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Activation of protein phosphatase 2A in FLT3+ acute myeloid 
leukemia cells enhances the cytotoxicity of FLT3 tyrosine kinase 
inhibitors
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ABSTRACT
Constitutive activation of the receptor tyrosine kinase Fms-like tyrosine kinase 

3 (FLT3), via co-expression of its ligand or by genetic mutation, is common in acute 
myeloid leukemia (AML). In this study we show that FLT3 activation inhibits the 
activity of the tumor suppressor, protein phosphatase 2A (PP2A). Using BaF3 cells 
transduced with wildtype or mutant FLT3, we show that FLT3-induced PP2A inhibition 
sensitizes cells to the pharmacological PP2A activators, FTY720 and AAL(S). FTY720 
and AAL(S) induced cell death and inhibited colony formation of FLT3 activated 
cells. Furthermore, PP2A activators reduced the phosphorylation of ERK and AKT, 
downstream targets shared by both FLT3 and PP2A, in FLT3/ITD+ BaF3 and MV4-11 
cell lines. PP2A activity was lower in primary human bone marrow derived AML blasts 
compared to normal bone marrow, with blasts from FLT3-ITD patients displaying 
lower PP2A activity than WT-FLT3 blasts. Reduced PP2A activity was associated with 
hyperphosphorylation of the PP2A catalytic subunit, and reduced expression of PP2A 
structural and regulatory subunits. AML patient blasts were also sensitive to cell 
death induced by FTY720 and AAL(S), but these compounds had minimal effect on 
normal CD34+ bone marrow derived monocytes. Finally, PP2A activating compounds 
displayed synergistic effects when used in combination with tyrosine kinase inhibitors 
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INTRODUCTION

Fms-like tyrosine kinase 3 (FLT3; CD135) is a 
member of the type III transmembrane receptor tyrosine 
kinase family, together with PDGFR, c-KIT and c-FMS. 
FLT3 functions to promote cell survival and proliferation 
via activation of the MAPK, PI3K, and STAT5 signaling 
pathways [1]. FLT3 is expressed in normal hematopoietic 
progenitor cells, in most acute myeloid leukemia’s 
(AML), and a smaller subset of B-cell acute lymphoblastic 
leukemia (ALL), blast crisis chronic myeloid leukemia 
(CML) and T-cell ALL [2]. Furthermore, AML cells 
frequently co-express FLT3 and its ligand (FL) 
establishing an autocrine or paracrine signaling loop 
resulting in constitutive FLT3 signaling [3]. In addition, 
mutations in FLT3 are the most common genetic mutation 
identified in AML. Internal tandem duplication (ITD), 
within the juxtamembrane domain of the receptor, occurs 
in approximately 24% of adult AML patients [4]. Point 
mutations within the activation loop of the kinase domain 
have further been reported in up to 7% of AML and 
3% of ALL cases [4]. Both types of mutation result in 
constitutive activation of FLT3 tyrosine kinase activity and 
subsequent hyperactivation of its downstream signaling 
pathways [1]. Further, differential subcellular localization 
of the FLT3-ITD receptor within the perinuclear region 
results in interaction with, and activation of intracellular 
signaling proteins including ERK, STAT5 and AKT, not 
directly associated with the FLT3-WT receptor [5, 6]. The 
presence of FLT3 mutations confers a poor prognosis in 
AML, correlating with higher blast count and decreased 
remission induction rate, disease free survival, event free 
survival and overall survival [7]. 

FLT3 mutations function as oncogenic drivers in 
both mouse models of leukemia and human AML cells 
[8,  9], and therefore represent important therapeutic 
targets. Several tyrosine kinase inhibitors (TKIs) targeting 
FLT3 have been investigated in clinical trials, including 
CEP-701, PKC412, sorafenib and AC220. As single 
agents in AML trials these were disappointing with short-
term and/or partial remissions being reported in a minority 
of patients [10]. However recent trials report improved 
survival in patients < 60 yrs treated with sorafenib [11] 
or PKC412 [12] in combination with chemotherapy. An 
emerging theme from clinical trials is that monotherapies 
targeting oncogenic kinases such as FLT3 lead to the 
selection of drug-resistant malignant clones and disease 
relapse [13, 14]. Thus, combination treatments that not 
only target oncogenic FLT3, but also its downstream 
signaling, such as the MAPK, PI3K and STAT5 pathways, 
may afford improved therapeutic responses in AML 
patients. 

PP2A is a serine/threonine phosphatase that has 
emerged as an important tumor suppressor [15]. PP2A 
is a multimeric family of enzymes each composed of 
a catalytic (C), a scaffold (A), and one of a number of 
regulatory subunits (B/B55/PR55, B’/B56/PR56/PR61, 
B’’/PR48/PR72/130, B’’’/PR93/PR110) that direct 
subcellular localization and substrate specificity (for a 
comprehensive review of PP2A structure and functions see 
[16, 17]). PP2A is further regulated by posttranslational 
modification and by endogenous interacting proteins 
such as SET and CIP2A [18]. The tumor suppressor 
activities of PP2A depend on its ability to inactivate 
multiple components of growth and survival signaling 
pathways required for tumorigenesis [18–20]. Functional 
inactivation of PP2A occurs downstream of BCR/ABL 
in CML and Ph+ ALL, and is essential for BCR/ABL 
induced leukemogenesis [21, 22]. Our previous studies 
have shown that the D816V oncogenic form of c-KIT 
requires inhibition of PP2A to promote leukemogenesis 
[23]. Importantly, pharmacological re-activation of PP2A 
not only inhibited proliferation and survival of D816V-
AML cells in vitro, but also reduced their growth in vivo 
[23]. Impaired PP2A activity was further reported as 
a common event in AML, with 29/37 cases displaying 
inactivation [24], suggesting that AML sub-types 
without c-KIT mutations are also likely to exhibit PP2A 
inhibition. Indeed, in this study 6/7 FLT3-ITD patients 
displayed PP2A inhibition associated with altered PP2A 
subunit and/or SET expression [24]. As the c-KIT and 
FLT3 receptors are closely related and signal via similar 
downstream pathways [1], we hypothesized that PP2A 
may be inhibited downstream of FLT3 in AML, and hence 
therapeutic approaches that allow PP2A re-activation may 
have clinical benefit. 

Herein, we show that activated FLT3 inhibits PP2A 
activity. Pharmacological activation of PP2A inhibited 
FLT3-mediated growth and survival of AML cells, and 
was synergistic with FLT3 TKIs. Given the high frequency 
of FLT3 activation and mutation in AML, these data 
suggest that PP2A activation may be a therapeutic strategy 
in the treatment of FLT3 driven malignancies.

RESULTS

Activation of FLT3 inhibits PP2A and sensitizes 
to PP2A activating drugs 

The BaF3 cells are an established and very well 
characterised model for studying the molecular and 
functional consequences of oncogenic FLT3 signaling 
[25]. To investigate if activation of FLT3 regulates PP2A 
activity we stably transduced BaF3 cells with an empty 

in FLT3-ITD+ cells. A combination of Sorafenib and FTY720 was also synergistic in the 
presence of a protective stromal microenvironment. Thus combining a PP2A activating 
compound and a FLT3 inhibitor may be a novel therapeutic approach for treating AML.
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vector (EV) or vectors containing the wildtype (WT) 
human FLT3 gene, or human AML-associated kinase 
domain mutations FLT3-D835V and D835Y, or FLT3 
with an internal tandem duplication, FLT3-ITD. Surface 
expression of FLT3 was routinely monitored by flow 
cytometry (Supplementary Figure S1A). As expected, 
EV and BaF3/WT-FLT3 cells remained factor dependent. 
BaF3/WT-FLT3 could proliferate in the presence of either 
IL3 or FL, however their growth rate was slightly slower 
in FL as has been previously reported [26] (Supplementary 
Figure S1B–S1C). In contrast, expression of both of 
the FLT3-D835 mutants or FLT3-ITD, induced factor 
independent growth (Supplementary Figure S1B).

We measured the phosphatase activity of PP2A 
immune-complexes isolated from the BaF3 cells. 
Activation of FLT3 with FL significantly reduced PP2A 
activity (78%) compared to EV cells (100%) or FLT3-
WT cells grown in IL3 (96%) (Figure 1A). Constitutive 
activation of FLT3 by oncogenic mutation also 
significantly inhibited PP2A activity, with FLT3-D835V 
displaying 63%, FLT3-D835Y 66%, and FLT3-ITD 66% 
activity compared to EV cells (Figure 1A). Therefore 
activation of FLT3 inhibits PP2A activity. Interestingly, 
while PP2A enzyme activity was decreased, this did not 
correlate with a change in phosphorylation of PP2A-C 
(Y307) (Supplementary Figure S2A), indicating an 
alternative mechanism of enzyme inhibition in these cells. 

Previous studies show that leukemia cells with low 
PP2A activity are sensitive to cell death induced by the 
pharmacological PP2A activator, FTY720 [21, 23, 27]. 
To determine if activation of FLT3 affected sensitivity 
to FTY720 we first examined the effect on PP2A 
phosphatase activity. FTY720 (3 µM; 12 h) increased 
PP2A activity in all cells signaling through FLT3, with 
the most striking increase in the FLT3-ITD cells (Figure 
1A). In contrast FTY720 had no significant effect on 
PP2A activity in the EV or WT-FLT3 cells in IL3. (Figure 
1A). Consequently, FLT3+ cells were more sensitive to 
inhibition of proliferation by FTY720 with lower IC50 
values compared to control cells (Table 1). FTY720 is 
phosphorylated in vivo by sphingosine kinase-2 to form 
FTY720-phosphate (FTY720-P) [28, 29]. FTY720-P acts 
as a functional antagonist of the sphingosine-1-phosphate 
receptor mediated signaling pathway [30, 31]. To establish 
whether the cytotoxic effect of FTY720 depended on 
PP2A activation or sphingosine-1-phosphate receptor 
antagonism, we utilized an analogue of FTY720, AAL(S), 
that cannot be phosphorylated by sphingosine kinase-2, 
but can still activate PP2A [32]. AAL(S) activated PP2A 
(Figure 1A) and reduced the viability of FLT3+ cells to a 
similar extent as FTY720 (Table 1). This was confirmed 
in an independent cell line, the FDC.P1 mouse myeloid 
progenitor cells [33] expressing WT-FLT3 (Supplementary 
Figure S1D–S1E; Table 1). We further examined the 
effect of PP2A activators in the human FLT3-ITD+ AML 
cell line, MV4-11. FTY720 and AAL(S) (3 µM, 12 hr) 

significantly enhanced PP2A activity (Figure 1A), and 
induced growth inhibition (Table 1) of MV4-11 cells.

Next we examined cell death induced by FTY720 
and AAL(S). Treatment of cells with 5 µM FTY720 or 
AAL(S) for 24 h induced significant apoptosis in the BaF3/
FLT3+ cells, as assessed by Annexin V+ staining, but had 
minimal effects on control cells (Figure 1B). FTY720 and 
AAL(S) both induced similar levels of apoptosis in WT-
FLT3 cells in the presence of FL, and in the FLT3-D835Y 
cells, but AAL(S) was slightly less effective than FTY720 
at inducing apoptosis in the FLT3-ITD and FLT3-D835V 
cells. The MV4-11 cells were remarkably sensitive to 
apoptosis induction with FTY720 and AAL(S), with 100% 
cell death at 5 µM of either drug (not shown), and 73% and 
77% Annexin V+ cells with 2 µM FTY720 and AAL(S), 
respectively (Figure 1B). Finally, we showed that the 
apoptosis induced by FTY720 requires PP2A activation, 
as the PP2A inhibitor, okadaic acid, rescued the effects 
in BaF3/FLT3-ITD and MV4-11 cells (Supplementary 
Figure S3). Furthermore, colony formation of the BaF3/
FLT3-ITD cells was modestly inhibited by FTY720, and 
more profoundly inhibited by AAL(S), and addition of OA 
restored colony formation in the presence of either drug 
(Figure 1D), confirming that the colony inhibition induced 
by these drugs was due to PP2A activation. In contrast, 
FTY720 or AAL(S) had no effect on clonogenicity in the 
BaF3/EV cells (Figure 1C). Together this data shows that 
re-activation of PP2A with two independent compounds 
reduces the viability of cells signalling through FLT3, and 
the mechanism of action does not require sphingosine-1-
phosphate receptor inhibition. 

PP2A inhibition is associated with reduced 
expression of PP2A subunits and is dependent on 
FLT3-ITD activation

To investigate the mechanism by which PP2A is 
regulated by FLT3, we focused on cells expressing the 
most common AML-associated FLT3 mutation, FLT3-
ITD. Firstly, we examined the expression of PP2A subunits 
in the BaF3/FLT3-ITD cells. Total levels of PP2A-C were 
slightly reduced in the FLT3-ITD cells compared to control 
cells, however there was no significant change in Y307 
phosphorylation of PP2A-C (Figure 2A, Supplementary 
Figure S2A, S2B). The scaffolding PP2A-A subunit was 
significantly reduced in BaF3/FLT3-ITD cells relative to 
control cells. Furthermore, PP2A-B55α, –B55δ, -B56α, 
-B56γ, -B56ε, -B”α (130 kDa), -B”α (72 kDa) and -B”β 
(48 kDa) protein levels were all significantly lower in 
FLT3-ITD cells (Figure 2A, Supplementary Figure S2B). 
Thus, FLT3-ITD expression is associated with reduced 
expression of PP2A subunits together with an overall 
reduction in PP2A activity in BaF3 cells.

Next we examined whether pharmacological 
inhibition of FLT3 affected PP2A activity. Treatment of 
BaF3/FLT3-ITD cells with CEP701 or PKC412 resulted 
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in a significant increase in PP2A activity, comparable to 
that induced by FTY720 (Figure 2B). Similar effects were 
observed in MV4-11 cells (Figure 2C). This suggests that 
the PP2A inhibition is dependent on FLT3-ITD activation. 
PP2A activity has previously been reported to be regulated 
by JAK2 [34], and expression of FLT3-ITD induced 
phosphorylation of JAK2 (Supplementary Figure S2C). 
Therefore, we further tested whether the PP2A inhibition 
was downstream of JAK2. In contrast to FLT3 inhibition, 
the JAK1/2 inhibitor Ruxolitinib had no effect on PP2A 
activity (Figure 2B), suggesting that the PP2A inhibition 
in these cells is not dependent on JAK2. 

Activating PP2A inhibits FLT3-ITD signaling 
downstream of FLT3

FLT3 activity is regulated by autophosphorylation 
of tyrosine residues, and previous studies have shown 
that FTY720-induced PP2A activation results in reduced 
phosphorylation of BCR/Abl [21] and c-KIT [23]. FTY720 
and AAL(S) had no effect on phosphorylation of the FLT3-
ITD receptor (Figure 2D). In contrast, the FLT3 inhibitor 
CEP701 significantly reduced FLT3-ITD phosphorylation 
(Figure 2D). This suggests that the effects of FTY720 
and AAL(S) are mediated downstream of FLT3-ITD 
receptor activity. FLT3-ITD induced phosphorylation 
of JAK2, p38 MAPK, ERK, and AKT (Supplementary 
Figure S2C). FTY720 caused a significant reduction 
in phosphorylation of AKT(S473) in both the BaF3/
FLT3-ITD and MV4-11 cells, but no significant change 
in phosphorylation of AKT at T308 (Figure 2E–2F).  
pERK was also significantly reduced with FTY720 
treatment in both cell lines. pJAK2(Y221) was reduced 
in the BaF3/FLT3-ITD cells, with a concomitant decrease 
in pSTAT5(Y694). In contrast, FTY720 had no effect 
on pJAK2(Y221), and increased pSTAT5(Y694) in the 
MV4-11 cells. FTY720 had no effect on pSTAT3(Y705) 
in either cell line (Figure 2E–2F). Despite the increase in 

PP2A activity, we observed no change in phosphorylation 
of PP2A-C (Y307) with FTY720 treatment in the MV4-
11 or BaF3/FLT3-ITD cells (Supplementary Figure S2A).

Low PP2A activity in leukemic blasts from AML 
patients

To examine the clinical relevance of FLT3-ITD 
induced PP2A inhibition, we determined the activity of 
PP2A in bone marrow (BM) derived mononuclear cells 
isolated from 26 primary AML patients (Supplementary 
Table S1). AML patient samples exhibited lower PP2A 
activity compared to BM mononuclear cells isolated 
from healthy donors (NBM 4.60 ± 0.3 v’s AML 2.83 
± 0.2 PO4/µg, p = 0.015) (Figure 3A). Blasts isolated 
from patients expressing FLT3-ITD displayed lower 
PP2A activity (2.28 ± 0.4 PO4/µg) than those expressing 
WT-FLT3 (3.43 ± 0.3 PO4/µg; p = 0.011) (Figure 3B). 
FLT3-D835+ blasts also displayed lower PP2A activity 
(2.57 ± 0.84 PO4/µg; p = 0.15) than WT-FLT3, but this 
was not statistically significant. Phosphorylation of the 
PP2A catalytic subunit at Tyrosine-307 is a marker of 
inactive PP2A, and consistent with the activity assays, 
immunoblotting revealed significantly higher levels of 
pPP2A-CY307/PP2A-C in FLT3-ITD and FLT3-D835+ 
blasts, compared to WT-FLT3 blasts (Figure 3C; 
Supplementary Figure S4A). No significant changes were 
observed in total PP2A-C levels (Figure 3D), however 
expression of the structural PP2A-A subunit was lower 
in the in FLT3-ITD+ AML patient mononuclear cells, 
compared to WT-FLT3 cells (Figure 3E; Supplementary 
Figure S4A). Thus FLT3-ITD+ AML patients have lower 
PP2A activity, higher pY307-PP2Ac, and lower PP2A-A 
expression than WT-FLT3 patients, suggesting that 
PP2A inhibition may be clinically important in FLT3-
ITD+ AML. 

A trend towards decreased PP2A-B56α, -B56δ and 
B’’α 130 kD protein was also observed in FLT3-mutant 

Table 1: Growth inhibition by FTY720 and AAL(S)
Cell Line IC50 FTY720 (µM)1 IC50 AAL(S) (µM)1

BaF3/EV 7.1 ± 0.3 7.9 ± 0.3
BaF3/WT + IL3 6.9 ± 0.3 8.5 ± 0.3
BaF3/WT + FL 3.7 ± 0.2**§§ 5.3 ± 0.6*§§

BaF3/D835V 5.2 ± 0.2** 5.2 ± 0.2**
BaF3/D835Y 5.3 ± 0.3** 5.3 ± 0.2**
BaF3/ITD 4.0 ± 0.3** 4.6 ± 0.7**
FDC.P1/WT + GM 5.1 ± 0.2 5.4 ± 0.0
FDC.P1/WT + FL 2.7 ± 0.3^^ 3.1 ± 0.3^
MV4-11 (ITD) 3.6 ± 0.3 3.8 ± 0.3

1IC50 is the concentration (μM) of drug required to reduce cell viability by 50% at 48 h and was calculated using fit-spline/cubic 
regression. Data are presented as the mean of at least three independent experiments performed in triplicate ± SEM. **p < 0.01  
compared to BaF3/EV; §§p < 0.01 compared to BaF3/WT+IL3; ^p < 0.05, ^^p < 0.01 compared to FDC.P1/WT+GM.
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AML blasts compared to WT-FLT3 blasts (Supplementary 
Figure S4B). In addition, analysis of publically available 
RNAseq and microarray data in the TCGA database 
[35] revealed that PP2A genes B55δ (PPP2RD), B56δ 
(PPP2R5E) and B’’α (PPP2R3A) were significantly lower 
in FLT3-ITD+ patients compared to WT-FLT3 patients 
(Supplementary Figure S5).

FTY720 induces cell death of primary human 
AML blasts

Primary human AML blasts were treated with FTY720 
or AAL(S) (1–10 µM; 24 h) and cell death was assessed by 
Annexin V/PI staining. All AML samples displayed some 
sensitivity to FTY720, with a median IC50 of 3.1 µM 

Figure 1: FLT3 activation inhibits PP2A and sensitizes to PP2A activating drugs. (A) PP2A complexes were isolated from 
BaF3 or MV4-11 cells, treated with or without 3 µM FTY720 or AAL(S) for 12 h, using immunoprecipitation with an anti-PP2A-C 
antibody. PP2A activity was determined by incubating the isolated PP2A-C complex with a PP2A-specific phosphopeptide and measuring 
free phosphate released using a colorimetric assay. Activity was calculated as a percentage of control by dividing the activity of FLT3 
transduced cells by untreated BaF3 empty vector (EV) controls. Columns, mean; bars, SEM. **p < 0.01, Student’s t test compared with EV 
control. (B) Cells were treated with 5 µM (BaF3 cell lines) or 2 µM (MV4-11 cells) FTY720 or AAL(S) for 24 hr and apoptosis determined 
by annexin V+ staining and flow cytometry. Columns; mean, bars; SEM, *p < 0.05, **p < 0.01 compared to EV or untreated cells, as 
indicated; Students t test. (C) BaF3/EV and (D) BaF3/FLT3-ITD cells were grown in methylcellulose medium for 7 days in the presence 
of 3 µM FTY720 or AAL(S) ± 0.25 nM okadaic acid (OA). Columns, mean colony number (n = 3) relative to untreated; bars, SEM. *p < 
0.05, **p < 0.01 compared to untreated cells.
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(range 0.5–8.7) (Figure 3F). The median IC50 was lower in 
FLT3-ITD+ blasts (2.4 µM) than WT blasts (3.33 µM) but 
this was not statistically significant (Figure 3F). AML blasts 
were also sensitive to AAL(S) (median IC50 3.1 µM; range 
5.1–4.7 µM) with no significant difference between WT and 
FLT3-ITD patients (Figure 3G). We further examined if the 
addition of exogenous FL affected the sensitivity to PP2A 
activators. For most patients blasts the addition of exogenous 
FL slightly reduced the IC50 to FTY720 (Figure 3H) and 
AAL(S) (Figure 3I), irrespective of their FLT3 status, but 
overall this was not statistically significant. It should be 
noted however that exogenous FL also had no significant 
effect on viability in any of the samples in the absence of 
drug (not shown). 

For 4 patients we had sufficient material to test 
PP2A activity after treatment with 1 µM FTY720 for 
12 hr. In cases where PP2A activity increased in response 
to FTY720 (i.e. positive fold induction), these cells were 
more sensitive to FTY720 induced apoptosis (i.e. lower 
IC50) (Figure 3J), suggesting that the ability for FTY720 
to induce PP2A activity may determine in vitro drug 
sensitivity.

FTY720 also induced cell death in a purified 
population of CD34+/CD38−/CD123+ cells enriched for 
leukemic stem and progenitor cells (LSPCs) from FLT3-
ITD+ AML patients (Supplementary Figure S6A, S6B), 
and was more effective than the TKIs AG1296 or CEP701 
(Supplementary Figure S6C). In contrast, FTY720 or 

Figure 2: FLT3-ITD regulates PP2A activity and expression, and PP2A re-activation inhibits FLT3 downstream 
signaling. (A) Immunoblots of BaF3 cell lysates showing expression of PP2A-A, PP2A-C, pY307PP2A-C, -B55α, -B55δ, -B56α, -B56γ, 
-B56δ, -B56ε, -B”α (130 kDa and 72 kDa) and B”β. β-Actin (ACTB) was used as a loading control. Blots are representative of at least 
four independent experiments. Values underneath each blot represent the mean expression ratio (relative to BaF3 cells) determined by 
dividing the densitometric volume of the test band by that of the actin band (see Supplementary Figure S2B). (B and C) PP2A activity was 
determined as in Figure 1 in B) BaF3/FLT3-ITD and C) MV4-11 cells treated for 12 hr with the indicated drugs. Columns, mean; bars, SEM.  
**p < 0.01, Student’s t test compared with parental control. (D) FLT3 was isolated from BaF3/FLT3-ITD cells by immunoprecipitation 
followed by western blot after treatment with FTY720 (3 µM), AAL(S) (3 µM) or CEP701 (5 nM) for 24 h. The top blot shows total 
phosphotyrosine levels and the bottom total FLT3 levels. The densitometric volume of the phosphotyrosine was divided by that of the total 
FLT3 bands, and shown as a percentage relative to untreated cells. Columns, mean (n = 3); bars, SEM, *p < 0.05. (E) Immunoblots detecting 
phosphorylated and total levels of pAKTS473, pAKTT308 and total AKT, pERK1/2T202/Y204/ERK1/2, pJAK2Y221/JAK2, pSTAT5Y694/STAT5 and 
pSTAT3Y705/STAT3 in BaF3/FLT3-ITD and MV4-11 cells. β-Actin (ACTB) was used as a loading control. Images are representative of 3 
independent experiments. (F) The relative expression ratio for each protein shown in (E) was determined by dividing the densitometric 
volume of the phosphorylated band, by that of the total band, and normalized to untreated cells. Columns mean expression, Bars SEM, *p 
< 0.05 Students t-tests compared to untreated cells. nd; not detectable.
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Table 2: Synergy of tyrosine kinase inhibitors and PP2A activators in FLT3-ITD cells
Combination Index (CI)§

Drug Combination BaF3/FLT3-ITD MV4-11
FTY720 + Sorafenib 0.79 ++ 0.47 +++
FTY720 + Sunitinib 0.92 ± 0.31 +++
FTY720 + CEP701 0.90 ± 0.27 +++
FTY720 + PKC412 0.80 ++ 0.35 +++
FTY720 + AC220 0.73 ++ 0.50 +++
AAL(S) + Sorafenib 1.11 − 0.51 +++
AAL(S) + Sunitinib 0.65 +++ 0.41 +++
AAL(S) + CEP701 0.58 +++ 0.42 +++
AAL(S) + PKC412 0.52 +++ 0.49 +++
AAL(S) + AC220 0.65 +++ 0.75 ++

§Combination index was calculated from the ED75 using Chou-Talalay analysis in the CalcuSyn software; -, antagonism 
(> 1.1); ±, additive (0.9–1.1); ++, moderate synergism (0.7–0.9); +++, synergism (0.3–0.7). 

AAL(S) had no significant effect on long term self-
renewal of normal CD34+ cells (Supplementary Figure 
S6D–S6G). Therefore PP2A activation may allow the 
selective targeting of AML blasts as well as LSPCs in 
FLT3+ patients.

PP2A activators synergize with tyrosine kinase 
inhibitors

We next tested the effects of PP2A activators in 
combination with FLT3 inhibitors. Treatment of BaF3/
FLT3-ITD or MV4-11 cells with CEP701, PKC412, 
sunitinib, sorafenib or AC220, in combination with 
FTY720 or AAL(S), induced a greater effect than 
either drug alone, as assessed by resazurin assays. The 
combination index (CI) revealed additive, and in most 
cases synergistic effects in both cell lines (Table  2). 
As AAL(S) alone showed substantial inhibition of 
clonogenicity in the BaF3/FLT3-ITD cells, we further 
assessed AAL(S) together with TKIs in clonogenic assays. 
The combination of AAL(S) with sunitinib, CEP701, 
PKC412 or sorafenib induced a significant reduction 
in colony formation compared to treatment with the 
TKI alone (Figure 4A). Importantly, the combination of 
FTY720 or AAL(S) with kinase inhibitors had no effect on 
normal CD34+ bone marrow cells (Supplementary Figure 
S6F–S6G). 

Given we showed that pharmacological inhibition 
of FLT3 could increase PP2A activity (Figure 2B, 2C), 
we next sought to determine if the synergism observed 
with TKIs and PP2A activators was associated with even 
higher PP2A activity. BaF3/FLT3-ITD and MV4-11 cells 
were treated with FTY720, PKC412, or both drugs for 
12 hr. The combination slightly increased PP2A activity 
in the BaF3/FLT3-ITD cells (Figure 4B), and significantly 
enhanced activity in the MV4-11 cells, compared to either 

compound alone (Figure 4C). This suggests that the 
synergism observed in these cells is at least partly due to 
heightened PP2A activity levels. 

PP2A activators induce cell death of AML cells 
in co-culture with bone marrow stromal cells 

The BM microenvironment provides significant 
protection for AML cells against chemotherapeutics 
[36]. To determine if PP2A activators can target AML 
cells protected by BM stromal cells, we utilized human 
AML blasts that had been expanded in NOD/SCID or 
NSG mice [37]. Isolated blasts were cultured with the 
mouse BM stromal cell line MS5. MS5 cells provided 
substantial protection of AML cells from FTY720 and 
AAL(S), however, both compounds could still induce cell 
death in a dose (Figure 4D–4I) and time (Supplementary 
Figure S7) dependent manner. FLT3-ITD+ AML cells were 
more sensitive to PP2A activators compared to WT-FLT3 
AML cells in co-culture (Figure 4D–4G; Supplementary 
Table S2). A Ph+ ALL sample that is responsive to FTY720 
in vivo [38] was used as a positive control in these 
experiments, and was the most sensitive to both FTY720 
and AAL(S) (Figure 4H; Supplementary Table S2). We 
further tested the combination of a TKI and PP2A activator 
in a FLT3-ITD+ sample. A synergistic effect was observed 
for 5 µM FTY720 with 1nM or 3nM sorafenib in the 
FLT3-ITD+ xAML-17 (Figure 4I). This data suggests that 
PP2A activators may be efficacious in the in vivo setting, 
particularly in combination with TKIs. 

DISCUSSION

Activating mutations in FLT3 are the most common 
genetic aberration observed in AML and are associated 
with poor prognosis [7]. This study provides the first 
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molecular link between activation of the FLT3 receptor 
and the tumour suppressor protein, PP2A. We have shown 
in cell lines and primary human AML blasts that oncogenic 
FLT3 signaling significantly suppresses PP2A activity, 
in association with decreased expression of the PP2A-A 

scaffolding and regulatory B subunits. Importantly, 
functional re-activation of PP2A using two independent 
compounds, FTY720 and AAL(S), inhibited growth 
and colony formation, and induced cell death in cells 
expressing FLT3-ITD. Of important clinical relevance, 

Figure 3: PP2A activity, expression and drug sensitivity in human AML mononuclear cells. (A) Bone marrow mononuclear 
cells were isolated from healthy individuals (normal bone marrow; NBM) or AML patients by Ficoll gradient separation, and PP2A activity 
determined by immunopurification of PP2A complexes as described for Figure 1. (B) AML patients were analyzed for PP2A activity 
according to their FLT3 mutational status. (C–E) Quantitation of immunoblot analysis of mononuclear cells isolated from AML patients 
for (C) pY307-PP2Ac relative to total PP2A-C; (D) total PP2A-C; and (E) PP2A-A expression values were determined by dividing the 
densitometric volume of the test band by that of β-actin, and then normalized to the value for BaF3 cells which were run as a positive 
control on all gels. Mann-Whitney rank sum test *p < 0.05 compared to NBM (A) or WT-FLT3 patients (B–E). (F and G) AML patient BM 
mononuclear cells were treated with F) FTY720 (0–10 µM) or (G) AAL(S) (0–10 µM) for 24 h and percent viability determined by annexin 
V/ PI negativity, and the IC50 calculated by spline regression. Each dot represents an individual patient; bar shows the median. (H and I) 
The IC50 for H) FTY720 or I) AAL(S) in human mononuclear cells determined by annexin V/ PI negativity at 24 hr +/– 50 ng/ml FL. 
Matched patients are shown with a connecting line. (J) AML patient BM mononuclear cells were treated with or without 1 µM FTY720 for 
12 h, and the PP2A activity measured as above. Each patient was normalized to their own untreated activity value to gain a fold change in 
activity. This was then graphed against the IC50 for FTY720 as determined in (F), followed by linear regression analysis. 
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combined administration of FTY720 or AAL(S) together 
with a FLT3 inhibitor resulted in synergistic growth 
inhibition. Thus, specific activation of PP2A in concert 
with currently available kinase inhibitors may provide a 
unique approach for therapeutic targeting of AML patients 
expressing mutant FLT3. 

FTY720 is an immunomodulatory agent in use 
as an oral therapy for multiple sclerosis. FTY720 is 
metabolized by sphingosine kinase-2 to FTY720-P, 
which targets the S1P receptors for degradation, leading 
to inhibition of lymphocyte trafficking [30, 39]. FTY720 
has been proposed as an anti-cancer agent [18, 40], 
however its efficacy may be limited with clinical toxicities 
including transient bradycardia, macular oedema, and 
brain inflammation, thought to be due to the effects 
of FTY720-P on sphingosine-1-phosphate receptors 
[41, 42]. Furthermore, FTY720-P itself may have pro-

proliferative properties [30, 39]. FTY720 analogues 
that are not targets for phosphorylation by sphingosine 
kinase-2, such as AAL(S), may have fewer toxicities and 
be more useful anti-cancer drugs [43]. AAL(S) was more 
effective at colony inhibition than FTY720. Consistent 
with this notion, another non-phosphorylatable FTY720 
analogue, OSU-2S, was more effective than FTY720 in 
mouse models of hepatic cellular carcinoma [44], and 
showed efficacy against human CML stem cells [34]. 
Further preclinical testing of non-phosphorylatable 
FTY720 analogues in both hematopoietic and solid 
tumors is therefore warranted. Importantly, we show here 
that FTY720 and AAL(S) had no effect on the survival 
of normal CD34+ cells, an important consideration for 
clinical application.

We found that PP2A activators exhibited synergistic 
effects with TKIs. In support of this OP449, a peptide 

Figure 4: Combined effects of PP2A activation and FLT3 inhibitors. (A) BaF3/FLT3-ITD cells were grown in methylcellulose 
medium for 7 days in the presence of AAL(S) ± Sorafenib, CEP701, PKC412 or Sunitinib. Columns, mean colony number (n = 3); bars, 
SEM. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s multiple comparison t test. (B and C) PP2A activity was measured in (B) BaF3/
FLT3-ITD or (C) MV4-11 cells after treatment with indicated concentrations of FTY720 +/– PKC412 for 12 hr. Columns, mean (n = 3); 
bars, SEM. *p < 0.05, **p < 0.01, Students t test compared to untreated cells. (D–I) Human AML or ALL mononuclear cells were expanded 
in immunodeficient mice prior to in vitro culture with or without the BM stromal cell line, MS5. Cells were treated with FTY720 or AAL(S) 
for 24 h and viable cells examined by Annexin V / 7AAD staining and flow cytometry. Leukemia cells were gated from MS5 cells based on 
size, hCD45+, and percent viability of leukemia cells shown as the percentage of Annexin V and 7AAD negative cells divided by the total 
number of leukemia cells. (D) xAML-17 (FLT3-ITD); (E) xAML-16 (FLT3-ITD); F) xAML-5 (FLT3-WT); (G) xAML-18 (FLT3-WT); 
H) xALL-55 (Ph+ ALL). I) xAML-17 (FLT3-ITD) in co-culture with MS5 was treated with FTY720, Sorafenib, or FTY720 + Sorafenib at 
indicated concentrations for 24 h and viable cells examined by Annexin V/7AAD as above. *indicates synergism according to the method 
of Webb [63].
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inhibitor of SET that induces PP2A activation, was 
recently shown to synergise with the FLT3 inhibitor 
AC220 in FLT3-ITD+ MOLM-14 cells [45]. OP449 also 
displayed synergy with JAK Inhibitor I in a JAK3 mutant 
AML cell line, CMK, and with Ara-C in the NRAS mutant 
acute promyelocytic cell line HL-60 [45]. Additive effects 
of a chemically distinct PP2A activator, forskolin, with 
Ara-C and Idarubicin have also been reported in the KG-1 
and HEL AML cell lines [24]. Therefore PP2A activation, 
either via sphingosine analogues or direct SET inhibitors, 
in combination with TKIs and/or standard chemotherapy, 
is a potential therapeutic strategy for AML. While additive 
effects would be expected given both strategies ultimately 
target similar pathways, the mechanism for the observed 
synergism remains unclear. A recent study reported 
that Pim kinases exert proximal control of FLT3-ITD 
signalling, and inhibition of Pim kinases was synergistic 
with FLT3 inhibitors [46]. Given that PP2A induces 
degradation and inactivation of Pim-1 [47], one possibility 
is that enhancing PP2A activity with FTY720 or AAL(S) 
results in Pim-1 inhibition, hence facilitating the activity 
of TKIs against FLT3-ITD. 

We found that the intrinsic phosphatase activity of 
PP2A was significantly lower in AML blasts compared 
to mononuclear cells isolated from healthy controls. 
This is in agreement with a previous study using PP2A-
CY307 hyperphosphorylation as a measure of PP2A 
activity [24]. We further demonstrate that AML patients 
expressing FLT3-ITD have significantly lower PP2A 
activity than WT-FLT3 patients. Both the BaF3/FLT3-
ITD cells and primary FLT3-ITD+ AML cells displayed 
reduced expression of the structural PP2A-A subunit. We 
have previously reported reduced PP2A-A expression 
in mutant c-KIT myeloid cells, and overexpression of 
PP2A-A inhibited cell growth and induced apoptosis 
[23]. Thus, downregulation of PP2A-A may be a common 
mechanism utilized by oncogenic tyrosine kinases to drive 
leukemia. PP2A-A knockdown has been shown to induce 
a concomitant loss of PP2A-B55, -B56α and –B56δ 
subunit proteins, and reduced PP2A activity [48,  49], 
therefore, the decreased PP2A-A may also contribute to 
the downregulation of PP2A-B subunits we observed 
in the FLT3-ITD cells. Analysis of the TCGA database 
also showed reduced gene expression of several PP2A 
regulatory B subunits in FLT3-ITD+ compared to WT-
FLT3 AML patients, therefore multiple mechanisms of 
reduced PP2A protein expression are likely involved in 
AML. Regardless, reduced PP2A expression appears to be 
a common event in AML [24, 50] and has been repeatedly 
shown to contribute to oncogenesis (e.g. see reviews 
[18, 51–54]). For example, loss of PP2A-B56α results in 
accumulation of c-MYC [55], while reduced PP2A-B55α 
leads to enhanced phosphorylation of AKT [56, 57], both 
important downstream effectors of FLT3. 

Pharmacological re-activation of PP2A with 
FTY720 reduced phosphorylation of AKTS473 and 

ERK1/2T202/Y204, suggesting that FTY720-induced cell 
death and growth inhibition is due in part to inactivation 
of these pathways. FTY720 also inhibited JAK2 and its 
downstream target STAT5 in the BAF3/FLT3-ITD cells, 
but not in the human MV4-11 cells, thus the relevance of 
this pathway requires further investigation. Interestingly 
however, while JAK2 has previously been shown to 
inhibit PP2A [34], we found that PP2A inhibition in our 
cells was not dependent on active JAK2. 

In summary, our data shows that activation 
of FLT3 inhibits the activity of PP2A. Importantly, 
chemical activators of PP2A can successfully overcome 
this inhibition and suppress the growth and survival of 
AML cells signaling through FLT3, suggesting PP2A as 
a therapeutic target in FLT3+ AML, and adding further 
weight to the case for clinical trials of PP2A activators 
in myeloid leukemias. Taken together with previous 
work, this study highlights the interplay between PP2A 
and oncogenic kinases including BCR-ABL [22], c-KIT 
[23] and FLT3, indicating that functional inactivation of 
PP2A may represent a crucial event in the initiation and 
conservation of leukemia growth and survival, and likely 
other cancers driven by oncogenic activation of tyrosine 
kinases. 

MATERIALS AND METHODS 

Drugs

FTY720, CEP701, PKC412 and okadaic acid 
(OA) were from Cayman Chemicals; sorafenib, sunitinib 
and ruxolitinib from Selleckchem; AC220 from LC 
Laboratories; and AAL(S) was synthesized as previously 
described [58]. The chemical structures of all drugs are 
shown in Supplementary Figure S8.

Cell lines and patient samples

Murine pro-B BaF3 cells were maintained in 
RPMI 1640 containing 10% fetal calf serum (FCS), 
2mM L-glutamine, 25 mM HEPES and 4 ng/ml murine 
IL-3 (BioLegend). BaF3 parental cells were stably 
transduced with empty vector (EV), WT, D835V, D835Y 
or ITD forms of human FLT3 by retroviral transduction. 
BaF3/EV cells were maintained in 4 ng/ml IL-3, WT 
maintained in 4 ng/ml IL-3 or 50 ng/ml FLT3 ligand (FL) 
and the mutant FLT3 cells maintained without growth 
factor. The FDC.P1 WT-FLT3 cells [33] were maintained 
in 25 units/ml GM-CSF (GM) or 50 ng/ml FL. MV4-11 
cells, a human FLT3-ITD+ AML cell line derived from 
the peripheral blood of a 10 year old male, were initially 
established by Lange et al. [59] and purchased from the 
ATCC. MV4-11 cells were maintained in RPMI 1640 
with 10% FCS and 2 mM L-glutamine. Cell lines were 
routinely screened for authenticity by the Australian 
Genome Research Facility.
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Human bone marrow (BM) samples were obtained 
from AML patients according to institutional guidelines 
as previously described [60] (Supplementary information). 
Normal CD34+ BM mononuclear cells were purchased 
from Stemcell Technologies or Lonza.

Co-culture assays

The mouse BM mesenchymal stromal cell-line MS5 
was kindly provided by Prof. Mori (Niigata University, 
Japan) [61]. MS5 cells (104) were grown to confluence 
in 96 well U-bottom plates in αMEM supplemented with 
10% FCS, penicillin/streptomycin, and L-glutamine. 
Human AML xenograft cells (5 × 104) were added to the 
confluent MS5 monolayer in IMDM with 0.5% FCS, 
1% penicillin/streptomycin and L-glutamine. FTY720 
and AAL(S) (0–25 µM) were added for 24–48 h. Cells 
were harvested with trypsin, stained with Annexin V-PE 
(BD Biosciences, CA, USA), an anti-human CD45-
APC antibody, and 7AAD (BioLegend, CA, USA), and 
enumerated on a FACSCalibur flow cytometer (BD 
Biosciences). Cells positive for CD45, and negative 
for Annexin V and 7AAD were considered viable 
leukemic cells. 

PP2A activity, immunoprecipitation and 
immunoblotting 

PP2A-C immunoprecipitates were isolated with the 
PrecipitorTM magnetic bead based platform (Abnova) using 
PP2A-C 1D6 mAb (Santa Cruz Biotechnology, SC25564) 
and phosphatase activity against a phosphopeptide 
(KRpTIRR) was determined as previously described 
[23]. FLT3 immunoprecipitation [33] and western 
blotting [23] was performed as previously described (see 
Supplementary Material for more details). 

Cell proliferation, cell death, and clonogenic 
assays

Cell viability was determined using a resazurin 
assay as previously described [23]. For combination 
assays cells were treated at fixed drug ratios and the 
combination index calculated according to Chou-Talalay 
[62] using CalcuSyn software (Biosoft, Ferguson, MO, 
USA). Colony formation in methylcellulose, and cell death 
measured using the Annexin-V FITC apoptosis detection 
kit (BD Biosciences), were performed as previously 
described [23]. 

Abbreviations
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Empty vector; TKI, Tyrosine kinase inhibitor; WT, Wild type.

ACKNOWLEDGMENTS

We thank Dr Kyu-Tae Kim (University of 
Newcastle) for the BaF3 and BaF3-FLT3/ITD cells. 
MS5 cells were kindly provided by Prof. KJ Mori of 
Niigata University, Japan. The authors thank Subarna 
Sinha, Stanford University, for RNAseq bioinformatics 
assistance. Children’s Cancer Institute Australia for 
Medical Research is affiliated with the UNSW Australia 
and the Sydney Children’s Hospitals Network.

CONFLICTS OF INTEREST

The authors have no conflicts to declare.

FUNDING

This work was supported by grants from the Cancer 
Council NSW; Cure Cancer Australia Foundation; 
Cancer Institute NSW; Hunter Medical Research Institute 
(Adamstown Lions Club and Lawrie Bequest); the Fay 
Fuller Foundation and University of Newcastle. AMS 
was supported by an Australian Postgraduate Award and 
an Arrow Bone Marrow Trust award. RBL is supported 
by a Fellowship from the NHMRC. MDD and NMV are 
supported by Cancer Institute NSW fellowships. 

REFERENCES

1.	 Masson K, Ronnstrand L. Oncogenic signaling from the 
hematopoietic growth factor receptors c-Kit and Flt3. Cell 
Signal. 2009; 21:1717–1726.

2.	 Birg F, Courcoul M, Rosnet O, Bardin F, Pebusque MJ, 
Marchetto S, Tabilio A, Mannoni P, Birnbaum D. 
Expression of the FMS/KIT-like gene FLT3 in human acute 
leukemias of the myeloid and lymphoid lineages. Blood. 
1992; 80:2584–2593.

3.	 Zheng R, Levis M, Piloto O, Brown P, Baldwin BR, 
Gorin NC, Beran M, Zhu Z, Ludwig D, Hicklin D, Witte L, 
Li Y, Small D. FLT3 ligand causes autocrine signaling in 
acute myeloid leukemia cells. Blood. 2004; 103:267–274.

4.	 Wander SA, Levis MJ, Fathi AT. The evolving role of 
FLT3 inhibitors in acute myeloid leukemia: quizartinib and 
beyond. Ther Adv Hematol. 2014; 5:65–77.

5.	 Heiss E, Masson K, Sundberg C, Pedersen M, Sun J, 
Bengtsson S, Ronnstrand L. Identification of Y589 and 
Y599 in the juxtamembrane domain of Flt3 as ligand-
induced autophosphorylation sites involved in binding of 
Src family kinases and the protein tyrosine phosphatase 
SHP2. Blood. 2006; 108:1542–1550.

6.	 Choudhary C, Olsen JV, Brandts C, Cox J, Reddy PN, 
Bohmer FD, Gerke V, Schmidt-Arras DE, Berdel WE, 
Muller-Tidow C, Mann M, Serve H. Mislocalized activation 
of oncogenic RTKs switches downstream signaling 
outcomes. Mol Cell. 2009; 36:326–339.



Oncotarget47476www.impactjournals.com/oncotarget

  7.	 Marcucci G, Haferlach T, Dohner H. Molecular genetics of 
adult acute myeloid leukemia: prognostic and therapeutic 
implications. J Clin Oncol. 2011; 29:475–486.

  8.	 Grundler R, Miething C, Thiede C, Peschel C, Duyster J. 
FLT3-ITD and tyrosine kinase domain mutants induce 2 
distinct phenotypes in a murine bone marrow transplantation 
model. Blood. 2005; 105:4792–4799.

  9.	 Kelly LM, Liu Q, Kutok JL, Williams IR, Boulton CL, 
Gilliland DG. FLT3 internal tandem duplication mutations 
associated with human acute myeloid leukemias induce 
myeloproliferative disease in a murine bone marrow 
transplant model. Blood. 2002; 99:310–318.

10.	 Grunwald MR, Levis MJ. FLT3 inhibitors for acute myeloid 
leukemia: a review of their efficacy and mechanisms of 
resistance. Int J Hematol. 2013; 97:683–694.

11.	 Rollig C, Serve H, Huttmann A, Noppeney R, Muller-
Tidow C, Krug U, Baldus CD, Brandts CH, Kunzmann V, 
Einsele H, Kramer A, Schafer-Eckart K, Neubauer A, et al. 
Addition of sorafenib versus placebo to standard therapy 
in patients aged 60 years or younger with newly diagnosed 
acute myeloid leukaemia (SORAML): a multicentre, phase 
2, randomised controlled trial. Lancet Oncol. 2015; 16: 
1691–1699.

12.	 Stone RM, Mandrekar S, Sanford BL, Geyer S, Bloomfield 
CD, Dohner K, Thiede C, Marcucci G,  Lo-Coco F, Klisovic 
RB, Wei A,  Sierra J, Sanz MA, et al. The Multi-Kinase 
Inhibitor Midostaurin (M) Prolongs Survival Compared 
with Placebo (P) in Combination with Daunorubicin (D)/
Cytarabine (C) Induction (ind), High-Dose C Consolidation 
(consol), and As Maintenance (maint) Therapy in Newly 
Diagnosed Acute Myeloid Leukemia (AML) Patients (pts) 
Age 18–60 with FLT3 Mutations (muts): An International 
Prospective Randomized (rand) P-Controlled Double-Blind 
Trial (CALGB 10603/RATIFY [Alliance]). Blood. 2015; 
126:6. 

13.	 Smith CC, Wang Q, Chin CS, Salerno S, Damon LE, 
Levis  MJ, Perl AE, Travers KJ, Wang S, Hunt JP, 
Zarrinkar PP, Schadt EE, Kasarskis A, et al. Validation of 
ITD mutations in FLT3 as a therapeutic target in human 
acute myeloid leukaemia. Nature. 2012; 485:260–263.

14.	 Moore AS, Faisal A, Gonzalez de Castro D, Bavetsias V, 
Sun C, Atrash B, Valenti M, de Haven Brandon A, Avery S, 
Mair D, Mirabella F, Swansbury J, Pearson AD, Workman P, 
Blagg J, Raynaud FI, et al. Selective FLT3 inhibition of 
FLT3-ITD+ acute myeloid leukaemia resulting in secondary 
D835Y mutation: a model for emerging clinical resistance 
patterns. Leukemia. 2012; 26:1462–1470.

15.	 Smith AM, Roberts KR, Verrills NM. Ser/Thr 
Phosphatases: The New Frontier for Myeloid Leukemia 
Therapy? In: Koschmieder S, Krug U, eds. Myeloid 
Leukemia - Basic Mechanisms of Leukemogenesis 
(Intech). 2011; 123–148.

16.	 Lambrecht C, Haesen D, Sents W, Ivanova E, Janssens V. 
Structure, regulation, and pharmacological modulation of 
PP2A phosphatases. Methods Mol Biol. 2013; 1053:283–305.

17.	 Sents W, Ivanova E, Lambrecht C, Haesen D, Janssens V. 
The biogenesis of active protein phosphatase 2A 
holoenzymes: a tightly regulated process creating 
phosphatase specificity. FEBS J. 2013; 280:644–661.

18.	 Perrotti D, Neviani P. Protein phosphatase 2A: a target for 
anticancer therapy. The lancet oncology. 2013; 14:e229–238.

19.	 Janssens V, Rebollo A. The role and therapeutic potential of 
Ser/Thr phosphatase PP2A in apoptotic signalling networks 
in human cancer cells. Curr Mol Med. 2012; 12:268–287.

20.	 Westermarck J, Hahn WC. Multiple pathways regulated by 
the tumor suppressor PP2A in transformation. Trends Mol 
Med. 2008; 14:152–160.

21.	 Neviani P, Santhanam R, Oaks JJ, Eiring AM, Notari M, 
Blaser BW, Liu S, Trotta R, Muthusamy N, Gambacorti-
Passerini C, Druker BJ, Cortes J, Marcucci G, et al. 
FTY720, a new alternative for treating blast crisis chronic 
myelogenous leukemia and Philadelphia chromosome-
positive acute lymphocytic leukemia. J Clin Invest. 2007; 
117:2408–2421.

22.	 Neviani P, Santhanam R, Trotta R, Notari M, Blaser BW, 
Liu S, Mao H, Chang JS, Galietta A, Uttam A, Roy DC, 
Valtieri M, Bruner-Klisovic R, et al. The tumor suppressor 
PP2A is functionally inactivated in blast crisis CML through 
the inhibitory activity of the BCR/ABL-regulated SET 
protein. Cancer Cell. 2005; 8:355–368.

23.	 Roberts KG, Smith AM, McDougall F, Carpenter H, 
Horan M, Neviani P, Powell JA, Thomas D, Guthridge MA, 
Perrotti D, Sim AT, Ashman LK, Verrills NM. Essential 
requirement for PP2A inhibition by the oncogenic receptor 
c-KIT suggests PP2A reactivation as a strategy to treat 
c-KIT+ cancers. Cancer Res. 2010; 70:5438–5447.

24.	 Cristobal I, Garcia-Orti L, Cirauqui C, Alonso MM, 
Calasanz MJ, Odero MD. PP2A impaired activity is a 
common event in acute myeloid leukemia and its activation 
by forskolin has a potent anti-leukemic effect. Leukemia. 
2011; 25:606–614.

25.	 Tse KF, Allebach J, Levis M, Smith BD, Bohmer FD, 
Small D. Inhibition of the transforming activity of FLT3 
internal tandem duplication mutants from AML patients by 
a tyrosine kinase inhibitor. Leukemia. 2002; 16:2027–2036.

26.	 Hayakawa F, Towatari M, Kiyoi H, Tanimoto M, 
Kitamura  T, Saito H, Naoe T. Tandem-duplicated Flt3 
constitutively activates STAT5 and MAP kinase and 
introduces autonomous cell growth in IL-3-dependent cell 
lines. Oncogene. 2000; 19:624–631.

27.	 Matsuoka Y, Nagahara Y, Ikekita M, Shinomiya T. A 
novel immunosuppressive agent FTY720 induced Akt 
dephosphorylation in leukemia cells. Br J Pharmacol. 2003; 
138:1303–1312.

28.	 Brinkmann V, Davis MD, Heise CE, Albert R, Cottens S, 
Hof R, Bruns C, Prieschl E, Baumruker T, Hiestand P, 
Foster CA, Zollinger M, Lynch KR. The immune modulator 
FTY720 targets sphingosine 1-phosphate receptors. J Biol 
Chem. 2002; 277:21453–21457.



Oncotarget47477www.impactjournals.com/oncotarget

29.	 Zemann B, Kinzel B, Muller M, Reuschel R, 
Mechtcheriakova D, Urtz N, Bornancin F, Baumruker T, 
Billich A. Sphingosine kinase type 2 is essential for 
lymphopenia induced by the immunomodulatory drug 
FTY720. Blood. 2006; 107:1454–1458.

30.	 Brinkmann V. Sphingosine 1-phosphate receptors in health and 
disease: mechanistic insights from gene deletion studies and 
reverse pharmacology. Pharmacol Ther. 2007; 115:84–105.

31.	 Maceyka M, Harikumar KB, Milstien S, Spiegel S. 
Sphingosine-1-phosphate signaling and its role in disease. 
Trends Cell Biol. 2012; 22:50–60.

32.	 Collison A, Hatchwell L, Verrills N, Wark PA, de SAP, 
Tooze M, Carpenter H, Don AS, Morris JC, Zimmermann N, 
Bartlett NW, Rothenberg ME, Johnston SL, et al. The E3 
ubiquitin ligase midline 1 promotes allergen and rhinovirus-
induced asthma by inhibiting protein phosphatase 2A 
activity. Nat Med. 2013; 19:232–237.

33.	 Mashkani B, Griffith R, Ashman L. Differences in growth 
promotion, drug response and intracellular protein 
trafficking of FLT3 mutants. Iran J Basic Med Sci. 2014; 
17:867–873.

34.	 Neviani P, Harb JG, Oaks JJ, Santhanam R, Walker CJ, 
Ellis JJ, Ferenchak G, Dorrance AM, Paisie CA, Eiring 
AM, Ma Y, Mao HC, Zhang B, et al. PP2A-activating 
drugs selectively eradicate TKI-resistant chronic myeloid 
leukemic stem cells. J Clin Invest. 2013; 123:4144–4157.

35.	 Cancer Genome Atlas Research N. Genomic, epigenomic 
landscapes of adult de novo acute myeloid leukemia.  
N Engl J Med. 2013; 368:2059–2074.

36.	 Lane SW, Scadden DT, Gilliland DG. The leukemic stem 
cell niche: current concepts and therapeutic opportunities. 
Blood. 2009; 114:1150–1157.

37.	 Lee EM, Yee D, Busfield SJ, McManus JF, Cummings N, 
Vairo G, Wei A, Ramshaw HS, Powell JA, Lopez AF, Lewis 
ID, McCall MN, Lock RB. Efficacy of an Fc-modified anti-
CD123 antibody (CSL362) combined with chemotherapy 
in xenograft models of acute myelogenous leukemia in 
immunodeficient mice. Haematologica. 2015; 100:914–926.

38.	 Wallington-Beddoe CT, Don AS, Hewson J, Qiao Q, 
Papa RA, Lock RB, Bradstock KF, Bendall LJ. Disparate 
in vivo efficacy of FTY720 in xenograft models of 
Philadelphia positive and negative B-lineage acute 
lymphoblastic leukemia. PloS one. 2012; 7:e36429.

39.	 Choi JW, Chun J. Lysophospholipids and their receptors in 
the central nervous system. Biochim Biophys Acta. 2013; 
1831:20–32.

40.	 Enjeti AK, D’Crus A, Melville K, Verrills NM, 
Rowlings  P. A systematic evaluation of the safety and 
toxicity of fingolimod for its potential use in the treatment 
of acute myeloid leukaemia. Anticancer Drugs. 2016; 
27:560–568.

41.	 Cohen JA, Barkhof F, Comi G, Hartung HP, Khatri BO, 
Montalban X, Pelletier J, Capra R, Gallo P, Izquierdo G, 
Tiel-Wilck K, de Vera A, Jin J, et al. Oral fingolimod or 

intramuscular interferon for relapsing multiple sclerosis.  
N Engl J Med. 2010; 362:402–415.

42.	 Martin R. Multiple sclerosis: closing in on an oral treatment. 
Nature. 2010; 464:360–362.

43.	 Toop HD, Dun MD, Ross BK, Flanagan HM, Verrills NM, 
Morris JC. Development of novel PP2A activators for use 
in the treatment of acute myeloid leukaemia. Org Biomol 
Chem. 2016; 14:4605–4616.

44.	 Omar HA, Chou CC, Berman-Booty LD, Ma Y, Hung JH, 
Wang D, Kogure T, Patel T, Terracciano L, Muthusamy N, 
Byrd JC, Kulp SK, Chen CS. Antitumor effects of OSU-
2S, a nonimmunosuppressive analogue of FTY720, in 
hepatocellular carcinoma. Hepatology. 2011; 53:1943–1958.

45.	 Agarwal A, MacKenzie RJ, Pippa R, Eide CA, Oddo J, Tyner 
JW, Sears R, Vitek MP, Odero MD, Christensen DJ, Druker 
BJ. Antagonism of SET using OP449 enhances the efficacy 
of tyrosine kinase inhibitors and overcomes drug resistance 
in myeloid leukemia. Clin Cancer Res. 2014; 20:2092–2103.

46.	 Green AS, Maciel TT, Hospital MA, Yin C, Mazed  F, 
Townsend EC, Pilorge S, Lambert M, Paubelle E, 
Jacquel A, Zylbersztejn F, Decroocq J, Poulain L, et al. 
Pim kinases modulate resistance to FLT3 tyrosine kinase 
inhibitors in FLT3-ITD acute myeloid leukemia. Sci Adv. 
2015; 1:e1500221.

47.	 Ma J, Arnold HK, Lilly MB, Sears RC, Kraft AS. Negative 
regulation of Pim-1 protein kinase levels by the B56beta 
subunit of PP2A. Oncogene. 2007; 26:5145–5153.

48.	 Strack S, Cribbs JT, Gomez L. Critical role for protein 
phosphatase 2A heterotrimers in mammalian cell survival.  
J Biol Chem. 2004; 279:47732–47739.

49.	 Ruediger R, Ruiz J, Walter G. Human cancer-associated 
mutations in the Aalpha subunit of protein phosphatase 
2A increase lung cancer incidence in Aalpha knock-in and 
knockout mice. Mol Cell Biol. 2011; 31:3832–3844.

50.	 Cristobal I, Garcia-Orti L, Cirauqui C, Cortes-Lavaud X, 
Garcia-Sanchez MA, Calasanz MJ, Odero MD. Overexpression 
of SET is a recurrent event associated with poor outcome 
and contributes to protein phosphatase 2A inhibition in acute 
myeloid leukemia. Haematologica. 2012; 97:543–550.

51.	 Ciccone M, Calin GA, Perrotti D. From the Biology 
of PP2A to the PADs for Therapy of Hematologic 
Malignancies. Front Oncol. 2015; 5:21.

52.	 Eichhorn PJ, Creyghton MP, Bernards R. Protein 
phosphatase 2A regulatory subunits and cancer. Biochim 
Biophys Acta. 2009; 1795:1–15.

53.	 Kalev P, Sablina AA. Protein phosphatase 2A as a potential 
target for anticancer therapy. Anticancer Agents Med Chem. 
2011; 11:38–46.

54.	 Seshacharyulu P, Pandey P, Datta K, Batra SK. Phosphatase: 
PP2A structural importance, regulation and its aberrant 
expression in cancer. Cancer Lett. 2013; 335:9–18.

55.	 Arnold HK, Sears RC. Protein phosphatase 2A regulatory 
subunit B56alpha associates with c-myc and negatively 
regulates c-myc accumulation. Mol Cell Biol. 2006; 
26:2832–2844.



Oncotarget47478www.impactjournals.com/oncotarget

56.	 Ruvolo PP, Qui YH, Coombes KR, Zhang N, Ruvolo VR, 
Borthakur G, Konopleva M, Andreeff M, Kornblau SM. 
Low expression of PP2A regulatory subunit B55alpha is 
associated with T308 phosphorylation of AKT and shorter 
complete remission duration in acute myeloid leukemia 
patients. Leukemia. 2011.

57.	 Ruvolo PP, Ruvolo VR, Jacamo R, Burks JK, Zeng Z, 
Duvvuri SR, Zhou L, Qiu Y, Coombes KR, Zhang N, 
Yoo SY, Pan R, Hail N Jr, et al. The protein phosphatase 
2A regulatory subunit B55alpha is a modulator of signaling 
and microRNA expression in acute myeloid leukemia cells. 
Biochim Biophys Acta. 2014; 1843:1969–1977.

58.	 Hinterding K, Albert R, Cottens S. First asymmetric 
synthesis of chiral analogues of the novel 
immunosuppressant FTY720. Tetrahedron Lett. 2002; 
43:8095–8097.

59.	 Lange B, Valtieri M, Santoli D, Caracciolo D, Mavilio F, 
Gemperlein I, Griffin C, Emanuel B, Finan J, Nowell P, 
et al. Growth factor requirements of childhood acute 

leukemia: establishment of GM-CSF-dependent cell lines. 
Blood. 1987; 70:192–199.

60.	 Powell JA, Thomas D, Barry EF, Kok CH, McClure BJ, 
Tsykin A, To LB, Brown A, Lewis ID, Herbert K, Goodall 
GJ, Speed TP, Asou N, et al. Expression profiling of 
a hemopoietic cell survival transcriptome implicates 
osteopontin as a functional prognostic factor in AML. 
Blood. 2009; 114:4859–4870.

61.	 Suzuki J, Fujita J, Taniguchi S, Sugimoto K, Mori KJ. 
Characterization of murine hemopoietic-supportive 
(MS-1 and MS-5) and non-supportive (MS-K) cell lines. 
Leukemia. 1992; 6:452–458.

62.	 Chou TC, Talalay P. Quantitative analysis of dose-effect 
relationships: the combined effects of multiple drugs or 
enzyme inhibitors. Adv Enzyme Regul. 1984; 22:27–55.

63.	 Webb J. Effect of more than one inhibitor. In: Hochster ER, 
Quastel J, eds. Enzymes and metabolic inhibitors. (New 
York: Academic Press). 1963; pp. 487–512.


