (21-88) 63.5 (18-88)
Peripheral blast, % 61 (35-90) | 72 (0-98) 60 (30-99)
median (range)
Bone marrow blast, | 54 (0-86) 37 (0-97) 60 (30-99)
% median (range)
WBC count (10°/L) | 22 (2-57) 20 (1-203) 11 (1-90)
median (range)
Hemoglobin (g/dL) 9 (7-11) 10 (6-14) 9 (7-13)
median (range)
Platelet count(l09/L) 40 (9-149) | 52 (8-351) 38 (9-148)
median (range)
FAB classification

MO 0 7 7

MI 4 25 6

M2 6 20 7

M4 6 23 4

M5 0 14 0

Mé 0 | |

M7 | | |
Cytogenetic
abnormality

t(8;21) 7 0 0

inv(16) 7 0 0

Trisomy 8 0 0 6

Complex 0 0 16

Abbreviations: AML, acute myeloid leukemia; WBC, white blood cell; FAB,
French-American-British.
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2 weeks before experiments. All cells were cultured in
a 37°C humidified incubator with 5% CO,.

In vitro Transfection with Lentivirus or
Synthetic siRNAs

Lentivirus that stably overexpressed PRDK2 was purchased
from GeneChem Corporation (Shanghai, China). Cells
infected with lentivirus were then cultured with puromycin
to select the PRKD2 overexpression cell lines. siRNAs of
PRKD2 were purchased from GenePharma Corporation
(Shanghai GenePharma Co, Ltd, Shanghai, China). siRNAs
were transfected into AML cells using Lipofectamine®
RNAIMAX Reagent (Thermo Fisher Scientific, Inc.) accord-
ing to the provided protocol. The siRNA sequences of PRKD2
were shown as follows:

siRNA-1: 5-AAUGACCUUAACUGCCACGUCCCG
G-3';

siRNA-2: 5'-CCUGAGUGUGGCUUCUACGGCCUU
U-3".

Cell Viability Assay

Cell viability was determined by CCKS assays. In brief, cells
were seeded in 96-well plates in culture medium and incu-
bated in 5% CO, at 37°C. After incubation for the indicated
time, 10 uL of CCKS8 was added into each well and incubated
for 4 hrs. The optical density (OD) was measured at
a wavelength of 450 nm on a Microplate Reader (Bio-Rad).

Cell Apoptosis Assay

Cell apoptosis was detected using an Annexin V-FITC/PI
apoptosis detection kit (JingMei Biotech, Beijing, China)
according to the manufacturer’s protocols. Briefly, cells
were treated with EDTA-free trypsin, and resuspended with
400 puL Annexin binding buffer at a concentration of 10°
cells/mL. Then, 5 pL FITC-conjugated Annexin Vand 10 pL
PI were added to the cells and incubated at room temperature
for 15 mins in dark. Cell apoptosis assay was performed
within 1 hr after staining by Becton Dickinson FACS
Calibur flow cytometer.
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Figure | PRKD2 was positively correlated with Notch| expression in AML patients. (A) Selection of the 19 significant genes based on TCGA database. Genes that were
positively correlated with Notch| (user_listl), risk status (user_list3) and poorer prognosis (user_list2) were filtered. (B) The expression of filtered genes and Notchl in
AML patients is shown as heat map. (C) The expression of filtered genes and Notch| in AML patients is shown as scatter diagram. PRKD2 was positively correlated with

Notchl expression.
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Quantitative RT-PCR Analysis

Total RNA was extracted from cells using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). PrimeScript reverse tran-
scriptase (RT) reagent kit (TaKaRa, Shiga, Japan) was used
to synthesize cDNA from total RNA. Real-time PCR was
performed on Applied Biosystems StepOne plus System, and
results were analyzed as previously described.'®

Western Blot Analysis

Cells were harvested and lysed in lysis buffer containing
protease inhibitors. Subsequently, 50 pg of total cellular
protein from each sample was separated by 10% SDS-
PAGE and electro-transferred onto polyvinylidene fluoride
(PVDF) membrane using a semi-dry blotting apparatus
(Bio-Rad, Hercules, CA, USA). The membranes were
blocked with 5% nonfat milk at room temperature for 1
hr, and then incubated with primary antibodies overnight
at 4°C. After incubation with the appropriate secondary
antibodies, the protein bands were detected using the Pro-
lighting HRP agent. Expression of B-actin was used as

a loading control. The antibodies used in this study were
obtained from Abcam: PRKD2 (ab51251), NOTCHI1
(ab8925), NICD (ab83232), HES1 (ab108937), B-actin
(ab8226).

Statistical Analysis

All data were presented as means = S.D. from at least three
independent experiments. The software SPSS V18.0 was
used for statistical analysis. Spearman correlation test was
used to test the correlation between gene expression and
Notchl. Statistical significance of differences between two
groups was evaluated using Student’s #-test, and one-way
ANOVA was used to determine the significance of differ-
ences among multiple groups. Pearson’s Chi-square test
was used to compare the clinicopathological characteris-
tics between groups. The mean expression value of each
gene in our cohort had been calculated and patients were
separated into two groups based on mean expression
value. Survival curves were generated using the Kaplan—

Meier method, and differences between curves were
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Figure 2 PRKD2 was correlated with risk status and prognosis in AML patients. (A) AML patients were divided into three groups based on their cytogenetic risk status, and
the expression of filtered genes in the three groups was shown. (B) AML patients were divided into low and high groups based on the mean expression value of each gene,

and survival of AML patients in different groups was analyzed.
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analyzed with log-rank test. Differences with P < 0.05  expression of Notchl and all the other genes was studied.

were considered statistically significant. A total of 172 genes with correlation coefficient > 0.5
and P <0.05 were filtered. To further predict functional
Results genes, we analyzed the association between gene expres-

TCGA RNA Sequencing and Clinical Data sion and cytogenetic risk status. 5931 genes were found
TCGA database contains RNA sequencing data for multiple correlated with AML risk status. Then, we analyzed the

types of cancer. The RNA-seq and clinical profiles of 134 association between gene expression and prognosis of

newly diagnosed AML patients (non-APL) were down- AML patients, and 1584 genes were demonstrated prog-

loaded and analyzed. AML patients were classified into nostically significant. Finally, 3 groups of filtered genes

three groups according to cytogenetic risk status. Detailed mentioned above were intersected with each other and

clinical characteristics of AML patients are shown in Table 1.~ ©nly 19 genes that simultaneously met three conditions

showed up (Figure 1A). After reviewing articles, 6 genes
(PACS2, PRKD2, BCLIL, SIPA1, PPMI1F, RAPGEF3)

which were previously published to be functional

PRKD2 Expression Was Positively

Correlated with Notch| and Its in cancers were selected. The relative mRNA expression
Up-Regulation was Associated with Poorer  of 6 genes in AML patients was shown in Figure 1B.
Prognosis and Drug Resistance in AML Moreover, the gene expression correlation with Notchl,

To identify Notchl related genes, we firstly analyzed the risk status and prognosis is shown in Figures 1C and
TCGA database, from which the correlation between 2A, B.
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Figure 3 PRKD2 promoted proliferation and drug resistance of AML cells by regulating apoptosis. (A) The mRNA expression levels of genes in K562 and K562-A02 (drug-
resistant cell line) were detected by qRT-PCR. (B, C) KASUMI and U937 cells were infected with PRKD2 lentivirus and negative control (NC). The mRNA level of PRKD2
was detected by qRT-PCR. The protein level of PRKD2 was detected by Western blot. (D) CCK8 assay showed that overexpression of PRKD2-promoted proliferation of
AML cells. (E) Cells were incubated with ADM for 48 hrs and cell viability was detected by CCK8 assay. The results showed overexpression of PRKD2 decreased the
sensitivity of AML cells to ADM. (F) Cells are treated with 0.4 pg/mL (KASUMI) or 0.3 pg/mL (U937) ADM for 48 hrs, and flow cytometry showed overexpression of
PRKD?2 inhibited ADM induced apoptosis of AML cells. *P < 0.05, **P < 0.01, **P < 0.001.
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In addition, we detected the expression of the 6 genes
in a drug-resistant cell line (K562/A02) and its parental
cell line (K562). As shown in Figure 3A, PACS2, PRKD2
and SIPA1 were significantly up-regulated in K562/A02
cells with PRKD2 most remarkably changed, which indi-
cated that PRKD2 might also play crucial roles in the drug
resistance of AML.

Overexpression of PRKD2 Promoted
Proliferation and Chemoresistance of
AML Cells

It was well known that chemoresistance resulted in fast
progression of neoplasms. As we had explored that
PRKD2 was highly expressed in K562/A02 cells, we
wondered whether PRKD2 was involved in the chemore-
sistance of AML cells. To better understand the roles and
mechanisms of PRKD2 in AML, we infected KASUMI
and U937 cell lines with lentivirus that stably overex-
pressed PRDK2 (Figure 3B and C). We firstly verified

the effect of PRKD2 overexpression on cell proliferation,
and we found the up-regulation of PRKD2-promoted pro-
liferation in both KASUMI and U937 cell lines
(Figure 3D). Moreover, we confirmed that PRKD2 over-
expression significantly increased the chemoresistance of
AML cells to ADM (Figure 3E). What is more, we found
ADM induced apoptosis was decreased in AML cell lines
with PRKD2 up-regulation (Figure 3F), which indicated
that PRKD2-regulated proliferation and chemoresistance
via induction of apoptosis.

PRKD2 Knockdown Suppressed
Chemoresistance via Induction of
Apoptosis in AML Cells

Based on the above results, we have showed that over-
expression of PRKD2 contributed to chemoresistance of
AML cells by suppressing cell apoptosis. To further vali-
date our results, we transfected both KASUMI and U937
cells with PRKD2 siRNAs, and the expression of PRKD2
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Figure 4 Knockdown of PRKD2-inhibited drug resistance by inducing apoptosis. (A, B) PRKD2 expression was knocked down by siRNAs in KASUMI and U937 cells. The mRNA
level of PRKD2 was detected by qRT-PCR. The protein level of PRKD2 was detected by Western blot. (C) KASUMI and U937 cells were treated with ADM for 48 hrs, and cell
viability was detected by CCK8 assay. The results showed knockdown of PRKD2 increased the sensitivity of AML cells to ADM. (D) Cells were treated with 0.4 pg/mL (KASUMI)
and 0.3 pg/mL (U937) ADM, and flow cytometry showed knockdown of PRKD2 increased ADM induced apoptosis of AML cells. *P < 0.05, **P < 0.01, **P < 0.001.
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was downregulated on both mRNA and protein levels
(Figure 4A and B). We found knockdown of PRKD?2
sensitized both cell lines to ADM (Figure 4C). Apoptosis
assay was also conducted and the ADM induced apoptosis
was remarkably increased after PRKD2 knockdown
(Figure 4D). In brief, our findings further demonstrated
that inhibition of PRKD2 could suppress the chemoresis-
tance of AML cells via induction of apoptosis.

PRKD2 Expression Was Correlated with
Notch| Pathway in AML Cells

To further clarify the association between PRKD2 and
Notchl signaling pathway in AML cells, key genes in
Notchl pathway were detected by qRT-PCR and
Western blot after modulating PRKD2 expression. As
shown in Figure 5A and C, we presented that PRKD2
expression was positively correlated with Notchl, NICD
and HES1 on mRNA levels. Similarly, PRDK2 could
also regulate the activity of Notchl pathway on protein
levels (Figure 5B and D). Based on these results, we
proposed that PRKD2 may exert effects on AML drug
resistance via manipulating the Notchl pathway.

PRKD2 Overexpression Was Associated
with Older Age and Higher Cytogenetic
Risk in Newly Diagnosed AML Patients

As we have shown the crucial roles and underlying mechan-
isms of PRKD?2 in AML drug resistance, we further divided
patients into two groups based on PRKD2 mean expression
level. As shown in Table 2, characteristics of 47 patients
with low PRKD2 expression and 87 patients with high
PRKD2 expression were analyzed. High expression of
PRKD?2 was associated with older age and higher cytoge-
netic risk, which might lead to poorer prognosis in AML
patients.

AML is characterized by clonal evolution and genetic
heterogeneity.!” Genetic alterations including amplifications,
deletions, rearrangements, and point mutations are
recurrent.'® Here, we also analyzed the association between
PRKD2 expression and key genomic mutations including
FLT3, IDH1, RAS and NPMc mutations in AML patients.
As shown in Figure 6, high expression of PRKD?2 predicted
poorer prognosis in both FLT3-mutated (P=0.002) and wild-
type (P<0.001) AML patients. FLT3 mutation was an unfa-

vorable factor in PRDK2 low expression group (P=0.019) but
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Figure 5 PRKD2 was associated with Notch| pathway. (A, B) KASUMI and U937 cells were infected with PRKD?2 lentivirus and negative control (NC). The mRNA levels of
PRKD2 and Notchl related genes were detected by qRT-PCR. The protein levels of PRKD2 and Notch| related genes were detected by Western blot. (C, D) KASUMI and
U937 cells were transfected with PRKD2 siRNAs and negative control (NC siRNA). The mRNA levels of PRKD2 and Notch| related genes were detected by qRT-PCR. The
protein levels of PRKD2 and Notchl related genes were detected by Western blot. *P < 0.05, **P < 0.01, ***P < 0.001.

OncoTargets and Therapy 2019:12

submit your manuscript

10937

Dove


http://www.dovepress.com
http://www.dovepress.com

Liu et al

Dove

Table 2 Association of PRKD2 Expression with Clinical
Pathologic Factors of AML Patients

Characteristics Overall Cohort (n=134) | P-value
PRKD2"#" [ PRKD2-°"
n=47 n=87
Sex (male/female) 28/19 45/42 0.388
Age: median (range) 64 (18-88) 57 (21-82) 0.029
Peripheral blast, % median 70 (0-98) 70 (0-99) 0.981
(range)
Bone marrow blast, % median | 39 (0-90) 43 (0-99) 0.647
(range)
WABC count (10°/L), median 8 (1-134) 22 (1-203) | 0.174
(range)
Hemoglobin (g/dL), median 10 (7-13) 9 (6-14) 0.943
(range)
Platelet count (10°/L), median | 48 (9-215) 52 (8-351) 0.462
(range)
FAB classification 0.338
Mo 5 8
M 17 18
M2 9 25
M4 9 24
M5 2 12
Mé 2 0
M7 3 0
Cytogenetic risk group 0.028
Favorable 3 14
Intermediate/normal 31 60
Poor 13 13
Cytogenetic abnormality 0.396
t(8;21) | 6
inv(16) | 6
Trisomy 8 0 6
Complex 10 6
Molecular abnormality
FLT3 mutation (+) 5 29 0.004
IDHI mutation (+) 7 21 0.255
RAS mutation (+) 2 6 0.542
NPMc mutation (+) 8 30 0.032

not in PRDK2 high expression patients (P=0.051). For IDH1
and RAS, high expression of PRKD2 only predicted poorer
prognosis in wild-type IDH1 or RAS AML patients. For
NPMec, our results showed PRKD?2 expression was an inde-
pendent prognostic marker as high expression of PRKD2
contributed to poorer prognosis in both NPMc-mutated and

non-mutated AML patients.

Discussion

Chemotherapy resistance still remains a major barrier to
the clinical treatment and prognosis of AML patients.
Therefore, it is of great significance to explore the mole-
cular mechanisms of chemoresistance and identify novel
targets for clinical therapy. In this study, we found PRKD2
expression was positively correlated with the expression of
key genes in Notchl pathway, cytogenetic risk status and
poorer prognosis in AML patients. Moreover, PRKD2 was
up-regulated in chemo-resistant AML cells. Knockdown
of PRKD2 led to increased sensitivity of AML cells to
ADM via induction of apoptosis. Overexpression of
PRKD?2 further promoted ADM resistance and prolifera-
tion of AML cells. Moreover, we found PRKD2 could
regulate Notchl and HES1 expression which were the
key genes of Notchl pathway. Finally, we demonstrated
that PRKD?2 expression was associated with several AML
patient characteristics. Based on our results, PRKD2 might
serve as a promising therapeutic target for AML in clinic.

Exploring the molecular mechanisms underlying AML
chemoresistance could contribute to developing reasonable
and effective therapeutic strategies to overcome chemore-
sistance. Notchl pathway has been proven to serve as key
regulators of chemoresistance in numerous cancers.'’ >’
For instance, previous studies reported that Notchl con-
trolled cell chemoresistance in small cell lung carcinoma
cells,'” enhanced prostate cancer chemoresistance,”” regu-
lated chemoresistance of gastric cancer stem cells via induc-
tion of autophagy.”' To further discover Notchl related
genes, we downloaded and analyzed data of AML patients
from TCGA database, which indicated PRKD2 was posi-
tively correlated with Notchl expression, higher risk status
and poorer prognosis in AML patients. Moreover, PRKD2
were also up-regulated in drug-resistant AML cells. The
protein kinase D (PRKD) family of serine/threonine kinases
belongs to the calcium/calmodulin-dependent protein
kinase superfamily and comprises 3 isoforms, PRKDI,
PRKD2, and PRKD3.%?? Previous studies have shown that
PRKD?2 plays important oncogenic roles in the regulation of
cancer progression, such as in gastrointestinal cancers,”
triple-negative breast cancer,” glioma and so on.?’
However, its functions in chemoresistance of AML have
not been well studied.

To demonstrate the functions of PRKD2 in AML and its
effects on Notchl pathway, knockdown and overexpression
assays were conducted. As shown above, we unveiled that
PRKD2-enhanced proliferation and ADM-resistance in AML
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Figure 6 Significance of PRKD2 expression in the prognosis of AML patients with genomic mutations. The mean expression value of PRDK2 had been calculated and AML
patients were separated into low and high groups based on mean expression value. (A) AML patients were divided into four groups according to FLT3 mutation status and
PRKD2 expression level. The survival of AML patients in different groups was analyzed. (B) AML patients were divided into four groups according to IDH| mutation status
and PRKD2 expression level, and survival of AML patients was analyzed. (C) AML patients were divided into four groups according to RAS mutation status and PRKD2
expression level, and survival of AML patients was analyzed. (D) AML patients were divided into four groups according to NPMc mutation status and PRKD2 expression

level, and survival of AML patients was analyzed.

cells, which was the consequence of decreased apoptosis rate.
Moreover, we demonstrated that PRKD2 expression was
positively correlated with the activity of Notchl pathway.
Notchl, NICD and HES1 expression were remarkably chan-
ged after PRKD2 knockdown or overexpression. Then, we
further explored the clinical significance of high PRKD2
expression in AML patients by analyzing data from TCGA.
Apart from characteristics such as older age and higher risk
group, high PRKD2 expression also indicated the poorer
prognosis of AML patients with specific genomic mutations.
Based on previous work, FLT3,% IDHl,27 NPM1%® and
RAS? mutations were important prognostic markers for
AML patients, and were all regarded as unfavorable muta-
tions. Our results showed PRKD?2 could also act as an inde-

pendent prognostic marker, because its high expression

indicated poorer prognosis in AML patients. Moreover, our
results indicated that low PRKD2 expression could alleviate
the poor prognostic effects of FLT3 mutation in AML patients.

In conclusion, our results showed that PRKD2 could
promote the proliferation and chemoresistance of AML
cells by regulating the Notchl signaling pathway. The
study broadened our insights into the underlying mechan-
isms in chemoresistance and proliferation of AML, and
provided a new prognostic marker and treatment target
for AML.
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