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Acute myeloid leukemia (AML) is an invasive hematopoietic malignancy requiring novel treatment strategies. In this study, we
identified phosphodiesterase 3 A (PDE3A) as a potential new target for drug repositioning in AML. PDE3A was preferentially
overexpressed in AML cells than in normal cells, and high expression of PDE3A was correlated with lower event-free survival (EFS) in
de novo AML patients. The PDE3A inhibitor anagrelide (ANA) profoundly suppresses the proliferation of high PDE3A-expressing
AML cells while exhibiting minimal impact on those with low PDE3A expression. Moreover, synergistic effect of ANA with other
chemotherapeutic drugs in high PDE3A expression AML cells was observed. The ANA-idarubicin (IDA) combination showed the
most remarkable synergistic effect among all ANA-chemotherapeutic drugs commonly used in AML cell line models.
Mechanistically, the synergy between ANA and IDA inhibited the survival of PDE3AMI" AML cell lines through pyroptosis. This
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mechanism was initiated by GSDME cleavage triggered by caspase-3 activation. In vivo combination treatment of leukemic animals
with high PDE3A expression significantly reduced leukemia burden and prolonged survival time compared with single-drug and
vehicle control treatments. Our findings suggest that combined ANA and IDA treatment is an innovative and promising therapeutic

strategy for AML patients with high PDE3A expression.

Leukemia; https://doi.org/10.1038/541375-024-02437-x

INTRODUCTION

Acute myeloid leukemia (AML) is a clinically aggressive and
heterogeneous hematologic neoplasm characterized by acquired
genetic abnormalities [1]. Current treatments for AML are limited,
and the overall outcome of AML remains poor; only approximately
40% of younger patients ( < 60 years) achieved long-term survival
[2]; pediatric AML patients enrolled in clinical trials demonstrated
a 70% survival rate [3], significantly lower than the 85-90%
survival observed in young adults and children treated for acute
lymphoblastic leukemia (ALL) [4]. The imperative task involves the
identification of novel molecular targets and therapeutic strate-
gies to ameliorate the overall survival rate of individuals afflicted
by AML.

Platelets interact intricately with malignant cells, including
leukemic blasts, which play pivotal roles in cancer progression,
metastasis, and angiogenesis via diverse mechanisms. The platelet
inhibitor clopidogrel significantly reduces tumor growth in an

orthotopic pancreatic tumor mouse model. The release of platelet-
derived microparticles promotes the transmission of numerous
bioactive compounds to cancer cells upon internalization,
contributing to the development of chemoresistance in AML
[5-8]. Phosphodiesterase 3 (PDE3) is a member of the phospho-
diesterase superfamily and comprises two subtypes: phospho-
diesterase 3 A (PDE3A) and phosphodiesterase 3B. PDE3A is an
extensively characterized cyclic nucleotide phosphodiesterase
that catalyzes the hydrolysis of cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP), orchestrat-
ing numerous vital intracellular signal transduction pathways and
cellular processes [9-12]. PDE3A is predominantly expressed in
vascular smooth muscles, platelets, oocytes, and the heart and
plays a pivotal role in platelet aggregation and oocyte maturation
[10]. Recent studies have reported the cAMP- and cGMP-
independent functions of PDE3A. These studies have demon-
strated that PDE3A is upregulated in several solid tumors and is
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correlated with a poor prognosis [13-15]. The involvement of
PDE3A in activating inflammatory pathways contributing to cancer
cell stemness has been elucidated through the suppression of the
cAMP/PKA pathway [13]. However, the precise expression pattern
and functional implications of PDE3A in AML remain unclear.

The PDE3A inhibitor anagrelide (ANA) is an antithrombotic and
platelet-reducing agent marketed for the treatment of thrombo-
cythemia associated with myeloproliferative diseases. ANA ther-
apy reduces the amount of circulating platelets by concurrently
curtailing megakaryocyte hyperproliferation and differentiation
processes [16, 17]. ANA treatment also suppresses cancer cell
proliferation through apoptosis and cell cycle arrest, and its
efficacy depends on the protein levels of PDE3A and SLFN12
[10, 18-20]. Similarly, the PDE3A inhibitor 6-(4-(diethylamino)-3-
nitrophenyl)-5-methyl-4,5-dihydropyridazin-3(2H)-one ~ (DNMDP)
promotes cancer cell death by stabilizing the PDE3A-SLFN12
interaction [21-23]. The PDE3A inhibitor female sex hormone 17-
B-estradiol (E2) instigates cancer cell apoptosis by facilitating the
interaction between PDE3A and SLFN12 within cells [24]. The
PDE3A inhibitor, the indole alkaloid natural product nauclefine,
elicits PDE3A-SLFN12-dependent apoptosis in tumor cells without
inhibiting the enzymatic activity of PDE3A [25]. The PDE3A
inhibitor, zardaverine (ZARD), selectively inhibited the growth of
specific cancer cell lines [10]. These findings underscore the
multifaceted role of PDE3A inhibitors in influencing cancer cell
fate and highlight their potential therapeutic applications.
However, the precise anticancer effects of PDE3A inhibitors on
AML need to be elucidated further.

In the present study, we aimed to investigate the relationship
between PDE3A expression and AML prognosis and to explore the
feasibility and mechanism of PDE3A inhibition as a potential anti-
leukemia treatment. We also aimed to identify novel synergistic
strategies for AML treatment by combining PDE3A inhibitors with
chemotherapeutic agents.

METHODS

Patients

Children aged <15 years with de novo AML, based on the World Health
Organization (WHO) criteria, participated in this observational study. Bone
marrow specimens were collected at the diagnosis stage and tested for
morphology, immunotype, karyotype, DNA mutations, and genetic
aberrations. Data on the RNA sequencing results of all patients were
available. Details are available in the Supplemental Methods.

In vivo murine model

All animal experiments were conducted in compliance with the animal
care guidelines approved by the Institutional Laboratory Animal Care and
Use Committee of Soochow University. Five- to six-week-old NSG mice
were purchased from Shanghai Model Organisms Center, Inc. Details are
available in the Supplemental Methods.

Statistical analysis

Cell culture experiments were performed in at least three independent
experiments for each cell line. Unless otherwise noted, the results were
expressed as the mean + standard deviation and were analyzed using a
paired or unpaired t-test. Multiple groups were analyzed using a one-way
analysis of variance. The correlations between continuous variables were
calculated using Pearson correlation coefficients. Survival was estimated
using the Kaplan-Meier method and compared using the log-rank test.
Statistical significance was set at a P-value of <0.05 in all experiments. Data
were analyzed and plotted using GraphPad Prism 8 software.

RESULTS

PDE3A overexpression in AML as a predictor of poor
prognosis

To explore the potential role of PDE3A in AML, we analyzed its
expression levels in 12 AML patients and 6 healthy donors; PDE3A
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was expressed at a significantly higher level in bone marrow
mononuclear cells BMMNCs) from AML patients than in BMMNCs
from healthy donors, at both the protein and messenger RNA
(mRNA) levels (Fig. 1A, B). The clinical characteristics of patients
with AML whose PDE3A protein levels are shown in Fig. 1A are
presented in Table 1. These results showed that PDE3A was
markedly overexpressed in AML cells and were validated by
examining PDE3A expression levels in BMMNCs from AML patients
and healthy donors using TCGA LAML database, and further
confirmed through analysis with GEPIA (Fig. 1C).

To investigate the relationship between PDE3A expression and
the patients’ survival time, the correlation between PDE3A
expression and prognosis of AML patients was subsequently
investigated in 148 pediatric AML patients recruited in this
retrospective study from October 2013 to September 2022 in our
center. The baseline characteristics of patients are shown in
Table 2. The transcriptomic expression level of PDE3A in newly
diagnosed bone marrow samples was determined according to
the results of RNA Sequencing. The patients were divided into
two gro_uEs based on the 25th quartile of PDE3A expression:
PDE3A M9" group (n = 111) and PDE3A '°" group (n =37) (Fig. 1D).
Results showed that AML patients in the PDE3A M9" group had
significantly lower event-free survival (EFS) (Fig. 1E) compared
with patients in the PDE3A '°" group. No significant difference was
found in the overall survival (OS) between the two groups, but an
obvious tendency toward lower OS was observed in patients with
higher PDE3A expression (Fig. 1F). The results from the GEO
database (GSE37642) analyzed via R2 indicated that AML patients
with higher PDE3A expression exhibited lower OS than those with
lower PDE3A expression (Fig. 1G). The patients were categorized
based on the best truncation value (expression cut-off value:
133.6) of PDE3A expression. We also analyzed TCGA-LAML
database using the GEPIA platform and stratified patients based
on the median and 25™ quartile. We observed that AML patients
with a high expression of PDE3A had shorter OS than those with
low expression of PDE3A; although a clear trend was evident,
statistical significance was not achieved (Supplementary Fig. 1).
PDE3A exhibits low expression levels in specific fusions of AML,
including CBFB-MYH11 and other KMT2A rearrangements (except
KMT2A-MLLT3 and KMT2A-MLLT11) (Fig. 1H, Table 2). These
findings indicated that PDE3A can serve as a valuable biomarker
for the diagnosis and prognosis of AML.

Overall, these observations revealed that PDE3A is over-
expressed in AML, and high expression of PDE3A was closely
related to poor prognosis in patients with AML.

PDE3A inhibitor ANA inhibiting the PDE3A high expressing
AML cells in vitro and in vivo

To ascertain the anti-leukemia function of the PDE3A inhibitors,
we investigated the PDE3A expression of AML cell lines from the
CCLE database and found that PDE3A was highly expressed in HEL
and MOLM-16 (Fig. 2A). To confirm this, we employed reverse
transcription polymerase chain reaction (RT-PCR) and western
blotting to explore the disparities in PDE3A expression across
leukemic cell lines. Among these cell lines, HEL and MOLM-16
exhibited markedly elevated levels of PDE3A expression, surpass-
ing those of the other cell lines both at the protein and
transcriptional levels (Fig. 2B, C), which were selected as
representative high-PDE3A-expressing models of AML for subse-
quent investigations. PDE3A inhibitor anagrelide (ANA) specifically
inhibited the HEL and MOLM-16 growth in a concentration-
dependent manner after 72h of treatment. The half-maximal
inhibitory concentrations (ICsp) (0.8 uM and 1.3 uM, respectively) of
ANA were observed in HEL and MOLM-16 cells. Notably, ANA had
no inhibitory effects on other AML cell lines that expressed low
levels of PDE3A (Fig. 2D). The PDE3A inhibitors DNMDP,
nauclefine, zardaverine, and E2 significantly reduced proliferation
in HEL and MOLM-16 cells, while showing no inhibitory effects on
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Fig. 1 Significantly higher expression of PDE3A in AML cells and its correlation with poor prognosis. A Western blot analysis of PDE3A
protein levels in primary BMMNCs from patients with AML (n=12) and healthy donors (n=6) from the Children’s Hospital of Soochow
University and normalized to that of GAPDH. B Relative mRNA expression of PDE3A in primary BMMNCs from AML patients (n = 12) and
BMMNCs from healthy donors (n = 6) in the Children’s Hospital of Soochow University quantified using gRT-PCR and normalized to that of
GAPDH. C Box plot of PDE3A expression in TCGA data set, comparing AML cell lines (n = 173) and BMMNCs from healthy donors (n = 70).
D RNA sequencing analysis of patients divided into two groups based on the 25th quartile PDE3A expression: PDE3AM" group (n=111) and
PDE3A'®" group (n = 37). EFS E and OS F of AML patients from the Children’s Hospital of Soochow University stratified according to PDE3A
expression status. G OS of AML patients in the R2 data set stratified according to PDE3A expression status. H Fusion gene expression of
patients. Survival curves were analyzed using the Kaplan-Meier method, and P-values were determined using the log-rank (Mantel-Cox) test.
Differences were compared using the two-tailed Student’s t-test, and multiple groups were analyzed using the one-way analysis of variance.

The data are expressed as the mean +SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS not significant.

other AML cell lines exhibiting low PDE3A expression (Fig. 2E-H).
We focused on examining the efficacy of ANA, a commercially
available pharmaceutical, in our subsequent studies. Furthermore,
to verify the anti-leukemia function of ANA in high PDE3A-
expressing AML cells, primary cells from AML patients were
divided into two groups according to the median PDE3A
expression at the protein and transcriptional levels: PDE3A 9"
group (n=6) and PDE3A ' group (n=6); both groups were
treated with 5uM ANA for 72 h. Consistent with the findings in
AML cell lines, ANA drastically inhibited the proliferation of
primary cells in the PDE3A high group and did not exert inhibitory
effects on primary cells in the PDE3A ' group (Fig. 2l).

To investigate the role of ANA in AML, the ICso of ANA was used
for the treatment of HEL and MOLM-16 cells in our subsequent
experiments. ANA inhibited the colony-forming ability (Fig. 3A)
and interrupted the cell cycle by G1 arrest (Fig. 3B) in HEL and
MOLM-16 cells, whereas cell apoptosis was hardly affected
(Fig. 3C). Consistent with these results, the expression of cell
cycle-related proteins including CyclinD1, CDK4, C-myc, CDK2, and
CDK6 was significantly downregulated at the protein level in a
time-dependent manner after ANA treatment in HEL and MOLM-
16 cells compared with the control group. The G1 phase
checkpoint-related proteins including P53, P27, and P21 were
significantly upregulated at the protein level in a time-dependent
manner after ANA treatment in HEL and MOLM-16 cells compared
with the control group (Fig. 3D).

To evaluate the anti-leukemic activity of ANA in vivo, we
developed a xenograft model of human AML by injecting 2 million
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luciferase-overexpressing HEL cells into the tail vein of NSG mice
(Fig. 3E). Fourteen days after leukemia cell implantation, the mice
were treated daily with vehicle treatment or 5 mg/kg [19] ANA by
gavage for 14 days. The in vivo imaging assay indicated that ANA
treatment reduced the leukemia burden compared with vehicle
treatment (Fig. 3F). Moreover, the anti-leukemia effects of ANA
significantly prolonged the survival time compared with that
following the vehicle treatment (Fig. 3G).

These results indicate that PDE3A inhibitors can suppress the
proliferation of high PDE3A-expressing AML cell lines. ANA
treatment inhibited colony-forming capacity, interrupted the cell
cycle by G1 arrest, and inhibited leukemogenesis in a mouse
xenograft model, and exerted an anti-leukemia effect on high
PDE3A-expressing AML cells in vivo and in vitro.

Targeting PDE3A to downregulate the MAPK signaling
pathway in high PDE3A-expressing AML cell lines

To further elucidate the mechanism underlying the anti-leukemia
function of ANA, we performed RNA sequencing analysis of HEL
cells and mRNA expression clustering, and plotted maps were
created to identify the presence of differentially expressed genes
(DEGs). Overall, treatment with ANA for 72 h resulted in dynamic
alterations in transcription, with 146 upregulated and 197
downregulated genes (adjusted P<0.05, absolute value log,-
Fold-change>0.5) (Fig. 4A). Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis showed that categories related to “focal
adhesion,” “apelin signaling pathway,” “MAPK signaling pathway,”
and “PPAR signaling pathway” were highly enriched (Fig. 4B).

SPRINGER NATURE
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Table 1. Characteristics of the patients included in Fig. 1A.

ID FAB Age (year) Sex HB (g/L) WBC (x10°/L) PLT (x10°/L)

AML1 M3 14 M 123 2.88 317

AML2 M3 8 M 100 83.8 27

AML3 Unclassifiable 4 M 926 24 66

AML4 Unclassifiable 1 M 102 26 50

AML5 M5 2 F 96 123 274

AML6 M5 14 M 86 259 116

AML7 M4 12 M 98 20.5 17

AMLS M2 10 M 86 4.19 51

AML9 M5 10 F 97 2.2 191

AML10 M4 5 M 86 27.83 25

AML11 M4 7 M 107 92.92 36

AML12 M2 7 M 106 25.04 145

ID Gene fusion Gene mutation Cytogenetics

AML1 PML/RARA FLT3-ITD 46,XY

AML2 PML/RARA FLT3-ITD 46,XY,t(15,17),(q24,921)

AML3 RUNX/RUNX1T1 NRAS, KIT, IDH2 45,X,-Y,1(8,21) (922,922)[111/46,XY[5]

AML4 NPM1/RPP30 NRAS 46,XY,t(5,10)(q34,923)[141/46,XX[6]

AML5 MLL/AF6 CREBBP, STAT5A 46,XX,del(11)(q22)[131/46,XX[2]

AML6 MLL/AF9 TP53, ETV6 47,XY, + 8,t(9,11)(p22,q23)[20]

AML7 NCOR2/UBC KRAS, ETV6 46,XY[20]

AMLS RUNX/RUNX1T1 NRAS, FLT3-TKD, FLT3- 46,XY,t(8;21)(g22;922)[2] /45,idem,-
ITD, KIT Y,1(2;4) (922;921)[171/46,XY[1]

AML9 DEK/CAN KARS, U2AF1, EP300 46 XY

AML10 ND CEBPA, CSF3R 46,XY

AML11 MLL/AF9 NF1 46,XY,t(9,11)(p21,922)[141/46,XY

AML12 RUNX/RUNX1T1 KIT, ASXL2, DHX15 45,X,-Y,1(8,21) (922,922)[4]/46,XY[12]

The heatmaps associated with these pathways were shown below
(Fig. 4C-F). In accordance with the aforementioned phenotypic
analyses, ANA treatment precipitated a time-dependent reduction
in the levels of phosphorylated ERK1/2, p38, JNK, and ERKS5, as
observed at the protein level using western blotting (Fig. 4G),
Additionally, the heatmaps highlighted a notable transcriptional
downregulation of Cyclin D1 (Fig. 4C, D). To verify these results, we
performed RNA sequencing analysis of primary cells from AML
patient #6, which yielded convincing results. GSEA of RNA
sequencing data from AML patient #6 showed that cell cycle-
related genes were significantly enriched. The heatmap showed
that ERK1/2 cascade-related genes were significantly down-
regulated (Supplementary Fig. 2A, B).

In summary, ANA suppressed the growth of high PDE3A-
expressing AML cells through the downregulation of the MAPK
signaling pathway in high PDE3A-expressing AML cells.

Notable synergistic effect of anagrelide combined with
idarubicin in high PDE3A-expressing AML cells

Notably, the heatmaps depicting the altered gene expression
within the four aforementioned signaling pathways demonstrated
that genes associated with drug resistance mechanisms, including
PAK1, p-SRC, DUSP16, and EGR1, exhibited distinct downregula-
tion at the transcriptional level (Fig. 4 C-E). RNA sequencing
analysis also showed PAK1 and EGR1 were down-regulated in
primary cells from AML patient #6 (Supplementary Fig. 2C). Recent
studies have reported that these genes contribute to drug
resistance and highlighted the potential of targeting these genes
to overcome drug resistance in cancers [26-30]. Western blotting
revealed that ANA treatment rapidly decreased p-SRC, PAK1,
EGR1, and DUSP16 protein levels in a time-dependent manner
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(Fig. 4H). This treatment may enhance the sensitivity of AML cells
to drugs most often used in the treatment of pediatric AML
patients.

To evaluate the effect of ANA on the sensitivity of high PDE3A-
expressing AML cells to chemotherapeutic drugs and select
effective drugs combined with ANA, we determined the
concentrations of idarubicin (IDA), homoharringtonine (HHT),
daunorubicin (DNR), cytarabine (Ara-C), etoposide (VP-16), decita-
bine (DEC), and cladribine (Clad) that only caused minimal cell
suppression within 72 h; then, ANA was combined with individual
anti-leukemia drugs in a concentration-dependent manner to
investigate their synergistic and sequential effects on inhibiting
the proliferation of HEL and MOLM-16 cells. Simultaneous
treatment with IDA and ANA for 72 h significantly reduced the
growth rate of HEL and MOLM-16 cells (Fig. 5A, B), and the
combination index at various doses was approximately <1
(Fig. 5C, D). Simultaneous treatment with HHT and ANA reduced
the growth rate of HEL and MOLM-16 cells. However, the effect of
HHT combined with ANA was inferior to that of IDA combined
with ANA (Fig. 5E-H). IDA combined with ANA had the strongest
synergistic effect among the seven anti-leukemia drugs, depend-
ing on the ICs, for cell proliferation at an ineffective concentration
of chemotherapeutic agents (Supplementary Fig. 3A-E). To verify
the effect of combined medication in high PDE3A-expressing AML
cells, primary cells from AML patients in the PDE3A M9" group
(n = 6) determined based on the median PDE3A expression at the
transcriptional level were treated with vehicle control, 0.005 uM
IDA, 5 uM ANA, and 0.005 uM IDA with 5 uM ANA. Consistent with
the results of the cell line experiment, the combination treatment
with IDA and ANA significantly reduced cell viability compared
with the use of a single agent. Notably, the combination of ANA

Leukemia
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Table 2. Baseline characteristics of patients in the PDE3A-high and PDE3A-low cohorts.

Characteristic
Age, years (%)
<1
21, <10
=10
Sex (%)
Male
Female
Leukocyte count at diagnosis, x10°/L (%)
=100
>50, <100
<50
Hemoglobin (median, range, g/L)
Platelet (median, range, x10%/L)
FAB
M1
M2
M3
M4
M5
M7
Unclassified
Karyotype (%)
Normal
Chromosome 5, 7 abnormalities
Complex
Not evaluable
Fusions (%)
RUNXT::RUNXIT1
CBFB:MYH11
KMT2A:MLLT3
KMT2A:: MLLT11
Other KMT2A rearrangements
NUP98 rearrangements
Other high-risk fusions t
Other unknown fusions
Mutations (%)
CEBPA double mutations
NPM1
KIT
FLT3-ITD
Other high-risk mutations*
Induction regimen
LDC
SDC
HSCT with CR1
Yes
No

All patients (N = 148)

6 (4.1)
95 (64.2)
47 (31.8)

29 (19.6)
26 (17.6)
93 (62.8)
79 (25-129)
55 (5-396)

1(0.7)
69 (46.6)
2(14)
21 (14.2)
35 (23.6)
6 (4.1)
16 (10.8)

52 (35.1)
19 (12.8)
7 (4.7)
1(0.7)
11 (7.4)
9 (6.1)

7 (4.7)
11 (7.4)

14 (9.5)
9 (6.1)
37 (25.0)
10.1)

15 (
12 (8.1)

85 (57.4)
63 (42.6)

PDE3A Low (N = 37)

1(27)
28 (75.7)
8 (21.6)

9 (24.3)

7 (18.9)

21 (56.8)
77 (33-120)
58 (6-217)

0 (0.0)
13 (35.1)
0 (0.0)
10 (27.0)
11 (29.7)
0 (0.0)
3(8.1)

4 (10.8)
0 (0.0)
1(27)
1(2.7)

10 (27.0)
10 (27.0)
3(8.1)
1(2.7)
8 (21.6)
1(27)
0 (0.0)

2 (54)

1(27)
1(2.7)
9 (24.3)
2 (5.4)
4 (10.8)

22 (59.5)
15 (40.5)

PDE3AHigh (N=111) P-value
0.2412
5 (4.5)
67 (60.4)
39 (35.1)
0.5638
63 (56.8)
48 (43.2)
0.6361
20 (18.0)
19 (17.1)
72 (64.9)
80 (25-129) 0.7267
55 (5-396) 0.8939
0.4431
1 (0.9)
56 (50.5)
2 (1.8)
21 (18.9)
24 (21.6)
6 (5.4)
13 (11.7)
32 (28.8) 0.02
2 (1.8) 1
6 (5.4) 0.6774
7 (6.3) 0.6798
42 (37.8) 0.2329
9 (8.1) 0.008
4 (3.6) 0.367
0 (0.0) 0.25
3(27) 0.0007
8 (7.2) 0.4511
7 (6.3) 0.1929
9 (8.1) 0.7315
13 (11.7) 0.1905
8 (7.2) 0.4511
28 (25.2) 0.9127
13 (11.7) 0.3582
8 (7.2) 0.4955
0.1854
60 (54.1)
51 (45.9)
0.7734
63 (56.8)
48 (43.2)

The bold values mean that the P value is <0.05, and the results have statistical significance. 0.02 showed that in normal karyotype, the patients with high
expression of PDE3A were more than the patients with low expression of PDE3A. 0.008 and 0.0007 showed that PDE3A exhibits low expression levels in
specific fusions of AML, including CBFB-MYH11 and other KMT2A rearrangements (except KMT2A-MLLT3 and KMT2A-MLLT11).
Other high-risk fusions included DEK:NUP214, BCR::ABL1, ETV6:MNX1, TLS:ERG and CBFA2T3:GLIS2.
*Other high-risk mutations include RUNX1, ASXL1, and TP53.
CNS central nervous system, CEBPA CCAAT enhancer-binding protein alpha, NPMT nucleophosmin 1, KIT KIT proto-oncogene receptor tyrosine kinase, FLT3-/TD
FMS-like tyrosine kinase 3 gene internal tandem duplication, RUNXT RUNX family transcription factor 1, ASXLT ASXL transcriptional regulator 1, TP53 tumor
protein p53, HSCT hematopoietic stem cell transplantation.
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Fig. 2 PDE3A inhibitors specifically inhibiting the growth of high PDE3A-expressing AML cells. A Violin plot of PDE3A expression in the
CCLE data set of AML cells. B Western blot analysis of PDE3A protein levels in AML cells and normalized to that of GAPDH. C Relative mRNA
expression of PDE3A in AML cells quantified using qRT-PCR and normalized to that of GAPDH. A CCK-8 assay of cell viability in the leukemic
cells treated with the corresponding concentrations of PDE3A inhibitors ANA D, DNMDP E, nauclefine F, zardaverine G, and E2 H for 72 h. The
ICs0 values were calculated based on the drug concentrations that cause 50% cell viability. | Primary BMMNCs from patients with AML (n = 12)
were divided into two groups: PDE3AM9" group (n = 6) and PDE3A®" group (n =6). The cell viability were determined via the CCK-8 assay
following treatment with 5 pM ANA for 72 h. Data are presented as the mean + SD (n = 3). Comparisons were evaluated using the two-tailed
Student’s t-test, and multiple groups were analyzed using a one-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS

not significant.

and IDA showed minimal impact to primary cells from AML
patients in the PDE3A '°* group (n = 6) (Fig. 5).

To explore the effect of each treatment on the proliferative
ability and self-renewal ability of the primary PDE3AMI" AML
sample, we treated the primary cells from AML patient #6 with PBS
(control), 5uM ANA, 0.005 uM IDA and 5 uM ANA combined with
0.005 uM IDA. Consistently, ANA combined with IDA inhibited the
colony-forming ability of the primary cells obtained from the
PDE3AMIM AML patient to a greater extent compared with single-
drug treatment (Fig. 5J). Serial colony-forming assay indicated that
IDA combined with ANA significantly inhibited the self-renewal
ability of primary PDE3A"S" AML sample (Fig. 5K).

Together, ANA combined with IDA had a synergistic effect on
both AML cell lines and primary cells from AML patients with high
PDE3A expression.

ANA combined with IDA synergistically inhibiting the growth
of high PDE3A-expressing AML cell lines through pyroptosis
by triggering GSDME cleavage

To unravel the intricate molecular mechanisms underlying the
synergistic antileukemic effects of ANA in combination with IDA,
RNA sequencing analysis of HEL cells was conducted. Our

SPRINGER NATURE

comprehensive data analysis revealed that treatment with a
combination of ANA and IDA within 72 h engendered significant
transcriptional modifications. This combined treatment led to the
upregulation of 906 genes and substantial downregulation of 777
genes (adjusted P-value < 0.05 and an absolute log,fold-change >
0.5) (Fig. 6A). KEGG analysis showed that categories related to
“neutrophil extracellular trap formation,” “MAPK signaling path-
way,” “alcoholism,” and “systemic lupus erythematosus” were
highly enriched (Fig. 6B). Notably, a recent study has indicated
that the inhibition of the MAPK signaling pathway can mitigate
inflammation, a phenomenon corroborated by the findings
presented in Fig. 4E [31-33]. The pro-inflammatory factor IL-1
exhibited an upregulated expression upon treatment with ANA
combined with IDA (Fig. 6C). To validate the observations from the
heatmap analysis, a comprehensive functional annotation and
enrichment analysis of the DEGs was performed, utilizing the
HALLMARK pathway enrichment approach. Combination treat-
ment with IDA and ANA led to positive enrichment of the
inflammatory response pathway (Fig. 6D) and the KRAS signaling
pathway (upstream of the MAPK signaling pathway) (Fig. 6E).
Given the notably elevated expression of inflammatory factors
in AML cells, the mode of cell death possibly involved pyroptosis,
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Fig. 3 ANA suppressing the proliferation of high PDE3A-expressing AML cell lines by interrupting the cell cycle and inhibiting colony-
forming capacity. A Colony formation in HEL and MOLM-16 cells as determined by cell counting and the colony-forming assay (scale bar: 200
pm). B Cell cycle distribution of HEL and MOLM-16 cells as determined via flow cytometric analysis of Pl staining. C Cell apoptosis of HEL and
MOLM-16 cells as determined using flow cytometric analysis of Annexin V-FITC, Pl staining. D HEL and MOLM-16 cells were treated with 1 pM
ANA for 72 and 120 h and then subjected to western blot analysis to detect the changes in cell cycle-related proteins. E HEL cells were
transfected with luciferase overexpressed and engrafted into the NSG mice (2 x 10° cells per mouse); 14 days later, the mice were treated daily
with vehicle treatment and 5 mg/kg ANA by gavage for 14 days (days 14-28). F Bioluminescence imaging of mice from each group (n = 7) was
obtained on days 14, 21, 25, 29, and 33. G The Kaplan-Meier survival curves of two cohorts of transplanted mice are shown. The P-values were
determined using the log-rank test (n = 7). Data are presented as the mean = SD (n = 3). Comparisons were evaluated using the two-tailed
Student’s t-test, and multiple groups were analyzed using a one-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS
not significant.

necroptosis, and PANoptosis [34-37]. The RNA sequencing mRNA levels (Fig. 6F). In the present study, consistent with the

analysis showed that the genes associated with necroptosis only
exhibited minimal changes at the mRNA level, while those related
to pyroptosis such as GSDME and NLRP3 showed significant
changes. Inflammatory factor IL-1 was highly upregulated at the

Leukemia

findings of previous RNA sequencing analyses, the expression
levels of proteins associated with GSDME-mediated pyroptosis,
including cleaved-CASP3, cleaved-CASP8, and cleaved GSDME-N
were significantly upregulated when cells were treated with IDA
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and ANA compared with the expression levels of those treated
with IDA or ANA alone (Fig. 6G). ELISA of IL-13 and IL-18 levels in
the supernatant from cell cultures demonstrated that the
secretion of IL-13 and IL-18 was significantly upregulated when
combination treatment with IDA and ANA was used compared

SPRINGER NATURE

with IDA or ANA alone (Fig. 6H). To verify these results, we
performed RNA sequencing analysis of primary cells from AML
patient #6; concurrently, combination treatment with IDA and
ANA positively enriched the inflammatory bowel disease and
inflammatory mediator regulation of trp channels. The RNA
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Fig. 4 Targeting PDE3A to downregulate the MAPK signaling pathway in high PDE3A-expressing AML cells. A Volcano plots of normalized
gene expression in HEL cells with or without ANA treatment for 72 h as analyzed via RNA sequencing. B Kyoto Encyclopedia of Gene and
Genomes (KEGG) analysis of these significant gene signatures from the corresponding normalized enrichment score (NES). Heatmap of
differentially expressed genes in HEL cells treated with 1 pM ANA in “focal adhesion” C, “apelin signaling pathway” D, “MAPK signaling
pathway” E, and “PPAR signaling pathway” F. Each column represents a sample, each row represents a gene, blue represents the
downregulation of genes, and red represents the upregulation of genes. G, H HEL and MOLM-16 cells were treated with 1 uM ANA for 72 and
120 h, respectively, and then subjected to western blot analysis to detect any changes in the expression of related proteins. Data are
presented as the mean + SD (n = 3). Comparisons were evaluated using the two-tailed Student’s t-test, and multiple groups were analyzed
using a one-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS not significant.
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Fig. 5 ANA combined with IDA showing a notable synergistic effect in AML cells. A, B HEL and MOLM-16 were treated with the indicated
concentrations of ANA and IDA for 72 h and then subjected to the CCK-8 assay to detect the anti-proliferative effect. C, D Cl plots of ANA/IDA
combinatorial treatment in HEL and MOLM-16 cells. E, F HEL and MOLM-16 were treated with the indicated concentrations of ANA and HHT
for 72 h and then subjected to the CCK-8 assay to detect the anti-proliferative effect. G-H Cl plots of ANA/HHT combinatorial treatment in HEL
and MOLM-16 cells. I Primary BMMNCs from patients with AML in the PDE3A"" group (n = 6) and PDE3A®" group (n = 6) were determined
via the CCK-8 assay following the treatment of DMSO, 0.005 pM IDA alone, 5 pM ANA alone, 0.005 pM IDA and 5 pM ANA for 72 h. J Colony
formation in primary cells obtained from AML patient #6 as determined via cell counting and a colony-forming assay (scale bar: 200 pm).
K Serial colony-forming assay in primary cells obtained from AML patient #6 as determined via cell counting. Data are presented as the
mean £ SD (n = 3). Comparisons were evaluated using the two-tailed Student’s t-test, and multiple groups were analyzed using a one-way
analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS not significant.
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sequencing analysis showed that the genes related to pyroptosis
such as GSDME and caspase3 showed significant changes, and the
mRNA levels of inflammatory factor IL-1(3 were highly upregulated
(Supplementary Fig. 4A, B).

Notably, the effect of cleaved-CASP on the ANA +IDA
combination treatment-induced pyroptosis was confirmed since
the addition of pan-caspase inhibitor Z-VAD-FMK rescued cell
viability in both HEL and MOLM-16 cells (Fig. 6l). GSDME
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Fig. 6 ANA combined with IDA synergistically inhibiting the growth of high PDE3A-expressing AML cells through pyroptosis. A Volcano
plots of normalized gene expression in HEL cells with or without IDA/ANA combinatorial treatment for 72 h analyzed using RNA sequencing.
B KEGG analysis of these significant gene signatures from the corresponding normalized enrichment score (NES). C Heatmap of differentially
expressed genes in HEL cells in the “MAPK signaling pathway” following the combination treatment with IDA and ANA. Each column
represents a sample, each row represents a gene, blue represents the downregulation of genes, and red represents the upregulation of genes.
D, E Significantly enriched GSEA signatures in the transcriptional profile of HEL cells following the combination treatment with IDA and ANA.
The normalized enrichment score (NES) and P-value are shown. F The adjusted P-value and fold change of the related differentially expressed
genes are shown in the table. G HEL and MOLM-16 cells were treated with 0.005 pM IDA alone, 1 pM ANA alone, 0.005 pM IDA and 1 uM ANA
for 72 h and then subjected to western blot analysis to detect any changes in the expression of related proteins. H ELISA assay of IL-1p and IL-
18 levels in supernatants from cell cultures. | A CCK-8 assay of cell viability in the HEL and MOLM-16 cell lines treated with ANA combined with
IDA and the pan-caspase inhibitor Z-VAD-FMK. J, K A CCK-8 cell viability assay of the HEL and MOLM-16 cell lines infected with two
independent shRNA targeting GSDME and treated with ANA combined with IDA. Data are presented as the mean + SD (n = 3). Comparisons
were evaluated using the two-tailed Student’s t-test, and multiple groups were analyzed using a one-way analysis of variance. *P < 0.05,

**p < 0.01, ***P < 0.001, ****P < 0.0001, NS not significant.
<

knockdown (Fig. 6J) reverted the synergistic effects of ANA + IDA
(Fig. 6K).

In conclusion, ANA combined with IDA synergistically inhibits
the growth of high PDE3A-expressing AML cells. The primary
mechanism underlying this inhibition appears to be pyroptosis,
which is initiated by caspase-3 activation triggering GSDME
cleavage.

Combination of ANA with IDA exerting synergistic
antileukemia effects on AML xenograft mouse models
We tested the efficacy of ANA and IDA combination in vivo using
an AML xenograft mouse model (Fig. 7A). The result showed that
the combination treatment of IDA and ANA significantly reduced
the leukemia burden (Fig. 7B) and extended the survival time
compared with single-drug treatment (Fig. 7C). The IDA-ANA
combination-treated mice exhibited smaller and lighter livers and
spleens than the other groups and controls (Fig. 7D, E, Supple-
mentary Fig. 5A). Complete blood count revealed that besides the
reduction of platelet after the treatment of ANA and IDA, other
types of hemocytes remained unaffected, demonstrating the
safety of the drug combination (Fig. 7F, Supplementary Fig. 5B-G).
The cleaved GSDME-N in mice livers was significantly upregulated
when the mice were treated with IDA and ANA compared with the
expression levels of those treated with IDA or ANA alone (Fig. 7G).
Congruently, evidence for this significant decrease in tumor
burden was observed in the IHC analysis of anti-human CD45 cells
in the liver, spleen, and bone marrow of the combination-treated
mice (Fig. 7H). HE staining was also performed, and it revealed the
histological decrease in HEL cell infiltration by combination
treatment with IDA and ANA in the liver, spleen, and bone
marrow compared with that after treatment with ANA or IDA
alone (Supplementary Fig. 5H).

Collectively, these data suggest that the ANA-IDA combination has
a strong anti-leukemia effect on AML cells in vivo and could reduce
the severity of disease-associated hepatomegaly and splenomegaly.

DISCUSSION

AML is a neoplastic disorder arising from hematopoietic progeni-
tor cells. Novel therapeutic targets and interventions for AML are
imperative. The pivotal discovery of our study was the identifica-
tion of pronounced high PDE3A expression intricately linked to
unfavorable prognostic outcomes in patients with AML. Moreover,
the PDE3A inhibitor ANA effectively curtailed the growth of AML
cells exhibiting high PDE3A expression in vitro and in vivo.
Crucially, the downregulation of drug resistance-associated genes
in AML cells after ANA treatment augmented the responsiveness
of these cells to the chemotherapeutic agent IDA, a mainstay of
AML treatment, both in vivo and in vitro. Consequently, the
combined application of ANA and IDA holds promise as a
therapeutic avenue for AML patients with elevated PDE3A
expression levels.

Leukemia

Universal overexpression of PDE3A has been documented in
various cancer types, such as liver cancer, cervical carcinoma, and
colon cancer [21]. However, the mechanism through which PDE3A
inhibitors exert their effects hinges on the expression of SLFN12 in
cancer cells. PDE3A inhibitors have negligible effects on cancer
cells with low PDE3A expression [10, 24]. This variability may
explain the varying sensitivities of AML cell lines to the PDE3A
inhibitor ANA. Notably, recent studies have revealed that PDE3A is
a core target gene of MYBL2. Attenuation of MYBL2 activity results
in G2/M phase cell cycle arrest through the p53-p21-DREAM-CDE/
CHR pathway in melanoma cancer cells [14]. Our findings
corroborate this concept as evidenced by the time-dependent
change in cell cycle-associated protein levels following ANA
treatment.

ANA treatment downregulated the key drug-resistant genes
such as EGR1, DUSP16, PAK1, and p-SRC. The GDNF-RET-EGR1
signaling axis is implicated in fostering drug resistance by
activating Cyclin D1 [29], while the cell cycle is interrupted via
G1 arrest by ANA in HEL and MOLM-16 cells. Notably, the AhR/SRC
axis showed therapeutic vulnerability, prompting the considera-
tion of SRC inhibitors as adjunctive agents, along with frontline
therapies, to impede the onset of melanoma resistance [38].
Recent investigations have demonstrated that SRC activation can
lead to the inhibition of downstream p38 MAPK or ERK MAPK
signaling pathways in cancer cells [39] and play contributory roles
in platelet adhesion and metastasis [6]. In this context, the
administration of ANA has the potential to augment the drug
sensitivity of therapeutic agents.

Our findings underscore the remarkable synergism between
ANA and IDA, particularly in high PDE3A-expressing AML cells,
among the seven anti-leukemia drugs evaluated. Our western
blotting analysis revealed a plausible mechanistic pathway for the
effectiveness of this combination, implicating pyroptosis as a
crucial component likely mediated by the cleavage of GSDME.
Studies have proposed that the MAPK signaling pathway is an
upstream regulator of the caspase-3/GSDME signaling cascade
[40, 41] and have introduced the novel notion that GSDME, a
member of the gasdermin family, can be cleaved by active
caspase-3, releasing the N-terminal effector domain. Upon
exposure to chemotherapy, this domain creates pores in the cell
membrane, causing cell pyroptosis [42]. The caspase-3/GSDME
signaling pathway functions as a pivotal switch between
apoptosis and pyroptosis in cancer cells. When GSDME is highly
expressed, active caspase-3 cleaves it, liberating the N-terminal
domain that punctures the cell membrane and leading to
pyroptosis. Low GSDME expression led to apoptosis. Notably,
caspase-8 was cleaved prior to caspase-3 in both scenarios [43],
which may explain the absence of apoptosis in HEL and MOLM-16
cells treated with ANA and IDA for 72 h. Notably, the induction of
pyroptosis possesses robust antitumor immune effects [44],
marked by the release of proinflammatory cytokines that stimulate
immune cell activation, subsequently enhancing chemosensitivity.
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Our study introduces the novel perspective that pyroptosis
participates in the combined treatment paradigm of ANA and
IDA in AML.

In conclusion, our study represents a pioneering effort to reveal
the adverse prognostic implications of elevated PDE3A expression

SPRINGER NATURE

in patients with AML. ANA demonstrated a synergistic effect when
combined with IDA in vitro and in vivo. These findings
substantiate the potential of a therapeutic strategy involving the
integration of PDE3A inhibition with conventional chemother-
apeutic agents for the treatment of AML.
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Fig. 7 Combination of ANA with IDA exerting synergistic anti-leukemia effects on AML xenograft mouse model. A HEL-luci cells were
injected intravenously into the NSG mice (2 x 10 cells per mouse). Fourteen days later, the mice were treated with vehicle treatment, IDA
alone (0.5 mg/kg, iv, days 14-16), ANA alone (5 mg/kg, po, days 14-28), or combination treatment as indicated. B Bioluminescence imaging of
representative mice from each group obtained on days 14, 23, 27, and 31. C Survival curve of each group of mice. P-values were determined
using the log-rank test (n = 7). D Weight of representative spleens from sacrificed mice. E Weight of representative livers from sacrificed mice.
F Blood routine of experimental mice in each group. G The livers of NSG mice were obtained and subjected to western blot analysis to detect
any changes in the expression of cleaved GSDME-N. H Immunohistochemical staining for hCD45 of histologic sections of the bone marrow,
liver, and spleen in experimental mice. Data are presented as the mean £ SD (n = 3). Comparisons were evaluated using the two-tailed
Student’s t-test, and multiple groups were analyzed using a one-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS
not significant.
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