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Abstract: We performed a drug repurposing screening of a US Food and Drug Administration (FDA)-approved drug 
compound library and identified Anagrelide (ANA), a known phosphodiesterase 3A (PDE3A) inhibitor, that selec-
tively and potently inhibited the growth of cancer cells. However, inactivation of PDE3A or knocking-down its gene 
expression did not inhibit cancer cell growth. It was the interaction of ANA with PDE3A that created a new function 
of PDE3A to alter the activities of another unknown function protein SLFN12 to cause the inhibition of cancer cell 
growth. The expressions of both PDE3A and SLFN12 were required for ANA to inhibit cancer cell growth. Depletion 
of PDE3A or SLFN12 led to ANA resistance. Furthermore, the effects of ANA on different cancer cells were different 
depending on the expression levels of PDE3A and SLFN12, causing G0/G1 cell cycle arrest in the cells expressing 
lower levels of SLFN12, but apoptosis in the cells expressing higher levels of the two proteins. Further investiga-
tion into the molecular mechanisms of the ANA-induced cell cycle arrest and apoptosis identified a set of cell cycle 
and apoptosis-related genes whose expressions were altered by ANA treatment. ANA also synergized with the cell 
death-inducing cytokines IFN-α, IFN-γ, TNF-α, or TRAIL, which regulated the same set of genes as ANA did, to induce 
apoptosis of the cancer cells. Our study uncovered new activities, functions, and mechanisms of ANA and SLFN12 
and provided a diagnosis method to precisely use ANA as an anti-cancer drug. It also revealed PDE3A and SLFN12 
as new anti-cancer drug targets for developing novel anti-cancer therapies. 
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Introduction

Cancer is an individualized disease character-
ized by specific genetic alterations coupled with 
activations of specific complex cell growth sig-
naling networks in specific cancer cells [1, 2]. 
Therefore, targeted therapies based on specific 
genetic mutations of oncogenes and specific 
alterations of signaling pathways in specific 
cancer cells have been rapidly developed [3-6]. 
There have been many efforts made to develop 
new drugs targeting key drivers of carcinogen-
esis for personalized treatment of cancers 
[7-10]. One of the most efficient and economi-
cal ways to identify a reagent that can be put 
into clinic use directly is drug repositioning, i.e., 
the discoveries of new bioactivities of old drugs 
against new targets and pathways or generat-

ing new activities from the same target involv- 
ed in other diseases. This strategy provides a 
promising way to find new therapeutic applica-
tions for old drugs which have been fully 
assessed for clinical safety and bioavailability 
[11-15]. The most recognizable example of drug 
repositioning is Sildenafil, which was originally 
developed as an anti-hypertensive drug and 
now has been repurposed for the treatments of 
pulmonary arterial hypertension and erectile 
dysfunction [16, 17]. 

Anagrelide (ANA) is a cyclic nucleotide phospho-
diesterase 3 (PDE3) inhibitor and a marketed 
drug used for the treatment of essential throm-
bocytosis (essential thrombocythemia), or over-
production of blood platelets by inhibiting the 
maturation of megakaryocytes into platelets 
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[18, 19]. The link between the inhibition of 
PDE3 and the inhibition of maturation of mega-
karyocytes has not been fully understood. It 
also has been used in the treatment of chronic 
myeloid leukemia, but the mechanisms are 
unknown [20, 21]. Its use in the treatment of 
solid cancers has not been reported. 

Cyclic nucleotide phosphodiesterase (PDE) 
family proteins, composed of 11 structurally 
related but functionally distinct members 
(PDE1 to PDE11), regulate intracellular concen-
trations of cyclic nucleotides by catalyzing the 
hydrolyses of second messengers cyclic AMP 
(cAMP) and cyclic GMP (cGMP), orchestrating 
many important intracellular signal transduc-
tions and cellular activities [22-24]. 

PDE3 is one member of the PDE family and has 
two subtypes, PDE3A and PDE3B [25]. PDE3A 
is mainly expressed in heart, platelet, vascular 
smooth muscle, and oocytes and is involved in 
oocyte maturation and platelet aggregation 
[26, 27]. Its inhibitors, such as cilostamide  
and milrinone, have been used to treat heart 
failure, intermittent claudication, and pla- 
telet aggregation [28, 29]. PDE3B is mostly 
expressed in white and brown adipose cells, 
hepatocytes, renal collecting duct epithelium, 
and developing spermatocytes [30] and is 
important for the regulation of glucose and  
lipid metabolism [31]. Recently, the PDE3 inhib-
itors have also been found effective against 
malignant tumors [32]. Cilostamide, for exam-
ple, a PDE3-specific inhibitor, inhibits the prolif-
eration of human squamous cell carcinoma KB 
cells [33]. Another PDE3 inhibitor DNMDP 
selectively inhibits cancer cell growth through 
promoting interactions between PDE3A and 
Schlafen 12 (SLFN12) [34].

SLFN12 belongs to the schlafen family and was 
firstly identified as a regulator for thymocyte 
maturation [35, 36]. SLFN members are classi-
fied into three different groups based on their 
sizes and domain compositions. All of the SLFN 
members share a common N-terminal AAA 
domain, which is involved in GTP/ATP binding, 
and a SLFN-box. However, group II and III con-
tain a unique motif, consisting of a Ser-Trp-Ala-
Asp-Leu sequence. Group III has an additional 
C-terminal domain homologous to the DNA/
RNA helicases of superfamily. There are 5 
human SLFN isoforms: SLFN5, SLFN11, 
SLFN12, SLFN13, and SLFN14. Human SLFN12 
belongs to the group II category and is the  

only human cytoplasmic SLFN. The remaining 
human SLFNs harbor a helicase domain as well 
as a nuclear localization signal, placing them in 
group III [37, 38]. Although the SLFNs have 
been identified over 20 years, their precise bio-
logical functions remain largely unknown. It has 
been reported that human SLFN5 negatively 
regulates anchorage-independent growth and 
invasion of malignant melanoma cells [39]. In 
the recent years, SLFN11 has become a new 
research hotspot. It has been shown to regu-
late the activities of DNA-damaging agents in 
cancer cells [40, 41], inhibit human immunode-
ficiency virus 1 (HIV-1) [42], and function in  
drug resistances in human cancers [43, 44]. 
The functions of SLFN12, however, are largely 
unknown. One study reported that SLFN12 
modulated differentiation of prostate cancer 
cells by increasing DPP4 expressing while  
suppressing PSA expression [45]. Recently, 
SLFN12 was reported to be a key protein 
involved in the growth inhibition of cancer cells 
by a PDE3 inhibitor DNMDP [46, 47]. SLFN12 
could be co-immunoprecipitated with PDE3A 
after DNMDP treatment [47].

In this study, we performed a drug repurposing 
screening of an US FDA-approved drug library 
and identified anagrelide (ANA) as a potent and 
selective inhibitor of specific types of cancer 
cells. Its interaction with PDE3A generated a 
new function of PDE3A to interact with SLFN12 
to alter the expressions of a set of genes relat-
ed to cell cycle progression and cell survival/
death, leading to cell cycle arrest and apoptosis 
of cancer cells expressing the two proteins. 
Furthermore, ANA synergized with cell death-
inducing cytokines IFN-α, IFN-γ, or TRAIL to 
induce the deaths of the cancer cells. Our  
study uncovered new functions and mecha-
nisms of ANA, PDE3A, and SLFN12 and provid-
ed a basis for using ANA as an anti-cancer drug. 
It also revealed PDE3A and SLFN12 as new 
anti-cancer drug targets and a new strategy to 
develop novel anti-cancer drugs.   

Results

PDE3 inhibitor anagrelide potently and selec-
tively inhibited growth of cancer cells

To identify anticancer compounds from existing 
drugs that selectively inhibit cancer cell growth, 
we screened 640 compounds from an US FDA-
approved drug library against a panel of 31 dif-
ferent types of cancer cell lines at a single dose 
of 10 μM. Two compounds, Anagrelide (ANA) 
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and Zardaverine (ZARD), were identified that 
selectively inhibited the growth of a subset of 
the human cancer cell lines (Figure 1A). The 
selectivity of ANA in cancer cells was shown in 
Figure 1B and in Supplementary Figure 1A. The 
IC50s of ANA for the sensitive cell lines were 
shown in Figure 1C, ranging from 5 nM to 50 
nM.

Both ANA and ZARD are US FDA-approved 
PDE3 inhibitors. Inhibition of the cancer cell 
growth by both of the PDE3 inhibitors suggest-

ed that inhibition of PDE3 might be the key to 
inhibit the cancer cell growth. We therefore 
examined two additional PDE3 inhibitors, 
Trequinsin (TRE) and Cilostamide (CILO), for 
their effects on the cancer cell growth. 
Surprisingly, these two PDE3 inhibitors, al- 
though inhibit PDE3 with similar potency as 
that of ANA and ZARD, did not inhibit the cancer 
cell growth even at much higher concentrations 
(Figure 1D). These data suggested that inhibi-
tion of PDE3 enzymatic activity may not be the 
major reason to inhibit cancer cell growth. 

Figure 1. Anagrelide (ANA) selectively inhibited growth of cancer cells from different tissues. A. Effects of ANA and 
ZARD on the growth of different types of cancer cells. The indicated cancer cell lines were cultured with 10 µM ANA 
or ZARD for 72 h and cell growths were measured by the MTT assay. B. Effects of ANA (100 nM) on the growth of dif-
ferent types of cancer cell lines. 31 indicated cancer cell lines were cultured with 100 nM ANA for 72 h and the cell 
growths were measured by the MTT assay. C. IC50 values of ANA in the ANA-sensitive cell lines. All data were pre-
sented as mean ± s.d. (n = 3). D. Comparison of the effects of PDE3 inhibitors Anagrelide (ANA), Trequinsin (TRE), 
Cilostamide (CILO) on the growths of the cancer cells. The cells were cultured with the indicated PDE3 inhibitors 
(1 μM) for 72 h and cell growths were measured by the MTT assay. E. The chemical structures of PDE3 inhibitors.
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ANA selectively induced G1 cell cycle arrest 
and apoptosis in cancer cells

To determine the nature of the ANA-induced 
cell growth inhibition, we analyzed the effects 
of ANA on cell cycle and cell death of the vari-
ous cancer cells. We first analyzed the effects 
of ANA on cell morphologies under the micro-
scope. Exposure of the cancer cells to ANA for 
36 hours led to complete cell death in the  
H4 (Figure 2A), SMMC7721, Hela, FHCC98, 
A2058, and QGY7701 cells (data not shown) 
and reduced cell number in the Bel7404  
(Figure 2A), SW1116, and A498 cells (data not 
shown), but had no obvious effects on the BGC 
cells (Figure 2A), H460, MDA-MB-231, and 
SKOV3 cells (data not shown). Similar results 
were obtained by using the Real-Time Cell 
Analyzer (RTCA) analyses (Figure 2B). The 31 
cancer cell lines we analyzed were classified 
into three categories, the ANA death-sensitive 
cells such as H4, SMMC7721, Hela, FHCC98, 
A2058, and QGY7701 cell lines, in which the 
cell numbers were dramatically reduced, the 
ANA growth arrest-sensitive cells such as 
Bel7404, SW1116, and A498 cell lines, in 
which the cell number increase rates were 
reduced, or the ANA-insensitive cells such as 
H460, MDA-MB-231, SKOV3, and BGC cell 
lines, on which ANA had no effects (Figure 2B 
and Supplementary Figure 1B).

We then examined the effects of ANA on cell 
cycle progression and apoptosis of the cancer 
cells. We found that ANA blocked cell cycle at 
G0/G1 for both of the ANA death-sensitive and 
ANA growth arrest-sensitive cells, and induced 
apoptosis in the ANA death-sensitive cells, but 
had no effects on either cell cycle or apoptosis 
of the ANA-insensitive cells (Figure 2C and 2D). 
ANA also induced a slight amount of apoptosis 
in the growth-sensitive Bel7404 cells (Figure 
2D), suggesting that it was a quantitative rather 
than a qualitative difference for the two types 
of cell lines.

PDE3A was necessary but not sufficient for 
ANA to inhibit cancer cell growth

The above data that some PDE3 inhibitors 
inhibited cancer cell growth while others did 
not raised the question whether PDE3 were the 
target for mediating the growth inhibitory 
effects of ANA. The PDE3 family has two sub-
types, PDE3A and PDE3B. To understand the 
roles of the PDE3 in the ANA-induced cell 
growth inhibition, we firstly analyzed the expres-
sions of PDE3A and PDE3B and their correla-

tions with the sensitivities of the cells to ANA in 
various cell lines. 12 of the 31 cell lines ana-
lyzed expressed detective levels of PDE3A 
(Figure 3A). 9 of the 12 PDE3A-positive cell 
lines were ANA-sensitive, while all of the PDE3A-
negative cells were ANA-insensitive. However, 
there were 3 cell lines which were PDE3A-
positive but insensitive to ANA treatment, sug-
gesting that PDE3A expression may be neces-
sary but not sufficient for ANA to cause growth 
inhibition. PDE3B protein was detected in all of 
the cell lines we analyzed but had no correla-
tion with the sensitivity to ANA (Figure 3A), sug-
gesting that PDE3B was not involved in the 
ANA-induced cell growth inhibition.   

To confirm above observations, we knocked 
down the expression of PDE3A or PDE3B in the 
ANA death-sensitive cell line H4 by RNA inter-
ference (RNAi), in which the level of PDE3A or 
PDE3B was reduced about 50% (Figure 3B). 
The reduction of PDE3A or PDE3B expression 
did not influence the growth of the cells (Figure 
3C and 3D). However, the growth inhibitory 
effects of ANA were alleviated by knocking 
down PDE3A, but not PDE3B (Figure 3C and 
3D), further suggesting that PDE3A, but not 
PDE3B, was the mediator of the ANA-induced 
cell growth inhibition. ANA could not inhibit can-
cer cell growth without PDE3A.

To understand the functions of the other two 
PDE3 inhibitors that did not inhibit the tumor 
cell growth, we combined them respectively 
with ANA to treat the cancer cells. Interestingly, 
TRE or CILO completely blocked the growth 
inhibitory effects of ANA in both the death-sen-
sitive H4 cells (Figure 3E and Supplementary 
Figure 2A) and the cell cycle arrest-sensitive 
Bel7404 cells (Figure 3F and Supplementary 
Figure 2B), suggesting that TRE or CILO might 
compete with ANA to interact with PDE3A. 
Excess TRE or CILO might block ANA to interact 
with PDE3A. It also confirmed that PDE3A was 
required for ANA to inhibit the cancer cell 
growth. In addition, ANA upregulated cAMP lev-
els in three types of cancer cells (Supplementary 
Figure 2C), suggesting that the inhibition of 
PDE3A enzymatic activities and the induction 
of cAMP were not the mechanisms for the ANA-
induced growth inhibition and apoptosis.

SLFN12 was required for the ANA-induced 
growth inhibition of cancer cells

SLFN12, an unknown function protein, has 
been reported to be involved in the cell growth 
inhibition by DNMDP, another PDE3 inhibitor. 
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SLFN12 could be co-immunoprecipitated with 
PDE3A after DNMDP treatment, but not after 
TRE treatment [47]. To determine the roles of 

SLFN12 in the ANA-induced growth inhibition, 
we first analyzed SLFN12 mRNA expression in 
the 13 PDE3A-positive cancer cell lines. 

Figure 2. ANA induced G1 cell cycle arrest in some cancer cells but apoptosis in others. (A) Effects of ANA on cell 
morphologies of different types of human cancer cells (× 200 magnifications). (B) RTCA analyses of the effects of 
ANA on the growths of different types of cancer cells. The indicated cancer cells were cultured with 100 nM ANA 
(green) or DMSO (red) and the cell growths were recorded continuously by RTCA. (C) Flow cytometry analyses of 
the effects of ANA on cell cycle progressions of the cancer cells. The indicated cells were treated with ANA (100 
nM) for indicated time periods followed by Flow cytometry analyses. The percentage of cells in different phases of 
cell cycle were indicated. (D) Immunoblotting analyses of the effects of ANA on apoptosis of the cancer cells. The 
indicated cells were treated with ANA (100 nM) for indicated time periods and the whole cell lysates were processed 
for immunoblotting analyses using an anti-PARP antibody. The anti-tubulin antibody was used as a control for equal 
protein loading.
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SLFN12 was highly expressed in the ANA death-
sensitive cell lines and moderately expressed 

in the ANA cell cycle arrest-sensitive cell lines, 
but was not expressed in the ANA-insensitive 

Figure 3. PDE3A was necessary but not sufficient for ANA to induce growth inhibition of cancer cells. (A) Immunoblot-
ting analyses of PDE3A and PDE3B expressions in different cancer cell lines. The whole cell lysates of the indicated 
cells were analyzed by immunoblotting using the anti-PDE3A or anti-PDE3B antibody. The anti-tubulin or β-actin 
antibody was used as a control for equal protein loading. (B) Effects of siRNA knockdown on the protein expressions 
of PDE3A and PDE3B. H4 cells were transiently transfected with a PDE3A-specific siRNA, a PDE3B-specific siRNA, 
or a non-specific scrambled control siRNA. Cells were harvested 24 h later and the cell lysates were processed 
for immunoblotting using an anti-PDE3A, PDE3B, or α-tubulin antibody. (C and D) RTCA analyses of the effects of 
knocking-down PDE3A (C) or PDE3B (D) on the ANA-induced cell growth inhibition. H4 cells were transfected with 
PDE3A or PDE3B siRNA for 24 h, and the cells were then re-plated into 96-well plates and cultured with ANA (100 
nM) or DMSO. Cell growths were recorded by RTCA. (E and F) RTCA analyses of the effects of combinational treat-
ments of the PDE3 inhibitors on the growths of the cancer cells. The ANA death-sensitive cell line H4 and the ANA 
cell cycle arrest-sensitive cell line Bel7404 were treated with vehicle, ANA, TRE, or combination of ANA with TRE at 
the indicated doses, followed by RTCA analyses.
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cell lines. It seemed that the expression of 
SLFN12 strongly correlated with the sensitivity 
to ANA in the PDE3A-possitive cancer cell lines 
(Figure 4A). We then analyzed the effects of 
blocking SLFN12 expression on the ANA-in- 
duced growth inhibition by knocking down 
SLFN12 with its siRNAs in the ANA death-sensi-
tive H4 cells (Figure 4B) and the ANA cell cycle 
arrest-sensitive Bel7404 cells (Supplementary 
Figure 3A-D). Similar to the results of reducing 
PDE3A expression, reduction of SLFN12 could 
also alleviate the growth inhibitory effects of 
ANA and abrogated the G1 arrest in the cell 
cycle arrest-sensitive cell lines (Figure 4C and 
Supplementary Figure 3E). In addition, reduc-
tion of PDE3A and SLFN12 had a synergetic 
effect on the alleviation (Figure 4D). Knocking-
down SLFN12 expression had no obvious 
effects on PDE3A expression, and vice versa 
(Supplementary Figure 3F and 3G).

ANA altered the expressions of genes regulat-
ing cell cycle and death through SLFN12 

In order to understand the events and mecha-
nisms downstream of the ANA-PDE3A-SLFN12 
interactions, we examined the expressions of 
key cell cycle and apoptosis-related genes after 
ANA treatment. We found that the expression 
of p21 was upregulated while the expression of 
cyclin D1 was downregulated by ANA in both 
the ANA death-sensitive H4 cells and the ANA 
cell cycle arrest-sensitive Bel7404 cells. On the 
contrary, ANA had no effects on the expres-
sions of the two genes in the ANA-insensitive 
BGC cells (Figure 5A), demonstrating that the 
cell cycle arrest induced by ANA correlated with 
the alterations of the cell cycle regulating gene 
expressions. Similarly, the expressions of the 
key cell death regulating genes, Bcl-2, Bcl-xl, 
TNF-α, DR4, and DR5 were all altered (Figure 
5B-E), caspase8 and caspase9 were activated, 
and PARP was cleaved by ANA treatment in the 
ANA cell death-sensitive H4 cells (Figure 5F). 
Importantly, all of the ANA-induced alterations 
of the cell growth/death regulating genes were 
abrogated by knocking-down SLFN12 gene 
expression (Figure 5B-F). On the other hand, 
ANA had no effects on the cell growth/death 
genes in the ANA-insensitive BGC cells (Figure 
5E and data not shown). Taken together, these 
data strongly suggested that the cell growth/
death regulating genes were genes regulated 
by SLFN12 upon ANA treatment and were 

responsible for the ANA-induced cell growth 
inhibition. ANA induced cell cycle arrest and 
apoptosis by altering the expressions of key cell 
cycle and cell death regulating genes.

Cell death inducing cytokines IFN-α, IFN-γ, or 
TRAIL synergized with ANA to induce apoptosis 
of cancer cells  

Above data suggested that SLFN12 and its 
level were critical to determine the effects of 
ANA on the cancer cells. It has been reported 
that the expressions of SLFNs were regulated 
by interferons (IFNs) [48]. We therefore ana-
lyzed the regulation of SLFN12 expressions by 
IFN-α or IFN-γ. We found that both IFN-α and 
IFN-γ induced a time-dependent increase of 
the SLFN12 mRNA expression (Figure 6A and 
Supplementary Figure 4A). 

We next investigated the possibility to sensitize 
the cells with IFNs treatment to the ANA-
induced cell death and to transform the ANA 
cell cycle arrest-sensitive cells into the ANA 
death-sensitive cells. We pre-treated the ANA 
growth arrest-sensitive Bel7404 cells and the 
ANA-insensitive BGC cells with IFN-α or IFN-γ 
for 4 hours before addition of ANA. IFN-α or 
IFN-γ significantly enhanced ANA to induce 
apoptosis in the Bel7404 cells (Figure 6B, 6C 
and Supplementary Figure 4B) but not in the 
ANA-insensitive BGC cells (Supplementary 
Figure 4D). Although SLFN12 was also stimu-
lated by IFN-α in the BGC cells, but the induc-
tion was much lower than that of the Bel7404 
cells (Supplementary Figure 4C). 

To confirm that SLFN12 was the key mediator 
of the IFNs-ANA synergistic effects, we blocked 
SLFN12 expression with the SLFN12-specific 
siRNAs and analyzed its effects on the IFNs-
ANA combination-induced cell death. We found 
that blocking SLFN12 expression alleviated the 
combination treatment-induced cell death 
(Figure 6D), confirming that SLFN12 was the 
key player in the ANA-IFNs synergism. 

We also found that ANA induced the expres-
sions of the cell death signaling pathway genes 
TNF-α, DR4, and DR5. We therefore investigat-
ed possible synergies of ANA with TNF-α or 
TRAIL, the ligand of DR4 and DR5. We treated 
the Bel7404 cells with ANA in combination with 
TNF-α or TRAIL and indeed found that the com-
bination of ANA with TNF-α or TRAIL also syner-
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Figure 4. SLFN12 was required for the ANA-induced growth inhibition of cancer cells. A. Quantitative Real-Time 
PCR analyses of SLFN12 mRNA expression in 13 cancer cell lines. The mRNA levels were normalized to the GAPDH 
mRNA expression. B. Effects of SLFN12 siRNA on the mRNA expression of SLFN12. The H4 cells were transiently 
transfected with the SLFN12-specific siRNAs targeting three different sequences or non-specific scrambled siRNA. 
SLFN12 mRNA expression was measured by real-time PCR 48 h after siRNA transfection. C. RTCA analyses of the 
effects of knocking down SLFN12 expression on the ANA-induced growth inhibition. The siRNA-transfected H4 cells 
were cultured with ANA (100 nM) or DMSO and the growth of the cells were recorded by RTCA. D. The H4 cells were 
transiently transfected with the SLFN12-specific siRNA, PDE3A-specific siRNA, or a combination of the two with or 
without ANA treatments and the cell growths were recorded by RTCA.
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Figure 5. Effects of ANA on the expressions of cell cycle and cell death regulating genes. (A) Immunoblotting analy-
ses of effects of ANA on cyclinD1 and P21 protein expression in the three types of cells. The cells were treated with 
ANA for the indicated time periods and the cell lysates were processed for immunoblotting with indicated antibodies. 
α-tubulin antibody was used as a control for equal protein loading. (B) Effects of ANA on the expressions of Bcl-XL 
and Bcl-2 proteins (left) and the effects of SLFN12 siRNA on the ANA-induced protein level changes of Bcl-XL and 
Bcl-2 (right). H4 cells were treated with or without ANA (100 nM), or with or without SLFN12 siRNA as indicate for 
12 or 24 hours, and the cell lysates were processed for immunoblotting analyses using antibodies as indicated. (C 
and D) Effects of ANA on the expressions of TNF-α, DR4, and DR5 mRNAs and the effects of SLFN12 siRNA on the 
ANA-induced mRNA level changes of TNF-α, DR4, and DR5 in H4 cells. The H4 cells were treated with or without 
ANA (100nM), or with or without the SLFN12 siRNA as indicated for 18 h, and the cell lysates were processed and 
the mRNA levels of TNF-α (C), DR4, DR5 (D) were measured by quantitative RT-PCR analyses. (E) Effects of ANA on 
DR4 and DR5 protein expressions in the three types of cells. The cells were treated with ANA (100 nM) for indicated 
time periods and the cell lysates were processed for immunoblotting analyses using the indicated antibodies. Anti-
tubulin antibody was used as a control for equal protein loading. (F) Effects of ANA or ANA plus SLFN12 siRNA on 
the activation of caspase 8 and caspase 9, protein expressions of DR4 and DR5, and cleavage of PARP. The H4 cells 
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were treated with ANA, a combination of ANA and SLFN12 siRNA, for the indicated time periods, and the cells were 
processed for immunoblotting analyses using antibodies as indicated. Anti-tubulin antibody was used as a control 
for equal protein loading.

Figure 6. TRAIL or interferons synergized with ANA to inhibit cancer cell growth. A. Effects of IFN-α on SLFN12 mRNA 
expression. Bel7404 cells were stimulated with IFN-α (3000 IU/mL) for indicated time periods and the SLFN12 
mRNA expression was measured by Quantitative Real-Time PCR. B. Effects of ANA or ANA+ IFN-α on the growth of 
Bel7404 cells. Bel7404 cells were stimulated with IFN-α (3000 IU/mL), ANA (100 nM), or a combination of the two 
and the cell growths were analyzed by RTCA. C. Effects of IFN-α, ANA or ANA+ IFN-α on cell death. Bel7404 cells 
were treated with IFN-α (3000 IU/mL), ANA (100 nM), or a combination of the two, and the cell death were analyzed 
by immunoblotting for PARP cleavage. The anti-tubulin antibody was used as a control for equal protein loading. D. 
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gistically induced apoptosis of the Bel7404 
cells (Figure 6E and 6F). 

ANA inhibited the growth of tumor xenograft 
in vivo

To evaluate the potential of ANA to be an anti-
cancer drug, we examined the effects of ANA 
on tumor growth in a mouse cancer xenograft 
model. Human cancer H4 cells were transplant-
ed into nude mice. ANA was orally administered 
for 15 consecutive days. ANA dramatically 
inhibited the growth of the xenografts in nude 
mice (Figure 7A and 7C-E), with marginal 
effects on the mice body weights (Figure 7B), 
suggesting that ANA had a good potential to be 
a safe and effective anti-cancer drug.

Discussion

In this study, we described the identification of 
ANA, a known phosphodiesterase PDE3 inhibi-
tor and a drug for the treatment of essential 
thrombocytosis, as a novel cell-selective anti-
cancer compound and investigated its mecha-
nisms of action. We present evidences to sug-
gest that the interaction of ANA with PDE3A 
transformed PDE3A into a regulator of SLFN12 
and the ANA-PDE3A-SLFN12 interactions sup-
pressed a set of cell survival/growth-promoting 
genes and activated a set of death/growth 
arrest-inducing genes to selectively suppress 
cell cycle progression and induce apoptosis of 
the cancer cells that expressed both PDE3A 
and SLFN12 proteins. Furthermore, ANA syner-
gized with the cytokines that regulated the simi-
lar sets of genes to inhibit the cancer cell 
growth (Figure 8). 

Our data, on one hand, demonstrated that 
PDE3A was the essential and specific target 
and mediator of ANA to inhibit cancer cell 
growth, because ANA was only effective in the 
PDE3A-possitive cells and knocking-down PD- 
E3A expression eliminated the growth suppres-
sive activities of ANA, while knocking down its 
close relative PDE3B had no such effects. On 

the other hand, our data also excluded the pos-
sibility that inactivation of PDE3A enzymatic 
activity was the major mechanism for ANA to 
inhibit cancer cell growth, because other  
PDE3 inhibitors such as Trequinsin (TRE) and 
Cilostamide (CILO), although equally inhibit 
PDE3A enzymatic activity, had no cell growth 
inhibitory activities. On the contrary, they 
blocked ANA to inhibit the cancer cell growth, 
possibly by competing with ANA to interact with 
PDE3A or by changing the conformation of the 
ANA-PDE3 complex. Therefore, our data strong-
ly suggested that it was a specific interaction of 
ANA with PDE3A that generated a new activity 
deviating PDE3A from its normal phosphodies-
terase function to selectively suppress the 
growth of some of the PDE3A-possitive cancer 
cells. 

Although PDE3A was essential for the ANA-
induced cell growth inhibition, the interaction  
of ANA and PDE3A per se was not sufficient  
to inhibit the cancer cell growth. Many PDE3A-
possitive cells were insensitive to ANA treat-
ment. It appeared that there might be other 
components involved. The involvement of 
SLFN12 in the ANA-induced cell growth inhibi-
tion was suggested by a recent report that 
DNMDP, another PDE3 inhibitor, also selective-
ly induced cancer cell death. It was reported 
that DNMDP induced a physical interaction 
between PDE3A and SLFN12 and both of  
which were required for the cell death-inducing 
activity of DNMDP. SLFN12 could be co-immu-
noprecipitated with PDE3A after DNMDP treat-
ment [47]. We therefore investigated the pos-
sible role of SLFN12 in the ANA-induced cell 
growth inhibition. Although we were unable to 
co-immunoprecipitated PDE3A and SLFN12 
after ANA treatment, we did find that both 
PDE3A and SLFN12 were required for ANA to 
inhibit cancer cell growth and there was a good 
correlation between the expressions of the two 
genes and the sensitivities of the cells to ANA 
treatment. It appeared that an ANA-PDE3A-
SLFN12 complex was formed after ANA treat-
ment and this complex altered the activities of 

Effects of SLFN12 siRNA-knockdown on the IFN-α and ANA combination treatment. The Bel7404 cells were trans-
fected with either a control siRNA or the SLFN12 siRNA for 24 hours, then the siRNA-transfected H4 cells were cul-
tured with ANA (100 nM) plus IFN-α or DMSO and the growth of the cells were measured by RTCA. E. Effects of TNF-α 
or TRAIL on the ANA-induced cell growth inhibition. The Bel7404 cells were treated with TNF-α (10 ng/mL), ANA, or 
a combination of TNF-α and ANA. The cell growths were monitored by the RTCA analyzer. F. Effects of TRAIL on the 
ANA-induced cell growth inhibition. The Bel7404 cells were treated with TRAIL (100 ng/mL), ANA, or a combination 
of TRAIL and ANA. The cell growths were monitored by the RTCA analyzer. 
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SLFN12 leading to cell growth inhibition, similar 
to that of DNMDP.   

The function of SLFN12 is not known. It was 
reported to be a cytoplasmic protein expressed 

in many but selective tissues such as endo-
crine tissues, bone marrow and immune cells, 
lung, liver, gallbladder, kidney, and urinary blad-
der cells. It has been shown to modulate dif-
ferentiation of prostate cancer cells, but the 

Figure 7. ANA inhibited the growth of tumor xenograft in vivo. Human tumor xenografts of H4 cells were established 
by subcutaneously inoculating the cells into female BALB/c-nude mice. The mice were orally administered with ANA 
(10 mg/kg or 30 mg/kg) or vehicle daily for 15 days when the tumor volumes reached 100 mm3. A. Photograph of 
the tumor-burdened mice after 15 days of ANA treatment. B. Body weight curves of the tumor-burdened mice. C. 
The tumor growth curves of the tumor-burdened mice. The tumors were measured and analyzed by two-way ANOVA. 
Data were presented as means ± s.d. (n = 6), ** P < 0.01, **** P < 0.0001. D. Photograph of the tumors from the 
control and ANA-treated mice. Mice were sacrificed after 15 days ANA treatment and the tumors were dissected and 
photographed. E. The weights of the individual tumors and their means.
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detailed mechanisms are not known [45]. To 
understand the events downstream of SLFN12 
that are responsible for the ANA-induced cell 
growth inhibition, we analyzed the expressions 
of a set of key genes that are involved in the 
regulation of cell cycle progression and cell 
death. We found that the key cell cycle regulat-
ing genes cyclin D1 and p21 and the cell death 
regulating genes TNF-α, DR4, DR5, Bcl-2, and 
Bcl-XL were all altered by ANA treatment. 
Although it is still not entirely clear whether 
these genes are direct targets of SLFN12 and 
how these genes are regulated by SLFN12, but 
knocking-down of SLFN12 abrogated the ef- 
fects of ANA on these genes suggested that 
they are all regulated by SLFN12. The most sig-
nificant and immediate changes in gene expres-
sions were the genes in the TNF family signaling 
pathways, i.e., TNF-α, DR4, and DR5, suggest-
ing that they might be the most direct targets of 
SLFN12. This possibility was further supported 
by the observation that TNF-α and TRAIL, the 
ligand of DR4 and DR5, synergized with ANA to 
induce cell death. 

The cell growth inhibition caused by ANA was a 
combination of cell cycle arrest and cell death. 
The cell cycle arrest was more significant than 
the cell death in some cells, while the opposite 
was true in others. There seemed to be a link 
between the cell cycle arrest and the cell death 
induced by ANA and the levels of PDE3A and 
SLFN12, particularly SLFN12, appeared to be a 
significant factor in determining the cell fate, 
the more of the SLFN12 expression, the more 
of cell death. The cell death appeared to be a 
severer phenotype than the cell cycle arrest 
caused by ANA treatment, because addition of 

The inhibition of tumor growth in vivo by ANA 
was dramatic. 10 mg/kg of ANA almost com-
pletely inhibited the cancer cell growth in the 
xenograft models and the dose we used in the 
in vivo study did not seem to have visible toxic 
effects on the mice. The fact that the co-
expression of PDE3A and SLFN12 were essen-
tial for ANA to inhibit cancer cell growth while 
the two genes are not co-expressed in most of 
the normal tissues may also warrant ANA to be 
a relatively safe drug in clinical use. These data 
strongly support ANA to be a safe and effective 
anti-cancer drug.

In summary, we have uncovered ANA as a novel 
cell-selective anti-cancer agent and revealed 
its molecular mechanisms of action. We identi-
fied PDE3A and SLFN12 as the direct targets of 
ANA and a set of cell cycle and cell death-regu-
lating genes as the key genes altered by ANA 
and were responsible for the ANA-induced cell 
cycle arrest and cell death. We also identified a 
set of cytokines that synergized with ANA to 
induce cancer cell death. Our studies have pro-
vided a novel anti-cancer drug and a concomi-
tant diagnosis method, a synergistic combina-
tional anti-cancer therapy, and new targets for 
anticancer drugs development. 

Materials and method

Reagents

Anagrelide Hydrochloride (ANA) was purcha- 
sed from J&K Chemical Company (Shanghai, 
China). Cilostazol (CILO) was purchased from 
Selleck Chemical Company (Shanghai, China). 

Figure 8. A sche-
matic model of the 
mechanisms of the 
ANA-induced apop-
tosis and its syner-
gies with the cell 
death inducing cyto-
kines. 

the cell death-inducing cyto-
kines sensitized the ANA cell 
cycle arrest-sensitive cells to 
become the ANA cell death-
sensitive cells, either by induc-
ing SLFN12 expression or by 
inducing the cell death genes 
directly. Furthermore, overex-
pression of SLFN12 in all the 
cancer cells induced cell de- 
ath (data now shown), further 
suggesting that the level of 
SLFN12 played a role in deter-
mining the fates of the cancer 
cells. The exact mechanisms 
linking the cell cycle arrest 
and the cell death, however, 
remain to be revealed.
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Trequinsin (TRE) was purchased from Enzo  
life sciences (Farmingdale, USA). Recombinant 
Human IFN-α 2A (IFN-α), Recombinant Human 
TRAIL (TRAIL), Recombinant Human IFN-gam- 
ma (IFN-γ) were purchased from Peprotech 
(London, UK).  

Cell culture and cell lines 

All cells in the experiment were purchased from 
the American Type Culture Collection (ATCC). 
The human liver cancer cell lines (FHCC98, 
Bel7404), kidney cancer cell line A498, stom-
ach cancer cell lines (HGC, BGC), and human 
non-small cell lung cancer cell lines (A549, 
H460, H522) were cultured in RPMI-1640 in 
the presence of 10% fetal bovine serum (Gibco, 
Life Technologies). The cervix cancer cell HeLa, 
liver cancer cell line SMMC7721, glioma cancer 
cell line H4, and ovarian cancer cell line SKOV3 
were cultured in DMEM supplemented with 
10% fetal bovine serum. The human colon can-
cer cell line SW1116 was cultured in Eagle’s 
MEM with 10% fetal bovine serum. All cells 
were maintained in a humidified incubator at 
37°C with 5% CO2 and passaged before reach-
ing confluence.

Antibodies

Anti-PDE3A (#99236), anti-DR5 (#ab199357), 
anti-GAPDH (#8245) antibodies were purcha- 
sed from Abcam; anti-Bcl-2 (#2876), anti-Bcl-XL 
(#2764), anti-Caspase-8 (#4790), anti-Cas-
pase-9 (#9508), anti-Cleaved-PARP (#9541), 
anti-Cyclin D1 (#2978) antibodies were pur-
chased from CST; anti-DR4 (#24063-1-AP) anti-
body was purchased from Proteintech; anti- 
α-tubulin (#5286) antibody was purchased 
from Santa Cruz; anti-PDE3B (#138892) anti- 
body was purchased from Absin; anti-PARP 
(#556494) antibody was purchased from BD.

xCELLigence RTCA analysis 

The E96-xCELLigence plates were prepared by 
addition of complete media (50 µL). After equili-
bration to 37°C, plates were inserted into the 
xCELLigence station, and the base-line imped-
ance was measured to ensure that all wells and 
connections were working within acceptable 
limits. Cells were harvested and diluted to a 
seeding density of 5 × 103 cells/well and were 
seeded to the E-plate in 50 µL volume. 50 μL of 
each drug dissolved in the medium was added 

to achieve defined final concentrations. The  
cell index (CI) was monitored every 5 min by the 
RTCA DP analyzer (from ACEA Biosciences Inc.).

Animals and Mouse xenografts 

Female BALB/c athymic (nu/nu) nude mice 
(age, 4-6 weeks; weight, 18-20 g) were pur-
chased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd, Beijing, China. Ani- 
mals were housed in controlled conditions of 
temperature (23 ± 2°C), humidity (50 ± 5%), 
and a 12 h light/dark cycle. The animals had 
free access to sterile food and water. All animal 
experiments were carried out under the guid-
ance of the approved protocol (2012-10-YQ-10) 
by Shanghai Institute of Materia Medical. 
Animals were allowed to acclimate for at least 5 
days before any handling. For ectopic implan- 
tation experiments, 5.5 × 106 cells per mouse 
were injected subcutaneously into the flanks  
of nude mice. After tumor volumes reached 
nearly 100 mm3, the mice were randomly divid-
ed into 3 groups (n = 6/group). The mice were 
orally administered with ANA (10 mg/kg or 30 
mg/kg) or vehicle daily for 15 days. Tumor vol-
ume and body weight were measured very 
three days. Tumor volume calculated by the for-
mula V (mm3) = 1/2 (a*b2), where a = length, b 
= width, all studies were terminated when the 
tumors of vehicle group reached nearly 1,000 
mm3 [49]. 

Cell viability assay

Cells were seeded into 96-well plates and cul-
tured overnight, the cells were then treated 
with vehicle control or various concentrations 
of different compounds for 72 h. 30 μL of MTT 
solution (5 mg/mL, Sigma Aldrich) was added 
to each well and incubated at 37°C for 4-6 h. 
The supernatants were aspirated, and the MTT-
formazan crystals were dissolved in 150 μL of 
dimethyl sulfoxide. The absorbance value was 
measured by the microplate reader (Synergy 
H1, Bioteck, Winooski, USA) at a wavelength of 
492 nm.

Cell cycle analysis

A flow cytometry assay was used to analyze the 
cell cycle distribution as previously reported. 
Briefly, the cells were plated into 6-well plates 
and incubated overnight. After treatment with 
the test substances for 24 or 36 h, the cells 
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were harvested and fixed in cold 75% ethanol 
overnight at -20°C, and then washed with PBS 
and stained with PI solution (20 mg/mL PI and 
20 mg/mL RNaseA in PBS) for 15 min. The  
cell fluorescence was measured using FACS 
Cytometry [50].

Immunoblotting analysis

Cells were harvested in cold Laemmli buffer 
(Sigma-Aldrich). Protein lysates were separat- 
ed by SDS-PAGE, transferred to nitrocellulose 
membranes (GE Healthcare), probed with pri-
mary antibodies, and then incubated with 
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. Immune complexes were 
detected by Immobilon Western Chemilumi- 
nescent HRP Substrate (Millipore) and photo-
graphed using Darkroom Eliminator (C300, 
AZURE biosystems). 

Real time quantified PCR assay

Cells were lysed in Trizol (Invitrogen, Grand 
Island, NY) incubation and total RNA was 
extracted for further experiments. The Real-
time Quantitative PCR Assay was performed  
as previously described. The sequences of  
primers are as follows: GAPDH Forward: 5’-CGA 
CCA CTT TGT CAA GCT CA-3’, GAPDH Reverse: 
5’-AGG GGA GAT TCA GTG TGG TG-3’; TNF-α 
Forward: 5’-CAG GGC AAT GAT CCC AAA GTA-3’, 
TNF-α Reverse: 5’-GCA GTC AGA TCA TCT TCT 
CGA-3’; DR4 Forward: 5’-AGC TCA GCT GCA ACC 
ATC AA-3’, DR4 Reverse: 5’-CAC AAC CCT GAG 
CCG ATG CAA-3’; DR5 Forward: 5’-GTC TGC TCT 
GAT CAC CCA AC-3’; DR5 Reverse: 5’-CTG CAA 
ACT GTG ACT CCT ATG-3’.

RNAi and transfection

Specific siRNAs and a random sequence con-
trol siRNA were purchased from Genepharma 
(Shanghai, China). SiRNAs were transected into 
cells using Lipofectamine 2000 (Invitrogen, 
Grand Island, NY), the sequences of si- 
RNAs are as following: PDE3A-siRNA-1 (sen- 
se 5’-CCAGUAUUACUGUGGACAUGG-3’, anti-se- 
nse 5’-AUGUCCACAGUAAUACUGGUU-3’), PDE- 
3A-siRNA-2 (sense 5’-GUGGCCGUAUUCUUAGU- 
CAGG-3’, anti-sense 5’-UGACUAAGAAUACGGC- 
CACAU-3’), PDE3B-siRNA-1 (sense 5’-GGGACU- 
AAAUAGGAAUAGU-3’, anti-sense 5’-ACUAUUC- 
CUAUUUAGUCCC-3’), PDE3B-siRNA-2 (sense 
5’-GCAGAUGAGAUUCAGGUAA-3’, anti-sense 5’- 
UUACCUGAAUCUCAUCUGC-3’), SLFN12-siRNA- 

1 (sense 5’-AGACUAGAGGGAGAUUGUAUU-3’, 
antisense 5’-UACAAUCUCCCUCUAGUCUUU-3’), 
SLFN12-siRNA-2 (sense 5’-GACUAGAGGGAG- 
AUUGUAUUU-3’, anti-sense 5’-AUACAAUCUCC- 
CUCUAGUCUU-3’), SLFN12-siRNA-3 (sense 5’- 
GAGAUUCUCCCUCAAUAUGUU-3’, anti-sense 5’- 
CAUAUUGAGGGAGAAUCUCUU-3’) NC (sense 
5’-UUCUCCGAACGUGUCACGUTT-3’, anti-sense 
5’-ACGUGACACGUUCGGAGAATT-3’).

Statistical analysis

Statistical analyses were performed by using 
GraphPad Prism 6. Data were graphically repre-
sented as mean ± SD. Two-way ANOVA was 
used in Figure 7, Statistical significance was 
established for P < 0.05 (* P < 0.05, **P < 
0.01, ***P < 0.005, ****P < 0.001).
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Supplementary Figure 1. Effects of ANA on the growths of different cancer cells. A. MTT analyses of the effects of 
ANA on the viabilities of different cancer cells. The indicated cells (3000/well) were exposed to indicated concentra-
tions of ANA for 72 h and cell viabilities were measured by the MTT assay. B. RTCA analyses of the effects of ANA on 
the growths of different cancer cells. The indicated cells were treated with 100 nM ANA (green) or DMSO (red) and 
the Cell Index were monitored continuously by the RTCA analyzer.
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Supplementary Figure 2. Effects of additional PDE3 inhibitors on the ANA-induced cell growth inhibition. A. RTCA 
analyses of the effects of CILO on the ANA-induced cell growth inhibition. The ANA cell death-sensitive cell line H4 
and the ANA cell cycle arrest-sensitive cell line Bel7404 were treated with DMSO, ANA, CILO, or combination of ANA 
with CILO at the indicated concentrations, followed by RTCA analyses of cell growth. B. Flow cytometry analyses of 
the effects of TRE on the ANA-induced cell cycle arrest. The cells were exposed to ANA (100 nM), TRE (100 nM), or 
a combination of ANA and TRE for 24 h. The cell cycle distribution was then measured by flow cytometry. C. cAMP 
was measured 1 hour after treatment with ANA (100 nM) in indicated cancer cells.



Anagrelide selectively inhibit cancer cell growth

3	

Supplementary Figure 3. SLFN12 was required for the ANA-induced growth inhibition of cancer cells. A-C. RTCA 
analyses of the effects of knocking down SLFN12 expression on the ANA-induced growth inhibition in the ANA 
cell cycle arrest-sensitive cell line Bel7404. The siRNA-transfected Bel7404 cells were cultured with ANA 100 nM 
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Supplementary Figure 4. Effects of the IFNs on the mRNA expression of SLFN12 and the ANA-induced cell growth 
inhibition. (A and C) Bel7404 and BGC cells were exposed to IFN-γ (10 ng/mL) or IFN-α (3000 IU) for indicated times. 
SLFN12 mRNA expression was analyzed by Quantitative Real-Time PCR. (B and D) Bel7404 cells and BGC cells were 
treat with IFN-γ (10 ng/mL), ANA (100 nM), or a combination of IFN-γ and ANA. The cell growths were monitored by 
the RTCA analyses. 

(green) or DMSO (red), and the growth of the cells were monitored by the RTCA analyzer. D. The quantitation of 
the RTCA analyses results. E. Flow cytometry analyses of the effects of knocking down SLFN12 expression on the 
ANA-induced cell cycle arrest. F. Effects of siRNA knockdown on the protein expressions of PDE3A. H4 cells were 
transiently transfected with a PDE3A-specific siRNA, a SLFN12-specific siRNA, or a non-specific scrambled control 
siRNA. Cells were harvested 24 h later and the cell lysates were processed for immunoblotting using an anti-PDE3A 
antibody, or anti-α-tubulin antibody. G. Effects of siRNA knockdown on the expressions of SLFN12 and PDE3A 
mRNA. siRNA transfections were performed the same as above. mRNAs were extracted 24 h after siRNA transfec-
tion and analyzed by real-time PCR.


