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KEY PO INT S

� PP2A drives terminal
myeloid differentiation
and growth arrest
across diverse AML
subtypes through
c-Myc degradation and
p21 induction.

� PP2A activation inhibits
leukemic stem cells
without compromising
normal hematopoiesis,
improving overall
survival in AML murine
models.

Dysregulated cellular differentiation is a hallmark of acute leukemogenesis. Phosphatases
are widely suppressed in cancers but have not been traditionally associated with
differentiation. In this study, we found that the silencing of protein phosphatase 2A (PP2A)
directly blocks differentiation in acute myeloid leukemia (AML). Gene expression and mass
cytometric profiling revealed that PP2A activation modulates cell cycle and transcriptional
regulators that program terminal myeloid differentiation. Using a novel pharmacological
agent, OSU-2S, in parallel with genetic approaches, we discovered that PP2A enforced
c-Myc and p21 dependent terminal differentiation, proliferation arrest, and apoptosis in
AML. Finally, we demonstrated that PP2A activation decreased leukemia-initiating stem
cells, increased leukemic blast maturation, and improved overall survival in murine
Tet22/2Flt3ITD/WT and human cell-line derived xenograft AML models in vivo. Our findings
identify the PP2A/c-Myc/p21 axis as a critical regulator of the differentiation/proliferation
switch in AML that can be therapeutically targeted in malignancies with dysregulated
maturation fate.

Introduction
Acute myeloid leukemia (AML) is a rapidly progressing malignancy
characterized by abnormal hematopoietic maturation, uncontrolled
cellular proliferation, and overall poor outcomes in patients. Thera-
pies that target oncogenic drivers have improved the outcomes of
subsets of patientswithAML.However, becauseof theheterogene-
ity of AML, these approaches are limited for patients without a clear
targetable driver mutation or chromosomal rearrangement. Driver
mutations in AML frequently dysregulate the balance between cell
proliferation and cell differentiation.1,2 Therefore, exploiting the use
of these widely dysregulated pathways to induce hematopoietic
maturation and proliferation arrest has the potential to be applica-
ble across diverseAML subtypes.

Aberrant protein phosphorylation is one of the leading mecha-
nisms by which malignant cells evade cell death and differentia-
tion.3 Cancer-associated aberrant kinase activation has been
extensively studied4,5 as drivers of leukemias, and in some cases
their inhibition has been associated with differentiation. In

contrast, suppression of phosphatase activity is shown in leuke-
mias and other malignancies with dysregulated maturation,6-10

but their role in differentiation remains largely unexplored. One
such phosphatase, a serine/threonine phosphatase PP2A, is
commonly inactivated in myeloid leukemias including in �78%
of cases of AML.11-14 Cancer-associated PP2A inactivation is
often related to either subunit deregulation15-19 or overexpres-
sion of PP2A inhibitors, including SETBP1, CIP2A, SBDS, and
SET, which are frequently associated with poor overall sur-
vival.12,20-24 PP2A was first characterized as a tumor suppressor
in SV40-mediated oncogenic transformation.25,26 PP2A has since
been shown to be a tumor suppressor in different cancers
including lung and breast cancers, chronic myelogenous leuke-
mia, and chronic lymphocytic leukemia.9,11-13,27-31

Studies of phosphatases such as PP2A are challenging because
of their complex multimeric structures with multiple isoforms.6

In addition, the immunosuppressive nature of traditional PP2A-
activating drugs, such as FTY720,32 precludes their clinical trans-
lation. As a result, despite the frequency and outcome of
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inactivation of PP2A in AML, little is understood about the func-
tion of PP2A in leukemic cells. We hypothesized that PP2A inac-
tivation contributes to dysregulated leukemic fate in AML and
that pharmacological reactivation of PP2A would restore termi-
nal myeloid differentiation and proliferation arrest. Using OSU-
2S6,33 as a novel PP2A activator in AML in parallel with genetic
approaches, we identified the PP2A-driven c-Myc/p21 axis as a
critical regulator of proliferation/differentiation decisions in
AML through in vitro and in vivo experiments.

Materials and methods
Cells
Cell lines were obtained from American Type Culture Collection
and German Collection of Microorganisms and Cell Cultures
GmbH. Primary AML cells were obtained from patient apheresis
or bone marrow (BM) aspirates after consent was received in an
institution-approved protocol, according to the Declaration of
Helsinki. The cells were cultured (0.53 106 cells per microliter to
13 106 cells permicroliter) in StemSpanSFEM (Stemcell Technol-
ogies) or RPMI1640 (Life Technologies) with 10% fetal bovine
serum (Sigma-Aldrich), L-glutamine (2 mM), penicillin (100 U/mL),
and streptomycin (100 mg/mL) (Life Technologies) and supple-
mented with interleukin-3, granulocyte macrophage–colony-
stimulating factor, and stem cell factor (10 ng/mL) (R&D Systems).
AML cell lineswere cultured similarly without supplements.

Cell viability and staining
Apoptosis was measured by annexin-V-FITC and propidium iodide
staining, as described previously.33 For coculture experiments, via-
bility was determined with annexin-V PE and 7-AAD. Live/Dead
staining was used in combination with surface markers for gating
live cells in flow cytometry. For lineage determination of AML cells
in murine BM, a mixture of antibodies (CD3, Gr1, CD11b, B220,
and Ter-119) was used with relevant isotype control. Flow cytomet-
ric datawere analyzedwith Kaluza software (BeckmanCoulter).

RNA-seq analyses
Library generation and sequencing are described in the supple-
mental Methods (available on the Blood Web site). Each FASTQ
file was separately processed using the QuaCRS pipeline34 to
ensure data quality. Initial alignment to reference human recom-
binant RNA and mitochondrial DNA sequences was performed
with HISAT2, v2.0.6.35 The remaining reads were aligned to
human reference genome GRCh38p7. The featureCounts36 pro-
gram, v1.5.1, was used in default mode to quantify gene expres-
sion for genes annotated in GENCODE release 25.37,38

Differential gene expression was calculated from the resulting
gene expression matrix by DESeq2.39 Gene networks were ana-
lyzed by using Ingenuity Pathway Analysis (Qiagen Inc) and Gene
Set Enrichment Analysis (Broad Institute, MIT, Cambridge, MA).

Immunoblot analysis
Immunoblot analysis was performed as described previously.29

Mass cytometry
Cells were stained with metal-conjugated antibodies and ana-
lyzed as described40,41 (supplemental Methods).

Murine AML model
CD45.11 C57BL/6 (Pep Boy) mice (female) were lethally irradiated
(2 3 500 rad, 3- to 4-hour interval) and coinjected with 1 3 106

AML cells harvested from the spleens of CD45.21 Vav-CrePOS-
Tet2fl/flFlt3ITD/WT mice (henceforth, referred to as Tet22/2Flt3ITD)42

and 1 3 106 support BM from Pep Boy donors. Three mice were
nonirradiated and nonengrafted, and 3 mice received normal-
support BM transplant (BMT-only control). To ease the effect of
lethal irradiation on appetite and general health, the mice were
fed wet mash for the duration of study. Blood was monitored by
flow cytometry. CD45.1 vs CD45.2 markers were used to observe
the Tet22/2Flt3ITD leukemic cells. Mice were assigned to vehicle
(2-hydroxypropyl-b-cyclodextrin; Sigma-Aldrich) or OSU-2S (10
mg/kg)33,43,44 treatments administered intraperitoneally (IP) 3
times per week, once disease was established (40% to 60% circu-
lating CD45.2 cells). In addition, OSU-2S (60 mg/kg) was adminis-
tered to 2 mice orally 3 times per week (excluded from the
survival analysis). Low body score, weight loss .20%, and hind
limb paralysis were early-removal criteria (ERC). One mouse (cen-
sored) met ERC because of injection-related distress. At early
removal, the BM and spleen were analyzed by flow cytometry.
Colony forming unit (CFU) assays (supplemental Methods) were
conducted with BM cells.

Statistics
Analyses were performed with SAS 9.4 (SAS Inc.) at the OSU
Center for Biostatistics. For experiments treating cells with vehi-
cle or OSU-2S, paired Student t tests were performed to find
the treatment effect. Cytotoxicity data were analyzed by a
mixed-effect model, incorporating repeated measures for each
subject. Interaction contrast in statistics model was used to test
the antagonist or agonist effect of siRNA or overexpression vec-
tor. The difference in survival between groups was analyzed with
the log-rank test. Multiplicity was adjusted by Holm’s method.

Results
PP2A activation causes AML cell death and
modulates proliferation, differentiation, and
hematopoiesis genes
PP2A activity is widely suppressed in AML.11 To elucidate the
cellular effects of PP2A reactivation, we used OSU-2S, a nonim-
munosuppressive analogue of FTY720,33 as a novel PP2A activa-
tor in AML. OSU-2S activated PP2A, including PP2A-B56a and
B55a45 regulatory subunits containing holoenzymes, in AML cell
lines (Figure 1A; supplemental Figure 1A) and primary AML cells
(Figure 1B), by disrupting the PP2A catalytic subunit (PP2Ac)
association with its inhibitor SET (supplemental Figure 1B-D)
and increasing levels of PP2Ac coimmunoprecipitated with
PP2A-B56a (B56a; supplemental Figure 1E). OSU-2S caused
significant dose-dependent cytotoxicity against AML cell lines
(Figure 1C) and primary AMLs, both in monoculture (Figure 1D;
supplemental Figure 1F) and in coculture with mesenchymal
stromal cells mimicking protective BM microenvironment46 (sup-
plemental Figure 1G; morphology [supplemental Figure 1H]
and purity [supplemental Figure 1I] of the mesenchymal stromal
cells and their lack of sensitivity to OSU-2S [supplemental Figure
1J] were also confirmed). Mononuclear cells from peripheral
blood of healthy donors (PBMCs) showed decreased sensitivity
to OSU-2S compared with the primary AML cells (supplemental
Figure 1K, 50% inhibitory dose [IC50] in AML cells, 3.129, mM vs
PBMCs, 7.328 mM)]. The primary AML samples and cell lines
used collectively represent different mutational/cytogenetic
backgrounds, including FLT3-ITD, cKIT, TP53, IDH1, and TET2
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Figure 1. PP2A-mediated cell death in response to OSU-2S. (A) Fold change in PP2A activity of AML cells lines treated with OSU-2S (5 mM, 4 hours), normalized to
dimethyl sulfoxide (DMSO) vehicle control (Veh) (n 5 3). OSU-2S significantly increased PP2A activity in HL-60 (P 5 .0227), MV4-11 (P 5 .0206), and Kasumi-1 (P 5 .0206)
cells. (B) Fold change in PP2A activity of patient-derived AML (n 5 7, AML 2-, 6-, 8-, 11-, 15-, 16-, and 2-fold1) treated with OSU-2S (5 mM, 4 hours), normalized to Veh.
OSU-2S treatment significantly increased PP2A activity (P 5 .0037), comparable to the phosphatase activator control FTY720. (C) Percentage cell viability (measured by
annexin V/PI staining) with OSU-2S treatment normalized to DMSO Veh control in AML cell lines. OSU-2S demonstrated potent dose-dependent cytotoxicity against
AML cell lines HL-60 (n 5 4, IC50 [24 hours] �3.47 mM; IC50 [48 hours] �2.76 mM), MV4-11 (n 5 3, IC50 [24 hours ] �3.58 mM; IC50 [48 hours] �3.24 mM), U937 (n 5 4, IC50

[24 hours] �4.6 mM; IC50 [48 hours] �4.56 mM), Kasumi-1 (n 5 4, IC50 [24 hours] �5.062 mM; IC50 [48 hours] �4.22 mM) and MOLM-13 (n 5 3, IC50 [24 hours] �4.1 mM;
IC50 [48 hours] �2.3 mM). (D) Percentage of viable cells (measured by annexin V/PI staining) normalized to Veh in patient-derived AML cells (n 5 13) treated with

1342 blood® 3 MARCH 2022 | VOLUME 139, NUMBER 9 GOSWAMI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/9/1340/1889146/bloodbld2020010344.pdf by guest on 29 M

ay 2024



(supplemental Table 1). The basal PP2A expression and activity
of select samples in supplemental Figure 1F are shown in sup-
plemental Figure 1L-M). No major change in PP2Ac expression
was observed with OSU-2S treatment (supplemental Figure 1N).
Abrogation of OSU-2S–mediated cytotoxicity by siRNA knock-
down of PP2Aca (PP2Ac; Figure 1E-F), as well as PP2A-B56a
(Figure 1G-H), and pharmacological inhibition of PP2A using
concentrations of okadaic acid, which inhibits PP2A29 (supple-
mental Figure 2A), confirmed the specific involvement of PP2A
activation in OSU-2S–mediated activity. Interestingly, knock-
down of PP2A-B56g (supplemental Figure 2B-C), B55a (supple-
mental Figure 2D-E), and PP2Acb (supplemental Figure 2F-G)
subunits failed to rescue OSU-2S–mediated cytotoxicity, indicat-
ing specific involvement of B56a and PP2ACa containing
holoenzymes. Importantly, OSU-2S failed to activate PP4, a
phosphatase that shares substrates with PP2A, and PPP4C
knockdown did not rescue OSU-2S activity in HL-60 cells (sup-
plemental Figure 2H-I).47

To identify downstream events contributing to the PP2A-
mediated antileukemic effect, we interrogated global transcrip-
tome changes in MV4-11 cells treated with OSU-2S (Figure 2A;
supplemental Figure 3A; supplemental Table 2). Cell differentia-
tion and cell death pathways were upregulated, whereas prolifera-
tion, hematopoietic progenitor cell levels, and DNA replication
and repair pathways were downregulated (Figure 2B; supplemen-
tal Figure 3B; supplemental Table 3). Further, Gene Set Enrich-
ment Analysis revealed reduced c-Myc and E2F transcription
signatures (Figure 2C). Several genes implicated in proliferation/
differentiation decisions andAMLpathogenesis were deregulated
(Figure 2A) including downregulation of CDK2, cyclin D1, cyclin
E1, KIT,5 TERT,48 and IDH249 and upregulation of p21, p27,
GADD45b,50 KLF-2, -4, and -6,51,52 and CCAAT/enhancer-bind-
ing protein b (CEBPb), a known inducer of myeloid differentia-
tion,53,54 confirmed by quantitative reverse transcription-
polymerase chain reaction in MV4-11, HL-60, and primary AML
cells (Figure 2D-F; supplemental Figure 3C-D).

PP2A switches AML cell fate from proliferation to
differentiation
To confirm PP2A-mediated myeloid differentiation, we evalu-
ated differentiation markers CD11b and CD14 on OSU-2S-
treated cells. OSU-2S significantly increased the proportion of
cells expressing CD11b and CD14 in primary AML and HL-60,
U937 (Figure 3A-B; supplemental Figure 4A-F), and MV4-11 cell
lines (supplemental Figure 4G). Cells underwent morphological
changes indicative of differentiation, including lower nuclear/
cytoplasmic ratio, and highly vacuolated and granulated

cytoplasm (Figure 3C). PP2Ac and B56a knockdown (Figure
1E,G; supplemental Figure 4H) significantly rescued OSU-
2S–mediated CD11b induction, confirming involvement of PP2A
in OSU-2S-mediated differentiation (Figure 3D-E). In addition,
increased CD11b and CD14 expression was also observed with
additional PP2A activators, such as FTY72029 and perphenazine
(PPZ)30,31 (Figure 3F-H; supplemental Figure 4I-K). Transient
overexpression of PP2Ac and SET knockdown in HL-60 cells also
resulted in decreased viability and increased differentiation (sup-
plemental Figure 4L-M). To further elucidate PP2A-mediated
changes in cell fate, we used mass cytometry to study cell cycle,
maturation, and progenitor, apoptosis, and DNA damage
markers in AML cells. These experiments revealed an increased
trend in the expression of myeloid maturation markers including
CD15 (2-fold), CD14 (1.4-fold), and CD66b (1.8-fold) in OSU-
2S–treated primary AML and HL-60 cells (Figure 3I-J; supple-
mental Figure 5A-B; supplemental Tables 4 and 5). Further, the
apoptotic marker cleaved PARP and the DNA damage marker
pH2AX were upregulated, whereas the PP2A target phospho-
ERK (pERK) was downregulated (supplemental Figure 5A-C).

Evaluationof proliferation and cell cyclemarkers including cyclinB1,
phospho Rb (pRb), Ki67, and IdU40,41,55 in OSU-2S–treated cells
revealed decreased expression associated with proliferation arrest
(Figure 4A-D; supplemental Figure 5A,D). Importantly, cell cycle
arrest at S phase entry was seen in primary AMLby significant accu-
mulation of cells at the G0/G1 phase and a decreased proportion
of cells at the S phase (Figure 4C; supplemental Figure 5D). Cell
cycle analysis of synchronized OSU-2S–treated HL-60 cells also
confirmed S phase arrest by increased accumulation in the G0/G1
phase and decrease in the S phase, which was rescued by okadaic
acid, confirming involvement of PP2A (Figure 4E; supplemental
Figure 5E). Interestingly, primary cells induced to express matura-
tion markers CD14 and CD15 did not express Ki67 (Figure 4F).
Importantly, we observed consistent induction of maturation
markers in cells in the G0/G1 phase and not in the S phase after
OSU-2S treatment (Figure 4G).

PP2A induced differentiation is mediated by p21
upregulation
PP2A-induced growth arrest leading to leukemic differentiation
indicates that the processes are molecularly linked. Along with
cell cycle arrest, OSU-2S was found to upregulate cell cycle
inhibitors, such as p21 and p27, as seen by RNA-sequencing
and qPCR (Figure 2A,D-F). We saw a consistent induction of
p21 protein across HL-60 and MV4-11 cell lines (Figure 5A-B;
supplemental Figure 6A) and patient samples treated with
OSU-2S (Figure 5C). siRNA-mediated knockdown of PP2Ac

Figure 1 (continued) increasing concentrations of OSU-2S. OSU-2S treatment showed significant dose-dependent cytotoxicity (mean IC50 [24 hours] �3.83 mM; IC50 [48
hours] �3.13 mM, P [dose trend] , 0.0001). (E) Relative PP2Ac expression in PP2Ac (50 nM) siRNA transfected cells, normalized to nonspecific negative control (nc)
siRNA transfected cells. PP2Ac protein levels were measured by densitometric quantification of immunoblots and normalized to actin loading control. Representative
western blot images are shown. PP2Ac siRNA significantly knocked down PP2Ac protein expression. (F) Percentage of viable cells in HL-60 (n 5 10) and MV4-11 (n 5 6)
cells transfected with nc siRNA or PP2Ac siRNA, normalized to Veh-treated, nc siRNA-transfected cells. Cells were treated 24 hours after transfection with Veh and 1.75
mM OSU-2S (HL-60) or 2.5 mM OSU-2S (MV4-11) for an additional 24 hours. OSU-2S showed significant cytotoxicity in nc siRNA-transfected cells; however, PP2Ac siRNA
significantly reversed OSU-2S–mediated cytotoxicity (HL-60: P 5 .0001, 53.15% rescue in cell death; MV4-11: P 5 .0013, 46.36% rescue). (G) Relative PP2A-B56a (also
denoted as B56a) expression in B56a siRNA (60 nM) transfected cells, normalized to nonspecific nc siRNA-transfected cells. B56a protein levels were measured by
densitometric quantification of immunoblots and normalized to actin loading control. Representative western blot images are shown. B56a siRNA significantly knocked
down PP2A B56a protein expression. (H) Percentage of viable cells in HL-60 (n 5 10) and MV4-11 (n 5 8) cells transfected with nc siRNA or B56a siRNA, normalized to
Veh-treated, nc siRNA-transfected cells. Cells were treated 24 hours after transfection with Veh and 1.75 mM OSU-2S (HL-60) or 2.5 mM OSU-2S (MV4-11) for an
additional 24 hours. B56a siRNA significantly reversed OSU-2S–mediated cytotoxicity (HL-60: P 5 .032, 58.23% rescue in cell death; MV4-11: P 5 .0004, 82% rescue).
*P , .05; **P , .01; ***P , .001; ****P , .0001.
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Figure 2. PP2A–mediated gene expression changes in response to OSU-2S. (A) Differential expression of genes in MV4-11 cells (5 mM, 8 hours) treated with OSU-2S,
compared with vehicle control (Veh). (B) Major pathways predicted to be differentially regulated from OSU-2S–mediated changes in the transcriptome. (C) Gene Set
Enrichment Analysis enrichment plot showing negative correlation of Myc and E2F targets with OSU-2S-treated RNA expression. Fold change (log) modulation of cell cycle
regulators and differentiation genes in MV4-11 (D) and HL-60 (E) cells treated with OSU-2S (5 mM, 8 hours) normalized to Veh-treated cells. (F) Fold change (log) modulation of
cell cycle regulators and differentiation genes in primary AML cells (AML 17-AML 20) treated with OSU-2S (3.5 mM, 16 hours) normalized to Veh-treated cells. *P , .05;
**P, .01; ***P, .001.

1344 blood® 3 MARCH 2022 | VOLUME 139, NUMBER 9 GOSWAMI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/9/1340/1889146/bloodbld2020010344.pdf by guest on 29 M

ay 2024



B Primary AML

0

20

40

60

80

%
 C

D3
3+

 C
D1

1b
+

 ce
lls

*

A HL-60 U937

30

40

50

60

70

%
 C

D1
1b

+
 ce

lls

**

Veh

O
SU

-2
S

Veh

O
SU

-2
S

Veh

O
SU

-2
S

0

5

10

15

20

25

%
 C

D1
1b

/C
D1

4+
 ce

lls **

C Veh OSU-2S

H
L-

60
P

ri
m

ar
y 

A
M

L

D

Veh

OSU-2S
****

nc

PP2A
c

0

20

40

60

80

100

siRNA

nc

PP2A
c

Veh

Veh PPZ
Veh PPZ

Veh
PPZ

FT
Y72

0

FT
Y72

0

siRNA

%
 C

D1
1b

+
 ce

lls

****

****

HL-60

****

0

20

40

60

%
 C

D1
1b

+
 ce

lls

****

***

U937

PP2Ac

Actin

nc PP2Ac siRNA

U937

0

5

10

15

20

25

%
 C

D1
1b

+
 ce

lls

*

HL-60E F

nc B56�
0

20

40

60

siRNA

%
 C

D1
1b

+
 ce

lls Veh
OSU-2S

****
***

*

G

0

5

10

15

20

25

%
 C

D3
3+

 C
D1

1b
+

 ce
lls

*
*

Primary AML

0

20

40

60

%
 C

D1
1b

+
 ce

lls

***

HL-60 U937

0

20

40

60

%
 C

D1
1b

+
 ce

lls

**

H

Veh

FT
Y72

0
0

20

40

60

80

%
 C

D1
1b

+
 ce

lls

**

U937 62.76%

8.81%

3.98%

5.75%

3.18%

74.84%

160Gd_CD14

11
5I

n_
CD

45

O
SU

-2
S

V
eh

AML15

4.88%

12.95%

164Dy_CD15

11
5I

n_
CD

45
O

SU
-2

S
V

eh

1.07%

5.72%

AML36

6.48%

12.63%

AML2I

J

O
SU

-2
S

V
eh

HL-60

2.22%

6.61%

160Gd_CD14

31.97%

47.62%

164Dy_CD15

5.84%

6.50%

163Dy_CD66b

11
5I

n_
C

D
45

Figure 3. PP2A–mediated leukemic maturation. (A) Increase in the percentage of CD11b1/CD141 or CD11b1 cells (CD11b-FITC or CD11b-BV421, CD14-BV650) in
the HL-60 (n 5 6, P 5 .001) and U937 cell lines (n 5 5, P 5 .0011) treated with OSU-2S (2.5 mM, 48 hours) compared with vehicle control (Veh). (B) Increased percentage
of CD331/CD11b1 (CD33-PE, CD11b-FITC, or CD11b-BV421) primary AML cells (n 5 8; AML14-16, 20, 24-27) treated with OSU-2S (3.5 mM, 48 hours) compared with
Veh (P 5 .0384; 19.93% mean increase in CD11b1 cells). (C) Representative morphological changes in HL-60 and primary AML cells (AML14) treated with OSU-2S.
(D) Percentage of CD11b1 cells transfected with negative control (nc) siRNA or PP2Ac siRNA and treated 24 hours after transfection with Veh or OSU-2S (1.75 mM) for
an additional 16 to 24 hours. OSU-2S–mediated induction of CD11b was significantly reversed by siRNA knockdown of PP2Ac (HL-60: n 5 7, P , .0001, 66.64% rescue;
U937: n 5 6, P 5 .0004, 89.69% rescue). (E) Percentage of CD11b1 HL-60 cells transfected with either nc siRNA or B56a siRNA and treated 24 hours after transfection
with Veh or OSU-2S (1.75 mM) for an additional 16 to 24 hours. OSU-2S–mediated induction of CD11b was significantly reversed by siRNA knockdown of PP2A B56a
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rescued OSU-2S–mediated p21 induction, confirming the spe-
cific involvement of PP2A (Figure 5D-E).

To test whether p21 upregulation plays a role in PP2A-
mediated cell death and differentiation, we used anti-p21
siRNA to knock down p21 protein (Figure 5F), which resulted in
increased leukemic viability and decreased CD11b expression
(supplemental Figure 6B). p21 knockdown rescued OSU-
2S–mediated cell death (Figure 5F) and prevented CD11b
upregulation (Figure 5G), establishing a role for p21 in PP2A-
mediated differentiation and death. A classic downstream tar-
get of p21 is hypophosphorylation of retinoblastoma (Rb),
which induces cell cycle arrest.56,57 Consistent with this, we
observed decreased phospho Rb (pRb) in mass cytometric anal-
ysis of AML cells (Figure 4A-B; supplemental Figure 5A). p21
knockdown rescued the OSU-2S–mediated decrease in pRb
(supplemental Figure 6C-D), indicating that p21 controlled
PP2A-mediated cell cycle arrest via Rb hypophosphorylation.
Thus p21 induction serves as a potential molecular link
between PP2A-induced proliferation arrest and terminal mye-
loid differentiation.

PP2A degrades c-Myc to induce p21, cell differen-
tiation, and death
Various transcription factors including p53 and c-Myc58 regulate
p21 levels. OSU-2S–induced upregulation of p21 is independent
of p53, as evidenced by p21 induction in p53-null HL-60 cells.
Further, we observed a strong decrease in c-Myc target signa-
ture in response to PP2A activation in our RNA-seq data analysis
(Figure 2C), which includes p21 induction, suggesting a PP2A
dependent c-Myc downregulation associated with p21 upregula-
tion. Consistent with this hypothesis, we observed a reduction in
c-Myc protein levels in HL-60, MV4-11, and primary AML cells
with OSU-2S treatment (Figure 5H-J; supplemental Figure 6E)
which was partly rescued by PP2Ac (Figure 5K-L) and B56a
knockdown (Figure 5M-N), consistent with known c-Myc sub-
strate specificity for B56a.59,60 We also observed reduced
phospho-Ser62 c-Myc (p-c-Myc) with OSU-2S before downmo-
dulation of total Myc (supplemental Figure 6F), consistent with
previous reports that PP2A-mediated Ser62 dephosphorylation
controls c-Myc stability in solid tumors.28,61

Overexpression of c-Myc in HL-60 cells using a pcDNA3-Myc over-
expression construct62 increased leukemic cell viability while
decreasing differentiation as evidenced by decrease in CD11b1

cells (supplemental Figure 6G). Importantly, c-Myc overexpression
reversed OSU-2S–mediated cell death and differentiation (Figure
5O-P), establishing a role for c-Myc downmodulation in PP2A
activation–dependent differentiation and death. Further, c-Myc
overexpression prevented OSU-2S–mediated c-Myc downregula-
tion and p21 upregulation (Figure 5Q-S), indicating that PP2A-
mediatedp21upregulation is dependent onMyc downregulation.

OSU-2S drives cell maturation and therapeutic
benefit in an immunocompetent Tet22/2Flt3ITD/WT

murine AML model
c-Myc is hyperactivated downstream of both Tet2 and Flt3
mutations in AML.63-66 We first evaluated the in vivo antileu-
kemic effects of PP2A activation by OSU-2S in a cell
line–derived xenograft (CDX) model using the Flt3ITD human
AML cell line MV4-11. Treatment with OSU-2S, via both the
IP and oral routes (60 mg/kg, 5 times per week), modestly
improved survival and decreased tumor burden (supplemen-
tal Figure 7A-C). Dose-finding experiments showed that lower
oral doses (10-60 mg/kg, 3 times per week, or 10-30 mg/kg,
7 times week; P 5 .089 at 30 mg/kg) were not efficacious
(supplemental Methods). Further, comparatively limited differ-
entiation potential of MV4-11 cells (supplemental Figure 4G)
precluded in-depth assessment of the effect of PP2A on
in vivo leukemic maturation and its therapeutic benefit. In
addition, this model limits studies on the effect on leukemic
stem cells (LSCs) in a normal immune microenvironment.
Mutations in Tet2 and Flt3 together lead to poor prognosis
and cooperatively induce spontaneous AML in mice with
expansion of stem and progenitor cells,42 making the
CD45.21Vav-CrePOSTet2fl/flFlt3ITD/WT (Tet22/2Flt3ITD) mouse
model an optimal system to study changes in stem cell fate
and maturation in an immunocompetent background.42

Adoptive transfer of lethally irradiated congenic CD45.1 mice
recipients with CD45.2 leukemic cells from Tet22/2Flt3ITD

mice, along with CD45.1 BM established leukemia and recon-
stituted normal hematopoietic cells (Figure 6A). A few mice
received CD45.1 BM transplants only (BMT only control).
Consistent with previous reports,42 the Tet22/2Flt3ITD leuke-
mic cells expressed CD45.2, with a higher lineage negative
(Lin2) population (supplemental Figure 8A) indicative of
higher stem and progenitor cell counts. Both CD45.2 AML
and CD45.1 support marrow had LSK (Lin2Sca1cKit1) stem
cells. Analysis of the progenitor marker cKit and maturation
marker Mac1, revealed 2.8-fold higher cKit1/Mac12 immature
and 0.6-fold lower cKit2/Mac11 mature populations in
CD45.2 AML (supplemental Figure 8B).

OSU-2S treatment (IP, 10 mg/kg, 3 times per week) led to a sig-
nificant survival benefit (Figure 6B, mean survival 288 days
[OSU-2S)] vs 181 days (Veh]). OSU-2S did not compromise the
reconstitution or growth of normal healthy CD45.1 immune cell
compartment in the irradiated mice as all cohorts recovered
comparable to normal levels of CD45.1 cells by weeks 7 through
10 (supplemental Figure 8C). Interestingly, although OSU-2S
treatment did not significantly reduce the percentage of circulat-
ing CD45.2 cells initially (supplemental Figure 8D), end point
analysis revealed a sevenfold increased expression of the matu-
ration marker Mac1 and an increased proportion of Mac11/
Ly6G1 mature cells in the CD45.2 leukemic population in
BM and spleen of leukemic mice (Figure 6C-E), indicating that
OSU-2S drives maturation of leukemic cells in vivo.

Figure 3 (continued) (n 5 12, P 5 .017, 67.7% rescue). (F) Increase in percentage of CD11b1 cells with 2.5 mM FTY720 in HL-60 (48 hours; n 5 5; P 5 .0338) and U937
cells (72 hours; n 5 7, P 5 0016) compared with Veh. (G) Increase in percentage of CD11b1 cells with 10 mM PPZ in HL-60 (48 hours; n 5 5, P 5 .0002) and U937 cells
(72 hours; n 5 7, P 5 .0012) compared with Veh. (H) Increase in percentage of CD11b1 cells in primary AML cells (n 5 5; AML 15, 18, 24, 38, and 44) treated with
FTY720 (2.5 mM, 48 hours, P 5 .0375, 7.054% increase) or PPZ (10 mM, 48 hours, P 5 .0181, 5.668% increase) compared with Veh. (I) Representative images of mass
cytometric analysis of primary AML cells treated with Veh or OSU-2S (3 mM, 48 hours) revealed increased surface differentiation markers CD14 and CD15. (J) Mass
cytometric analysis of HL-60 cells treated with Veh or OSU-2S revealed an increase in the surface differentiation markers CD14, CD15, and CD66b. *P , .05; **P , .01;
***P , .001; ****P , .0001.
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Figure 4. PP2A–mediated cell cycle arrest in response to OSU-2S. Representative plots (n 5 7) (A) and quantification (B) of mass cytometric analysis of primary AML
cells treated with Veh or OSU-2S (3 mM, 48 hours) showing a decrease in cell cycle and proliferation markers of phosphoretinoblastoma (pRb), cyclin B1, IdU, and Ki67
with OSU-2S treatment. (C) Mass cytometric analysis of primary AML cells (n 5 5; AML 2, 8, 14, 15, and 21) treated with Veh or OSU-2S (3 mM, 48 hours) showed a
significant increase in G0/G1 (P 5 .0265) and a significant decrease in S phase (P 5 .0339) with OSU-2S. No significant changes in G2/M were observed. pRb, IdU, and
cyclin B1 were used to gate the cell cycle phases.41 (D) OSU-2S (5 mM, 48 hours) decreased cyclin B1, pRb, and Ki67 levels in HL-60 cells, as detected by mass
cytometry. (E) Percentage of cells in the G0/G1, S, and G2M phases of the cell cycle in HL-60 cells (n 5 3) treated with Veh or OSU-2S (5 mM, 16 hours), with or without
pretreatment (2 hours) with 5 nM okadaic acid (OA), as detected by propidium iodide staining and flow cytometry. OSU-2S significantly accumulated cells in the G0-G1
phase (P 5 .0017) and decreased the proportion of cells in the S phase (P 5 .0003), which was rescued with OA (P 5 .0347). (F) Analysis of proliferation vs differentiation
markers (Ki67 vs CD14 and CD15) show that cells induced to differentiate by OSU-2S are negative for Ki67. (G) OSU-2S–mediated induction of maturation markers in
cells in the G0/G1 phase but not in the S phase. *P , .05; **P , .01; ***P , .001.
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Figure 5. PP2A activation induced p21-mediated cell death and differentiation via c-Myc degradation. (A) HL-60 and MV4-11 cells treated with Veh or 2.5 mM OSU-2S
resulted in increased p21 levels as evidenced by immunoblotting, representative images. Relative densitometric quantification is presented below the blots, as well as
in the graph of p21 protein levels (B), normalized to the actin loading control. OSU-2S treatment significantly increased p21 protein expression. (C) Densitometric
quantification of p21 immunoblotting, normalized to the actin loading control, and western blot images of primary AML cells treated with OSU-2S (3.5 mM, 16 hours).
OSU-2S significantly induced p21 expression in primary AML. (D) Cells treated with OSU-2S (1.75 mM [HL-60] or 2.5 mM [MV4-11] for 8 hours) 24 hours after transfection
with negative control (nc) or PP2Ac siRNA were probed for p21 expression by immunoblot analysis; representative images are shown. Relative densitometric quantifica-
tion is presented as numbers below the blots, as well as in the graph of relative p21 protein levels (E), normalized to the actin loading control. OSU-2S–mediated p21
induction was significantly reversed by PP2Ac siRNA, confirming involvement of PP2A. (F) Relative viability (annexin V/PI) in cells transfected with nc siRNA or p21 siRNA
(60 nM) and treated 24 hours after transfection with Veh and 1.75 mM OSU-2S (HL-60) or 2.5 mM OSU-2S (MV4-11, U937) for an additional 24 hours. p21 knockdown
significantly rescued OSU-2S–mediated cytotoxicity (HL-60: n 5 15, P , .0001, 70.3% rescue; MV4-11: n 5 7, P , .0001, 58.5% rescue, U937: n 5 5, P 5 .0007, 50.24%
rescue). Immunoblot analysis (48 hours after transfection) confirmed p21 knockdown.
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Figure 5 (continued) (G) Percent CD11b 1 cells in HL-60 or U937 cells transfected with nc or p21 siRNA and treated 24 hours after transfection with Veh or OSU-2S
(1.75 mM, 16-24 hours). p21 knockdown significantly reversed OSU-2S–mediated differentiation (HL-60: n 5 12, P , .0001, 86.96% rescue; U937: n 5 5, P 5 .0053,
94.29% rescue). (H) OSU-2S treatment (2.5 mM) resulted in c-Myc downmodulation in HL-60 and MV4-11 cells. (I) Representative western blot images and densitometric
quantification of c-Myc protein levels, normalized to actin. (J) OSU-2S treatment (3.5 mM, 16 hours) resulted in c-Myc downmodulation in primary AML cells; western
blot images and densitometric quantification. (K) Cells treated with OSU-2S (1.75 mM [HL-60] or 2.5 mM [MV4-11] for 8 hours) 24 hours after transfection with nc or
PP2Ac siRNA were probed for c-Myc expression. (L) Representative western blot images and densitometric quantification of c-Myc, normalized to actin. OSU-
2S–mediated c-Myc downregulation was significantly reversed by PP2A siRNA, as seen by immunoblot analysis, confirming involvement of PP2A. (M) Cells treated with
OSU-2S (1.75 mM [HL-60] or 2.5 mM [MV4-11] for 8 hours) 24 hours after transfection with nc or B56a siRNA were probed for c-Myc expression. Representative western
blot images and (N) densitometric quantification of c-Myc, normalized to actin. OSU-2S–mediated c-Myc downregulation was significantly reversed by PP2A B56a siRNA
according to immunoblot analysis.
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Figure 5 (continued) (O) Percentage of relative viability (annexin V/PI) in cells transfected with empty pcDNA3 vector or pcDNA3-c-Myc and treated 48 hours after
transfection with Veh and 1.75 mM OSU-2S (HL-60) or 2.5 mM OSU-2S (MV4-11, U937), for an additional 24 hours. c-Myc overexpression significantly rescued
OSU-2S–mediated cytotoxicity (HL-60: n 5 9, P 5 .0041, 86.7% rescue; MV4-11: n 5 4, P 5 .0142, 87.35% rescue, U937: n 5 5, P 5 .0013, 41.9% rescue). Immunoblot
analysis (48 hours after transfection) confirmed c-Myc overexpression. (P) Percentage of CD11b1 cells in HL-60 or U937 cells transfected with pcDNA3 or pcDNA3-c-Myc
and treated 48 hours after transfection with Veh or OSU-2S (1.75 mM for 16-24 hours). c-Myc overexpression significantly rescued OSU-2S–mediated differentiation
(HL-60: n 5 14, P , .0001, 83.1% rescue; U937: n 5 5, P 5 .0368, 68.9% rescue). (Q) p21 expression in cells transfected with pcDNA3 or pcDNA3-c-Myc and treated 48
hours after transfection with Veh or OSU-2S (1.75 mM [HL-60] or 2.5 mM [MV4-11], 8 hours). Representative western blot images and densitometric quantification
of c-Myc (R) and p21 (S), normalized to actin. c-Myc overexpression significantly reversed OSU-2S–mediated p21 upregulation. *P , .05; **P , .01; ***P , .001;
****P , .0001.
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Figure 6. OSU-2S induces maturation and prolongs survival in a Tet22/2 Flt3ITD mutated murine AML model. (A) Workflow diagram depicting coinjection
of CD45.2 expressing AML cells from Tet22/2 Flt3ITD donor and normal support marrow from CD45.1 donor in lethally irradiated CD45.1 mice to generate an
immunocompetent AML model. BMT-only control mice received normal support marrow only. (B) OSU-2S (10 mg/kg, thrice a week, until the end of the study)
treatment (IP) significantly prolonged survival of leukemic mice (n 5 10 [Veh] and 11 [OSU-2S]; P 5 .022). (C) Mac1 (Mac1-APC) median fluorescence intensity (MFI) in
CD45.2 BM of Veh (n 5 3) and OSU-2S–treated mice (n 5 5). OSU-2S treatment in vivo induced Mac1 expression (P 5 .0326). (D) Expression of maturation markers
Mac1 and Ly6G (Ly6G-AF700) in BM and spleen of Veh and OSU-2S–treated mice, representative flow cytometry plots and graphs (E) showing quantification. OSU-2S
treatment significantly increased the Mac11 and Ly6G1 mature population in vivo. Representative flow cytometric plots (F) and quantification of progenitor marker cKit
(cKit-PE Cy7) (G), and maturation marker Mac1 (Mac1-APC) in BM of Veh- and OSU-2S–treated mice (n 5 3). OSU-2S treatment significantly lowered the immature
cKit1/Mac12 (P 5 .021) and increased the mature cKit2/Mac11 population (P 5 .0002) in the BM. Representative flow cytometric plots (I) and quantification of
progenitor marker cKit (cKit-PE Cy7) and maturation marker Mac1 (Mac1-APC) (J) in the spleen of Veh- and OSU-2S–treated mice (n 5 3). OSU-2S treatment significantly
lowered the immature cKit1/Mac12 and increased the mature cKit2/Mac11 population in the spleen. *P , .05; **P , .01; ***P , .001.
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Figure 7. PP2A activation decreases stemness in vivo and ex vivo. (A) Proportion of lineage negative (Lin2) cells in the CD45.2 AML cell population on Veh
(n 5 3) or OSU-2S (n 5 5), in BM of treated mice or BMT only control mice. OSU-2S–treated mice have significant lower proportion of CD45.2 (AML) Lin2 cells as
detected in the BM (P 5 .0011), indicating lower leukemic stem and progenitors. (B) Number of colonies (colony forming units [CFU]) formed by cells isolated
from BM of Veh- or OSU-2S–treated mice (n 5 7). OSU-2S–treated mice BM have significantly lower colony forming units vs that of Veh-treated mice
(P 5 .0022). *P , .05; **P , .01; ***P , .001; ****P , .0001.
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PP2A activation decreases stemness in vivo and
ex vivo
OSU-2S–drivenmaturation ex vivo and in vivopromptedus to study
the effect of PP2A activation on leukemia-initiating stem cells. End
point analysis of BM cells and splenocytes from Tet22/2Flt3ITD

murine AML model showed reduced cKit1/Mac12 immature cells
(0.4-fold) and increased cKit2/Mac11 mature cells (2.4-fold) in the
BMand spleen of leukemicmice (Figure 6F-I).

OSU-2S treatment also resulted in a significant decrease in the
proportion of Lin2 cells in the OSU-2S cohort (mean decrease,
32.86%; Figure 7A; supplemental Figure 9A), reducing it close
to levels in CD45.1-engrafted BMT-only mice. A decrease in LSK
cells, the leukemia-initiating population,42 was observed in BM
of OSU-2S–treated mice (supplemental Figure 9B). Reduction in
the leukemia initiating population was further confirmed by sig-
nificantly reduced CFUs from BM cells from OSU-2S–treated
mice compared with vehicle (Figure 7B) which persisted after
secondary replating (supplemental Figure 9C). These observa-
tions indicate that OSU-2S reduced the leukemic stem and pro-
genitor compartments, reversing the predominantly immature
phenotype characteristic of Tet22/2Flt3ITD murine leukemia.

To confirm that the OSU-2S-induced cKit2/Mac11 population
stems from maturation of undifferentiated cKit1/Mac12 cells, we
sorted progenitor-like cKit1/Mac12 cells from untreated mice
(supplemental Figure 9D) by fluorescence–activated cell sorting
(FACS) and treated them in vitro with vehicle or OSU-2S for 3 to
6 days. OSU-2S treatment induced increased differentiation of

FACS-sorted cKit1/Mac12 cells into mature cKit2/Mac11 cells
(supplemental Figure 9E).

Our observations in murine LSCs prompted us to evaluate the
effect of PP2A activation on human LSCs,67 identified as predomi-
nantly CD341/CD382 cells. Mass cytometry of primary human
AMLs treated with OSU-2S showed a decrease (0.66-fold) in the
progenitor marker CD34 (Figure 7C; supplemental Figure 5A) and
decreased CD341/CD382 LSCs and CD341/CD381 progenitor
cells, with increased mature CD342/CD381 and CD342/CD382

cells (Figure 7C). Spanning-tree Progression Analysis of Density-
normalized Events (SPADE)68 analysis of OSU-2S-treated primary
AML cells using 23 lineagemarkers, including CD34 and CD38, as
well as B-, T-, and myeloid cell markers (supplemental Table 4),
also confirmed a decrease in CD341/CD382 and CD341/CD381

populations (Figure 7D). A decrease in the LSC population was
also indicated by decreased colony forming with OSU-2S in
methylcellulose-based CFU assays (Figure 7E; supplemental Fig-
ure 9F). To test the effect of OSU-2S on nonleukemic hematopoi-
etic stem and progenitors (HSPCs), we enriched CD341 cells from
cord blood or stem cell–mobilized samples. Although a trend
toward CFU reduction was seen at higher OSU-2S concentrations
(supplemental Figure 9G), normal HSPCs showed nearly 7.5-fold
decreased sensitivity to OSU-2S (Figure 7E; IC50 [AML]: 0.147 mM
vs IC50 [nonleukemic]: 1.107 mM). To further assess long-term cul-
ture-initiating cells (LTC-ICs), limiting dilution assays (LDA) and
bulk LTC-IC assays69 were performed with primary AML cells and
normal donor cord blood and BM. OSU-2S significantly reduced
the frequency of LTC-IC and LTC-IC–derived CFUs in AML, but
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Figure 7 (continued) (C) Mass cytometric analysis of primary AML cells treated with Veh or OSU-2S (3.5 mM, 48 hours) reveals decreased surface progenitor marker
CD34, decreased CD341/CD382 LSCs and increased more mature CD342/CD381 or CD342/CD382 cells. (D) Representative SPADE analysis run on primary AML cells
(n 5 3) treated with Veh or OSU-2S, clustering on 23 CD markers revealed a decrease in CD341/CD382 LSCs and CD341/CD381 and progenitor population. The T-cell
population was unchanged. The patient-derived samples had minimum to no B cells. The number of cells is denoted by node size. Color scheme denotes intensity of
pRb which also decreases with OSU-2S. (E) Percentage of relative colony forming units (CFUs) in primary AML cells (IC50, 0.147 mM) vs nonleukemic CD341 cells (IC50,
1.107 mM) treated with OSU-2S, plated on methylcellulose and counted 2 weeks after. Primary AMLs have sevenfold higher sensitivity to OSU-2S. (F) Schematic of the
limiting dilution assay (LDA) and bulk LTC-IC assay performed on primary AML samples and normal donor cord blood and BM cells. (G) Fold LTC-IC frequency of
Veh- and OSU-2S (0.5 mM)–treated primary AML and normal donor samples (n 5 6, AML 1, 15, 22, 26, 35, and 36). OSU-2S treatment significantly decreased the
frequency of LTC-IC in primary AML samples. No significant difference was observed in nonleukemic samples (n 5 4). (H) The PP2A-mediated model of growth arrest
and differentiation in AML. OSU-2S disrupts SET-PP2A interaction, reactivating PP2A in leukemic cells. PP2A dephosphorylates Myc, leading to Myc degradation and
relieving Myc-mediated suppression of p21. Induction of p21 results in hypophosphorylation of Rb, arresting cells at S phase entry, and arrested cells undergo
differentiation, possibly via CEBP factors activated by Rb or other differentiation factors induced by p21 or Rb, resulting in upregulation of differentiation markers and
downregulation of stemness markers. *P , .05; **P , .01; ***P , .001.
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not that of normal donor samples (Figure 7F-G; supplemental
Figure 9H-I).

Discussion
The tumor suppressor PP2A is reported as oncogenic in some
leukemias,70,71 whereas it is widely suppressed in AML. Indeed,
the precise contribution of PP2A to leukemic cell fate and onco-
genesis remains elusive. Our study identified a pivotal role for
PP2A in the control of cell proliferation vs differentiation deci-
sions in AML through a PP2A/c-Myc/p21 axis (Figure 7H). Impor-
tantly, we demonstrated that PP2A activation decreases
leukemia-initiating cells, induces leukemic blast maturation, and
improves overall survival in murine AML models. These findings
indicate a clear role for PP2A suppression in disrupted hemato-
poietic differentiation and growth in AML pathogenesis which
can be therapeutically targeted through PP2A activation.

Our finding that PP2A-driven maturation of AML depends on
c-Myc downmodulation implicates a critical decision point in the
malignant hematopoiesis. c-Myc is tightly regulated in normal
hematopoiesis,72,73 and failure to turn off Myc impedes terminal
myeloid differentiation and causes AML in mice.74 We show that
PP2A activation reverses c-Myc–mediated maturation block and
promotes terminal differentiation in AML. Considering that
c-Myc is overexpressed in �90% of AML75 and is activated
downstream of various driver mutations,63-65,74 PP2A-mediated
Myc degradation can induce differentiation across diverse AML
subsets. Consistent with this, OSU-2S has shown potent activity
across primary AMLs with diverse mutational/cytogenetic fea-
tures (supplemental Table 1). Myc-mediated blockage of differ-
entiation and dedifferentiation are also important in the
pathogenesis of multiple other cancers, including breast can-
cer,76 Burkitt lymphoma,77 and pancreatic tumors.78 Despite its
broad dysregulation in cancers, Myc targeting remains challeng-
ing. Hence, PP2A-mediated control of Myc by OSU-2S has
potential as a therapeutic driver of terminal differentiation across
multiple cancers.

Development of PP2A activators has been more challenging
than development of kinase inhibitors. However, recent advan-
ces have significantly improved our understanding of targeting
specific PP2A heterotrimers and have characterized 2 promising
classes of phenothiazine derivatives: iHAPs, which activate B56«,
and SMAPs, which activate B56a containing PP2A hetero-
trimers.59,79 Targeting specific heterotrimers provide substrate
selectivity, however, can be limited in cancers that rely on inacti-
vation of several B-subunit isoforms such as AML. Targeting
broad PP2A inhibitors such as SET can be useful in targeting a
wider range of PP2A holoenzymes. However, although OSU-2S
can activate multiple PP2A isoforms (Figure 1; supplemental
Figure 1A), its antileukemic activity may depend on specific PP2A
subunits. Although our knockdown studies indicate a specific
involvement of PP2A-B56a and PP2Aca subunits in mediating
cytotoxicity and differentiation in AML, a detailed assessment of
involvement of different subunits remains to be evaluated.

Terminal myeloid differentiation markers in arrested leukemic
cells indicate that PP2A-mediated cell cycle arrest and differenti-
ation are molecularly linked, possibly by p21-mediated regula-
tion of pRb. We showed that PP2A-mediated p21 induction is
p53 independent and is at least in part related to c-Myc

downregulation; however, the possible recruitment of p21 tran-
scriptional activators, such as the KLF factors upregulated in our
experiments, remains to be tested.80,81 p21 mediates Rb hypo-
phosphorylation and decreased E2F signatures. Further, Rb has
been known to activate CEBP factors, which are the master reg-
ulators of myeloid differentiation and the factors often mutated
in patients with AML.82,83 Interestingly, our findings of increased
CEBPb expression support our proposed PP2A-Myc-p21-Rb-
CEBP pathway (Figure 7H) in myeloid differentiation and cell
cycle arrest, pending further confirmatory studies on the role of
Rb and CEBPb.

AML is a heterogeneous disease with varying oncogenic drivers;
however, PP2A is inactivated across most cases of AML.11 Despite
the variability in response, PP2A reactivation by OSU-2S showed
antitumor activity across diverse AML subtypes (Figure 1D;
supplemental Figure 1F). Although the observed variabilities, such
as the lack of differentiation in AML16 or difference in cytotoxicity
across samples as seen in AML 20, 26, and 36 (supplemental Fig-
ures 1F and 4F), can be attributed to differences in the levels
and/or activity of PP2A, our limited analysis did not support this
possibility (supplemental Figure 1L-M). This finding raises the
question of additional contributors, including but not limited to
differences in levels and/or regulation of additional oncogenic
events or PP2A downstream targets. Consistent with this possibil-
ity, we also observed dephosphorylation of additional PP2A tar-
gets, such as phospho-ERK30 with OSU-2S (supplemental Figures
5A and 10A). In addition, the FAB subtype may play a role, as
some M1 samples such as AML16 and AML36 are less sensitive
than the M4 and M5 subtypes such as AML1-4 and AML35. Inter-
estingly, OSU-2S–mediated ERK dephosphorylation may have
potential as ERK inhibition is anticipated to be more effective in
targeting oncogenic MAPK signaling and is overall underex-
ploited in leukemias.84 OSU-2S also synergized85 in vitro with the
conventional therapy cytarabine (Ara-C) (supplemental Figure
10B), which can be promising in designing therapeutic combina-
tion strategies for less sensitive patients.

OSU-2S has been shown to mediate protein kinase C (PKC)–re-
lated apoptosis in hepatocellular carcinoma86; however siRNA
knockdown of PKC failed to abrogate OSU-2S–mediated activity
in AML (supplemental Figure 10C), indicating that PKC is not
involved in OSU-2S–mediated antileukemic effects in AML.
Consistent with this finding, as a part of comprehensive analysis
on OSU-2S specificity, a site-directed, competition-binding
kinome screening87 failed to significantly affect nontarget
kinases (supplemental Figure 10D).

Immunosuppression is not only a side effect of many of the che-
motherapeutic drugs used for standard AML induction therapy,
it also hinders the clinical translation of traditional nonspecific
PP2A activators such as FTY720. However, we found that
although PP2A activation by OSU-2S decreases human and
murine LSCs in vitro and in vivo, it has a more than sevenfold
decreased effect on normal HSPCs (Figure 7E), which is of trans-
lational relevance. Importantly, OSU-2S did not affect normal
immune cell reconstitution in mice. Our recent pharmacoanalyti-
cal and tolerability experiments, demonstrating favorable phar-
macokinetic properties of OSU-2S in dogs, support establishing
trials of OSU-2S efficacy in dogs with spontaneous tumors to
guide its clinical development for canine and human patients.43

Collectively, these data provide compelling evidence that
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OSU-2S can specifically target broad maturation and prolifera-
tion defects across multiple AML subtypes while preserving nor-
mal immune microenvironment by reactivating PP2A. Our
studies identify the tumor suppressive role of phosphatases in
cancer cell fate and provide a framework for therapeutic target-
ing in AML and other malignancies with suppressed phospha-
tase activity.
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