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SUMMARY
Protein phosphatase 2A (PP2A) enzymes can suppress tumors, but they are often inactivated in human can-
cers overexpressing inhibitory proteins. Here, we identify a class of small-molecule iHAPs (improved hetero-
cyclic activators of PP2A) that kill leukemia cells by allosterically assembling a specific heterotrimeric PP2A
holoenzyme consisting of PPP2R1A (scaffold), PPP2R5E (B56ε, regulatory), and PPP2CA (catalytic) subunits.
One compound, iHAP1, activates this complex but does not inhibit dopamine receptor D2, a mediator of
neurologic toxicity induced by perphenazine and related neuroleptics. The PP2A complex activated by
iHAP1 dephosphorylates the MYBL2 transcription factor on Ser241, causing irreversible arrest of leukemia
and other cancer cells in prometaphase. In contrast, SMAPs, a separate class of compounds, activate
PP2A holoenzymes containing a different regulatory subunit, do not dephosphorylate MYBL2, and arrest tu-
mor cells in G1 phase. Our findings demonstrate that small molecules can serve as allosteric switches to acti-
vate distinct PP2A complexes with unique substrates.
INTRODUCTION

The group of phosphatases collectively referred to as PP2A (pro-

tein phosphatase 2A) contains up to 60 different holoenzymes

representing distinct assemblies of three classes of subunits:

scaffold subunit A, regulatory subunit B, and catalytic subunit

C (Ruvolo, 2016; Sangodkar et al., 2016). Thus, multiple different

PP2A complexes are produced in different cells and tissues,

each with distinct functions and substrate specificities. Although

the A and C subunits show remarkable sequence conservation

among eukaryotic organisms, the 15 distinct regulatory B sub-

units expressed by mammalian cells are more heterogeneous

and are believed to play key roles in controlling the localization

and specific activity of different holoenzymes (Sangodkar

et al., 2016). Together, the various forms of PP2A account for

50% to 70% of the total serine/threonine phosphatase activity

in eukaryotic cells and, thus, counterbalance the regulatory ef-

fects of kinases active in signaling pathways that underlie normal

physiology as well as the pathobiology of cancer and other dis-

eases (Sangodkar et al., 2016; Westermarck, 2018).

Efforts to understand the functional roles of PP2A complexes

have been hindered by the lack of molecular tools to selectively

drive the formation of enzymatically active PP2A enzymes

composed of specific scaffold, catalytic, and regulatory sub-

units. A potential solution was provided by our work implicating
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phenothiazines as allosteric PP2A activators (Gutierrez et al.,

2014) and by others who developed separate compounds,

designated small molecule activators of PP2A (SMAPs), for con-

ditional PP2A activation (Kastrinsky et al., 2015; Sangodkar

et al., 2017). Both classes of compounds have been shown to

interact with PPP2R1A, one of the scaffold A subunits of PP2A

(Gutierrez et al., 2014; Sangodkar et al., 2017). However, the pre-

cise B and C subunits allosterically recruited into active enzyme

complexes by these drugs have remained largely unknown.

PP2A phosphatases are unique among tumor suppressors in

that the subunit genes are generally expressed by tumor cells as

unmutated proteins. The frequency of inactivating mutations

among PP2A subunits is low, with the PPP2R1A subunit showing

the highest mutation rate: 1.17% across 9,759 samples of diverse

human cancer types at diagnosis (Sangodkar et al., 2016). Thus,

instead of relying on mutational inactivation of the PP2A subunit

genes themselves, cancer cells generally evade PP2A-mediated

tumor suppression by overexpressing accessory proteins that

mediate post-translational modifications or otherwise block PP2A

enzymatic activity (Hwang et al., 2016; Leulliot et al., 2004; Sontag

et al., 2013; Tsai et al., 2011). Because PP2A subunits are usually

expressedby cancer cells as intact proteins, allosteric small-mole-

cule mediators can bind and induce conformational changes that

permit association with an active PP2A phosphatase, overriding

the activities of overexpressed intracellular inhibitory proteins.
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Figure 1. Comparison of Phenothiazine Compounds According to Their Antileukemic Potency, PP2A Activation Capacity, and Ability to
Inhibit DRD2 Signaling

(A) Diagram showing the relationships among PPZ and five other approved neuroleptic phenothiazine drugs (green), 81 other phenothiazine compounds (purple),

and four approved nonphenothiazine dopamine receptor inhibitors (yellow) in KOPT-K1 T-ALL cells (see also Table S1). The percent inhibition of DRD2 in

HEK293T cells is represented by the size of the circles, with larger sizes indicating stronger inhibitory activity. See STAR Methods for experimental details.

(B) Dose-response curves for PPZ and iHAP1 in 3 different T-ALL cell lines. Data are reported as the means ± SD of three biological replicates.

(C) Dose-response curves resulting from iHAP1 treatment of primary T-ALL PDX cells from 4 different patients (red) and normal human CD34+ HSPCs (blue). Data

are plotted as the means ± SD of three biological replicates.
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Our discovery that perphenazine (PPZ) and related heterocy-

clic compounds can activate PP2A provided a new role for

these compounds (Gutierrez et al., 2014), which are best known

for their ability to bind and inhibit signaling by dopamine and

related receptors in the cerebral cortex, accounting for their

antipsychotic effects (Miller, 2009a, 2009b). Unfortunately, the

adverse side effects of these agents involve inhibition of dopa-

mine receptor D2 (DRD2) in the basal ganglia, leading to dose-

limiting extrapyramidal movement disorders. This toxicity pre-

cludes the use of PPZ and other phenothiazine drugs for in vivo

experiments to conditionally activate PP2A enzymatic activity as

a means to clarify its effect on normal and transformed cells in

animal models. This toxicity has also prevented the use of PPZ

and other neuroleptic phenothiazines to treat patients with can-

cer. Thus, one of the goals of the present study was to identify

novel phenothiazine analogs called iHAPs (improved heterocy-

clic PP2A activators), which retain antitumor activity in vivo

through PP2A activation but lack inhibitory activity against

DRD2 and, therefore, do not produce the neurotoxicity that is

associated with the parent compounds.

In this article, we demonstrate marked differences in the

mechanisms underlying antitumor responses mediated by the

two known classes of small-molecule PP2A activators: iHAPs

and SMAPs (Kastrinsky et al., 2015; Kauko et al., 2018; McClinch
et al., 2018; Sangodkar et al., 2017). We find that PPZ and iHAP1

activate PP2A complexes that contain the PPP2R5E (B56ε) reg-

ulatory subunit and dephosphorylate MYBL2, causing tumor

cells to arrest irreversibly in prometaphase. SMAPs, in contrast,

activate different PP2A holoenzymes containing the PPP2R2A

(B55a) regulatory subunit, do not dephosphorylate MYBL2,

and arrest tumor cells in G0/G1 phase. Thus, these two classes

of small molecules provide novel allosteric molecular probes for

conditionally activating distinct complexes of PP2A, which then

dephosphorylate unique substrates, disrupting distinct cellular

pathways required for tumor cell growth and survival.

RESULTS

Separating PP2A-Mediated Antitumor Activity of
Phenothiazine Compounds from Toxicity Because of
Inhibition of Dopamine Receptors
To identify phenothiazine analogs that might activate PP2A

without inhibiting DRD2, we studied 91 different compounds

(Table S1), including PPZ and five structurally related US

Food and Drug Administration (FDA)-approved phenothiazines,

81 commercially available PPZ analogs, and four inhibitors of

DRD2 signaling that are structurally unrelated to PPZ (Hals

et al., 1986; Salie et al., 2014). Analysis of these compounds
Cell 181, 702–715, April 30, 2020 703
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for their growth inhibition of KOPT-K1 cells, activation of PP2A

phosphatase activity, and inhibition of dopamine signaling

through DRD2 is summarized in Figure 1A. Each of the clinically

available phenothiazines showed a moderate capacity for PP2A

activation accompanied by potent inhibition of DRD2 signaling.

As expected, the four inhibitors of DRD2 signaling that are struc-

turally unrelated to PPZ showed moderate to high inhibitory ac-

tivity against DRD2 (Seeman, 2010), but these compounds did

not stimulate PP2A phosphatase activity or inhibit KOPT-K1

cell growth. Finally, the 81 PPZ analogs varied widely in their abil-

ity to inhibit DRD2 or activate PP2A; in general, their ability to

inhibit T cell lymphoblastic leukemia (T-ALL) cell growth corre-

lated with their ability to activate PP2A (r = 0.8843 and p <

0.001 by Spearman’s correlation coefficient).

The most promising of these PPZ analogs (2-chloro-10-(4-me-

thoxybenzoyl)-10H-phenothiazine), designated iHAP1, was 10-

fold more active than PPZ in stimulating PP2A phosphatase

activitywhilemediatingT-ALLgrowthsuppressionat10-fold lower

concentrations and had undetectable levels of DRD2 inhibition

(<2.5%) (Figure 1A). It was also substantially more potent than

PPZ against two other T-ALL cell lines (RPMI-8402 and SUPT-

13) (Figure 1B). Consistentwith these results, apoptotic cell death,

as defined by positivity for Annexin V by flow cytometry, was

induced during iHAP1 treatment of KOPT-K1 cells (Figure S1B).

We also tested cryopreserved T-ALL cells from four different

patients after the leukemia cells were expanded as primary

xenografts (patient-derivedxenografts [PDXs]) inNSG(non-obese

diabetic [NOD]/severe combined immunodeficiency [SCID]/

IL2Rgnull) mice. As shown in Figure 1C, T-ALL cells from each of

the patients responded to iHAP1 treatment when assayed in

short-term culture, with IC50 values of 0.4–0.6 mM, concentrations

equivalent to the half maximal inhibitory concentration (IC50)

values of established T-ALL cell lines. In contrast, the growth of

normal CD34+ hematopoietic stem and progenitor cells (HSPCs)

cultured in expansion medium was not appreciably affected by

0.5 mM iHAP1 and reduced by only �25% by 5 mM iHAP1. These

results indicate that the sensitivity of T-ALLcells to iHAP1-induced

cell killing is not restricted to established cell lines but, rather, re-

flects changes associatedwithmalignant transformation because

normal CD34+ HSPCs were remarkably resistant to iHAP1-

induced inhibition of cell growth. This response is also consistent

with the lack of hematopoietic cell toxicity we observed in subse-

quent xenograft experiments (Figures 2 and S2).

Antileukemic Activity and Toxicity of iHAP1 versus PPZ
In Vivo

To document the enhanced antileukemic activity of iHAP1 in vivo

and verify that it does not inducemovement disorders through in-

hibitionof dopaminesignaling,weadded this analog towater con-

taining normal 6-day-old zebrafish embryos. iHAP1 did not affect

upright swimming or coordination at concentrations up to 2 mM, in

contrast to PPZ, which was associated withmovement disorders,

including loss of an upright swimming position within 3 h of treat-

ment. We also tested the anti-T-ALL activity of iHAP1 versus PPZ

in our transgenic zebrafish T-ALL model (Gutierrez et al., 2014; Li

et al., 2019), first by adding each compound to thewater of zebra-

fish embryos for 5 days to determine the maximum tolerated

doses (MTDs) of PPZ and iHAP1 (5 mM and 2 mM, respectively).
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GFP-labeled zebrafish T-ALL cells were intravenously injected

into 2-day-old recipient embryos (Li et al., 2019), and embryos

bearing GFP-labeled T-ALL cells were treated with PPZ, iHAP1,

or DMSO (vehicle). As shown in Figures 2A and 2B, iHAP1 at

2 mM induced a strikingly greater loss of GFP-labeled T-ALL cells

than 5 mM PPZ, indicating increased antitumor potency in vivo,

consistent with our in vitro finding that iHAP1 is �10 fold more

active than PPZ against human T-ALL cells.

To extend these in vivo studies to human T-ALL cell xenografts

in immunodeficient NSG mice, we administered PPZ and iHAP1

by daily gavage per oral (p.o.) to 8-week-old female C57BL/6

mice and monitored them after each treatment to detect

DRD2-mediated toxicity based on (1) general activity, (2) reac-

tivity to touch, and (3) fear/startle response to sound (Cahill

et al., 2011; Crawley, 1999; Lynch et al., 2011). All mice treated

with PPZ (5 mg/kg/dose or higher amounts) showed DRD2-

mediated toxicity with an MTD of 2.5 mg/kg/day. In contrast,

mice treated with doses of iHAP1 as high as 80 mg/kg/day

lacked evidence of neurologic toxicity or any other toxicity,

consistent with our biochemical reporter assays showing that

iHAP1 does not inhibit dopamine signaling through DRD2.

Figure 2C shows the antitumor activity of these agents in

NSG mice xenotransplanted with KOPT-K1 cells. Mice treated

with PPZ at its MTD of 2.5 mg/kg/day did not show any survival

advantage over controls. In contrast, treatment with iHAP1 at

2.5 mg/kg/day p.o. extended the mean overall survival by

8 days beyond that of the control cohort. This improvement

was more pronounced with a higher dose of iHAP1 (80 mg/kg/

day), which extended the mean survival by 15 days (p = 0.001).

We repeated the xenograft experiment by injecting iHAP1

(80 mg/kg/day) daily intraperitoneally (i.p.) instead of p.o. and

observed a similar extension of survival (p = 0.0005 by log rank

test), indicating that iHAP1 acts similarly whether given i.p. or

p.o. (Figure S2B). Histologic and flow cytometric analysis of tis-

sues harvested after 7 days of treatment with iHAP1, including

the femur, liver, and spleen, revealed significantly reduced levels

of hCD45+ leukemia cells compared with the DMSO control (Fig-

ures 2D and S2C–S2E). The bone marrow cells of iHAP1-treated

mice (80 mg/kg/day for 7 days, i.p.) showed normal hematopoi-

etic precursor cell growth and differentiation with only minimal

effects on each of the hemopoietic cell lineages (Figures S2F–

S2J). Thus, in preclinical testing against T-ALL xenografts,

iHAP1 emerged as a much more promising compound than

PPZ, showing improved antitumor activity and lack of toxicity.

Activation of PP2A by PPZ or iHAP1 Induces
Prometaphase Arrest in T-ALL Cells
As shown in Figures 3A–3D, treatment with PPZ/iHAP1 for 24 h

caused a pronounced G2/M phase (4N) arrest in KOPT-K1 cells.

Immunofluorescence microscopy of a-tubulin and DAPI staining

of DNA or acetocarmine staining of chromatin revealed that

iHAP1- and PPZ-treated KOPT-K1 cells are arrested at an early

stage of prometaphase, when the cells exhibit a monopolar spin-

dle (Figure 3E). This stage of prometaphase occurs after the

chromatin has condensed but before the centrioles have

migrated to opposite poles of the cell to form the bipolar spindle.

The resultant phenotype is identical to that observed by others

after inactivation of the genes that encode proteins required to



Figure 2. Antitumor Activity In Vivo of iHAP1 versus PPZ in T-ALL Preclinical Models

(A) Representative zebrafish embryos transplanted with GFP+ T-ALL cells isolated from Tg(rag2:Myc; rag2:EGFP) zebrafish and treated for 5 days with DMSO,

5 mM PPZ, or 2 mM iHAP1. Scale bar, 0.1 mm.

(B) Quantification of GFP+ leukemic areas in treated zebrafish embryos. ****p < 0.0001 versus DMSO by two-tailed Welch’s t test; black bars indicate median

values. N.S., not significant.

(C) Kaplan-Meier survival analysis of NSG mice xenotransplanted with 106 KOPT-K1 human T-ALL cells (day 1) and treated from day 11 as indicated on the plot.

Six mice were tested in each cohort; p values were determined with a log rank test.

(D) Representative results of hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining of sections of femora from xenotransplanted NSG mice on

day 18 post-xenotransplant and 24 h after mice received the seventh daily dose of drug p.o. (vehicle or iHAP1, 80 mg/kg). Engraftment and expansion of

transplanted KOPT-K1 cells were detected by anti-human CD45 antibody.
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establish spindle bipolarity (McKinley and Cheeseman, 2017;

Figure 4F). Intriguingly, the mRNA expression levels of most of

these genes were downregulated in iHAP1- and PPZ-treated

KOPT-K1 cells relative to the control (Figure S3A). Thus, activa-

tion of the PP2A complex targeted by these compounds blocks

transcriptional pathways that upregulate expression of proteins

required for cell cycle progression during the monopolarity

stage of prometaphase (Figure 3E).

Phospho-Ser241 of the MYBL2 Transcription Factor Is
Targeted by iHAP1-Activated PP2A
To identify key substrates that are dephosphorylated when

PP2A is activated by iHAP1 treatment, we used stable isotope

labeling using amino acids in cell culture (SILAC) mass spec-

trometry to examine KOPT-K1 cells treated for 3 h with 1 mM

iHAP1 or 10 mM PPZ. The most profoundly dephosphorylated

peptide mapped to the transcription factor MYBL2 (Figures 4A

and 4B), a key regulator of cell cycle progression during prome-
taphase (Sadasivam and DeCaprio, 2013; Werwein et al., 2019).

The basal expression levels of MYBL2 did not change over this

3-h test period (Figure S3B). Further analysis showed that the

dephosphorylated amino acid in this peptide after iHAP1 or

PPZ treatment was Ser241, which lies within the transcriptional

activation domain (TAD) of MYBL2 (Figure 4D). Although

MYBL2 must be phosphorylated before it can transactivate

the expression of its target genes (Werwein et al., 2019), the

specific role of phosphorylation of S241 in this process has not

been reported. Thus, we first conditionally knocked down the

MYBL2 gene using two independent and specific short hairpin

RNAs (shRNAs) in KOPT-K1 cells (Figure 4C). This led to cell cy-

cle arrest at prometaphase with spindle monopolarity (Figures

4E and S4A), very similar to the phenotype we observed after

iHAP1/PPZ treatment. MYBL2 has been shown to transactivate

the expression of genes active in early M phase, including those

that encode centriole components and other key mediators of

spindle bipolarity (Heinrichs et al., 2013; Musa et al., 2017;
Cell 181, 702–715, April 30, 2020 705



Figure 3. PPZ- and iHAP1-Mediated Activation of PP2A Leads to Prometaphase Cell Cycle Arrest with Spindle Monopolarity in T-ALL Cells

(A) Relative DNA content of KOPT-K1 cells, determined by flow cytometric analysis of propidium iodide (PI) staining. Cells were treated with the DMSO control or

PPZ for 24 h.

(B) Cumulative results of the cell cycle analysis in (A). **p < 0.01 by Student’s t test, comparing the means ± SD of three biological replicates.

(C) Relative DNA content of KOPT-K1 cells was determined by flow cytometry analysis of PI staining. Cells were treated with the DMSO control or iHAP1 for 24 h.

(D) Cumulative results of the cell cycle analysis in (C). *p < 0.05 by Student’s t test, comparing the means ± SD of three biological replicates.

(E) Acetocarmine (a-c), Alexa Fluor 647 (red) anti-a tubulin antibody (d-f and j-l), and DAPI (g-i and j-l) were used to stain cytospins of KOPT-K1 cells for chromatin,

microtubules, and DNA, respectively. Cells were treated with DMSO, 10 mM PPZ, or 1 mM iHAP1 for 24 h.
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Sadasivam and DeCaprio, 2013). Indeed, knockdown ofMYBL2

in KOPT-K1 cells globally downregulated the expression of the

same genes required for cells to exit from monopolarity and

complete prometaphase (McKinley and Cheeseman, 2017; Fig-

ure 4F), phenocopying the effects of PP2A activation after treat-

ment with iHAP1/PPZ (Figure S3A). Consistent with these find-

ings, conditional downregulation of each of two representative

target genes of MYBL2, PLK1 and KIF11, resulted in prometa-

phase arrest with spindle monopolarity in the majority of T-ALL

cells (Figures S4D–S4I; Musa et al., 2017).

The Phosphorylation Status of Ser241 Regulates the
Transactivating Potency of MYBL2
To define the functional role of phosphorylation at Ser241

of MYBL2, we focused on the three S/T phosphorylation

sites located within the transactivation domain of MYBL2:
706 Cell 181, 702–715, April 30, 2020
S241, T266, and S282 (Figure 4D). For these experiments, we

prepared a series of mutant MYBL2 constructs by substituting

a nonphosphorylatable alanine residue for serine or threonine

at each of the three phosphorylation sites in the TAD as well as

phosphomimetic mutants in which aspartic acid was substituted

for each of the serine or threonine residues and mutants lacking

the entire TAD (designated MYBL2 [TAD_del]). To rescue KOPT-

K1 cells depleted of endogenous MYBL2, we used cDNA con-

structs that lack the 30 UTR sequences targeted by sh_MYBL2

(Figures 5A–5D and S4J–S4L). Programmed expression of WT

MYBL2 effectively rescued (1) the suppression of cell growth

(Figure S4L), (2) the arrest of cells in G2/M phase (Figures 5A

and5B), and (3) prometaphase cell cycle progression (Figure 5D).

However, neither the MYBL2 (TAD_del) nor the MYBL2 S241A

mutant could rescue the cell cycle effects ofMYBL2 knockdown,

indicating that the transactivating function of MYBL2, which



Figure 4. Identification of MYBL2 as the Primary Substrate of PP2A Activated by PPZ and iHAP1 Treatment

(A and B) Phosphopeptides studied by SILAC in KOPT-K1 cells and phosphoproteomics analysis after treatment with (A) 10 mM PPZ or (B) 1 mM iHAP1 for 3 h.

Control cells were fed light leucine, whereas treated cells received heavy leucine; the cells were thenmixed for 3 h. Phosphopeptides were enriched with titanium

beads, and the log2 ratio of phosphopeptides containing heavy versus light leucine by mass spectrometry was plotted on the y axis. The x axis shows the

statistical significance of the fold difference by Student’s t test (triplicate experiments).

(C) Representative western blot images of cell lysates from KOPT-K1 cells expressing shRNAs that target control luciferase transcripts (sh_Luc.) or MYBL2

(sh_MYBL2 #1 and #2).

(D) Schematic representation of WT MYBL2. The structure depicts the relative locations of the DNA binding domain (DBD), TAD/acidic region, conserved region

(CR), and nuclear localization signals (NLSs). The positions of three serine/threonine phosphorylation sites are represented by red circles in the TAD region (S241,

T266, and S282). aa, amino acid.

(E) Morphologic assessment of KOPT-K1 cells expressing shRNAs that target control luciferase (sh_Luc.) or MYBL2 (sh_MYBL2 #1 and #2). Acetocarmine, Alexa

Fluor 647 (red) anti-a tubulin antibody, and DAPI were used to stain chromatin, microtubules, and DNA, respectively.

(F) Inducible shRNA depletion ofMYBL2 in KOPT-K1 cells for 24 h, followed bymeasurement of the relative mRNA expression levels of a set of genes whose loss

is known to cause cell cycle arrest in the spindle monopolarity phase of prometaphase (McKinley and Cheeseman, 2017). *p < 0.05, **p < 0.01, ***p < 0.001,

comparing the means ± SD of three biological replicates versus controls (Student’s t test).
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specifically depends on phosphorylation of Ser241, is required

for tumor cells to successfully progress through prometaphase

of the cell cycle (Figures 5A–5D and S4J–S4L). Mutations of

T266A or S282A did not affect the ability of MYBL2 to rescue

MYBL2 knockdown, underscoring the importance of phosphor-

ylation of Ser241 (Figures S4J–S4M).

Substitution of aspartic acid for Ser241 (S241D) created a

phosphomimetic that also effectively rescued the knockdown-
induced suppression of cell growth and prometaphase cell

cycle arrest (Figures 5A–5D and S4K–S4N). Importantly, rescue

with the MYBL2 S241D mutant uniquely conferred resistance

to iHAP1 treatment in KOPT-K1 cells (Figure 5C). Thus, PP2A-

mediated dephosphorylation of MYBL2 Ser241 is necessary

and sufficient to mediate the antitumor activity of iHAP1 in

T-ALL cells, and we could find no evidence to support a role of

dephosphorylation of proteins like AKT, Bcl-2, and c-MYC as
Cell 181, 702–715, April 30, 2020 707



Figure 5. Phosphorylation of Ser241 Is Necessary and Sufficient for Functional Activity of MYBL2

(A) Cell cycle effects of MYBL2 shRNA knockdown with simultaneous overexpression of WT MYBL2, mutant MYBL2 S241A (nonphosphorylatable alanine

mutant), S241D (a phosphomimetic mutation), or TAD-deleted MYBL2 (TAD_del) were examined in KOPT-K1 cells.

(B) Mean percentages of cells ±SD are shown in each phase of the cell cycle and sub-G1 (apoptotic) cells for the DNA histograms in (A). *p < 0.05 and **p < 0.01 by

Student’s t test for 3 biological replicates versus controls.

(C) Sensitivity to iHAP1 inMYBL2 knockdown KOPT-K1 cells conditionally expressing the phosphomimetic S241D mutant or WT MYBL2 as mean ± SD of three

biological replicates. Control shRNA targets luciferase (sh_Luc). *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test.

(D) TheMYBL2 shRNA rescue experiment included simultaneous overexpression in KOPT-K1 cells of WT MYBL2 or S241A, S241D, or TAD_del mutant MYBL2

constructs. Acetocarmine, Alexa Fluor 647 (red) anti-a tubulin antibody, and DAPI were used to stain chromatin, microtubules, and DNA, respectively.
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targets of the iHAP1-activated PP2A complex (Figure S4C; Ru-

volo, 2016). Consistent with these results, luciferase reporter

assays using promoters of two representative MYBL2 target

genes, PLK1 and KIF11, showed that the activities of these

promoters were significantly downregulated upon PPZ/iHAP1

treatment (Figure S4O) or by expression of the S241A MYBL2

mutant after MYBL2 knockdown (Figures S4P and S4Q).

Intriguingly, MYBL2 protein expression levels remained un-

changed 3 h after PPZ/iHAP1 treatment but were significantly

reduced at 6 h in a dose-dependent manner (Figure S3B).

In contrast, the mRNA expression levels ofMYBL2were recipro-

cally upregulated by 6 h after treatment with 10 mM PPZ or 1 mM

iHAP1 (Figure S3C). Thus, dephosphorylation of the MYBL2

transcription factor because of PPZ/iHAP1 treatment appears

to accelerate degradation of the MYBL2 protein. To verify the

shortened half-life of dephosphorylated MYBL2, we examined

the stability of MYBL2 protein levels in cells treated with cyclo-

heximide to block new protein synthesis. In the presence of
708 Cell 181, 702–715, April 30, 2020
cycloheximide, the MYBL2 protein half-life was �8 h in control

cells compared with �2 h in KOPT-K1 cells treated with PPZ or

iHAP1 (Figures S3D–S3G). In addition, comparison of the exoge-

nously expressed wild-type (WT) or S241A mutant of MYBL2

showed a significantly shortened half-life when alanine was

substituted for serine at S241 in the MYBL2 protein (S241A) (Fig-

ures S3H and S3I). In contrast, substitution of aspartic acid for

serine (S241D) enhanced the stability of the MYBL2 protein (Fig-

ures S3J and S3K), indicating that phosphorylation of MYBL2 on

Ser241 protects this transcription factor from protein degrada-

tion. Thus, PP2A activators of the PPZ/iHAP1 class exert their

antitumor activities at least in part by promotingMYBL2degrada-

tion after it is dephosphorylated on Ser241.

iHAP1 Activity against Other Types of Leukemias and
Solid Tumors
The mechanisms of iHAP1-mediated growth inhibition and

killing of T-ALL cells identified here are highly relevant to other
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cancers. As shown in Figures S5A, S5B, S5F, S5J, S5K, and S5O,

iHAP1 or PPZ treatmentmarkedly suppressed the growth of neu-

roblastoma and acute myeloid leukemia (AML) cells by arresting

cell cycle progression at prometaphase with spindle monopolar-

ity, reiterating the phenotype observed for T-ALL cells. In agree-

ment with these findings, depletion of MYBL2 with shRNAs or

functional inactivation using the S241A single amino acid substi-

tution suppressed cell growth in both tumor types, producing

an identical pattern of cell cycle arrest as observed in T-ALL

cells (Figures S5C, S5D, S5L, and S5M). Expression of the

S241D mutant of MYBL2 conferred resistance to iHAP1 treat-

ment in both tumor types (Figures S5D, S5E, S5M, and S5N). In

addition, the protein expression levels of MYBL2were decreased

in a time- and dose-dependent manner after iHAP1 treatment in

Kelly and KG1 cells (Figures S5G and S5P). Thus, the mecha-

nisms responsible for iHAP1-mediated antitumor activity appear

to be conserved among different types of leukemias and solid tu-

mors, consistent with recent studies emphasizing a general role

of overexpression of MYBL2 and the MYBL2-MuvB complex in

the pathogenesis of most human cancers (Sadasivam and De-

Caprio, 2013; Werwein et al., 2019)

Two Classes of Allosteric Activators of PP2A Nucleate
Holoenzymes Containing Different Regulatory Subunits
To identify the subunits of PP2A that are essential for the anti-

tumor activity of iHAP1, we first used CRISPR-Cas9 to generate

sublines of KOPT-K1 T-ALL cells, each lacking one of the 19

specific PP2A subunits (Figure S6A), and examined their sensi-

tivity to iHAP1-induced growth inhibition. Intriguingly, as shown

in Figures 6A and S6C, KOPT-K1 cells showed resistance to

iHAP1 or PPZ treatment only when the PPP2R1A, PPP2CA,

or PPP2R5E (B56ε) subunits were disrupted with specific guide

RNAs. The fact that cells with inactivation of these three PP2A

subunits are resistant to iHAP1/PPZ treatment indicates that

these two phenothiazines do not act by interfering with tubulin

polymerization, as reported for some other phenothiazines

(Prinz et al., 2011, 2017). We also verified that PPZ and iHAP1

at concentrations up to 5 mMdo not affect tubulin polymerization

in biochemical assays (Figures S6D and S6E).

To determine whether iHAP1 treatment induces the identical

subunits to formaheterotrimeric PP2Aenzyme in neuroblastoma

as in T-ALL cells, we establishedKelly cells that stably expressed

shRNAs targeting each of the subunits of PP2A. As shown in Fig-

ures S5H and S5I, Kelly cells acquired resistance to iHAP1 treat-

ment when the expression levels of each of the subunits

PPP2R1A, PPP2CA, or PPP2R5E (B56ε) was downregulated

but notwhenPPP2R2A (B55a) wasdownregulated. These results

indicate that iHAP1 consistently induces formation of the hetero-

trimeric PP2A holoenzyme complex containing PPP2R1A,

PPP2CA, andPPP2R5E (B56ε) in diverse typesof humancancers

and expands the robustness of our findings beyond T-ALL cells.

With this panel of PP2A subunit knockout cells in hand, we

next identified the PP2A subunits required for growth suppres-

sion by SMAP small molecules, a second class of allosteric

activators of PP2A (Sangodkar et al., 2017). Focusing on DT-

061, the foundingmember of the SMAP class of PP2A activators,

we observed that the cells were resistant to treatment with

this activator only when one of the PPP2R1A, PPP2CA, or
PPP2R2A (B55a) subunits was disrupted (Figure 6B). Hence,

SMAPs activate a PP2A holoenzyme with the PPP2R2A (B55a)

rather than the PPP2R5E (B56ε) regulatory subunit. Because

the regulatory subunit of PP2A determines substrate specificity

(Cundell et al., 2016; Hertz et al., 2016; Sangodkar et al.,

2016), these findings indicate that the different PP2A complexes

activated by iHAP1/PPZ and SMAP target different signal trans-

duction pathways.

Focusing on the phosphatase activity of PP2A, we expressed

FLAG-tagged C subunit proteins (PPP2CA and PPP2CB) in

KOPT-K1 cells, each lacking functional scaffold A subunits

(PPP2R1A or PPP2R1B) or regulatory B subunits (PPP2R5E

[B56ε] or PPP2R2A [B55a]) and measured phosphatase activity

after treatment with iHAP1 or SMAP. As shown in Figures 6D and

S6F, iHAP1 or PPZ treatment potently induced phosphatase

activity of PP2A in WT KOPT-K1 cells but did not activate

PP2A in KOPT-K1 cells lacking PPP2R1A or PPP2R5E (B56ε).

In contrast, SMAP treatment failed to induce phosphatase activ-

ity in KOPT-K1 cells when the PPP2R1A or PPP2R2A (B55a)

subunits were disrupted but induced phosphatase activity in

cells lacking PPP2R5E (B56ε) (Figure 6E).

To directly identify the PP2A subunits included in PP2A

complexes activated by these different classes of small mole-

cules, we prepared cells stably expressing N-terminal FLAG-

tagged PPP2CA and PPP2CB, treated with either 1 mM iHAP1

or 10 mM SMAP or DMSO for 24 h, coimmunoprecipitated the

PP2A subunits with anti-FLAG antibody, and blotted with anti-

bodies that detect each of the 19 PP2A subunits (Figure 6C).

DMSO-treated cells harbored PP2A complexes containing the

PPP2R1A scaffold A subunit and each of the STRN regulatory B

subunits as well as a small amount of background detection of

PPP2R5A (B56a). Upon iHAP1 stimulation, complexes containing

the PPP2R1A scaffold A subunit were retained, now in complexes

with the PPP2R5E (B56ε) regulatory B subunit. PP2A complexes

lost the STRN subunits in iHAP1-treated cells, indicating that the

small molecule induces the PPP2R5E (B56ε) regulatory B subunit

to replace STRN subunits in PP2A complexes. We also showed

that iHAP1 treatment acts exclusively to drive the assembly of

trimeric PP2A-B56ε in cells expressing C subunits that lack

Lys309 methylation and does not affect the phosphatase activity

of preformed PP2A-B56ε complexes (Figure S6G), which form

spontaneously when Lys309 ismethylated in PPME1 knockdown

cells (Figures 7 and S7). In contrast, after SMAP stimulation, the

immunoprecipitated complexes retain the PPP2R1A scaffold

subunit but gain thePPP2R2A (B55a) regulatoryB subunit instead

of the PPP2R5E (B56ε) regulatory B subunit (Figure 6C). In SMAP-

treated cells, PP2A complexes also lose the STRN proteins, but

for this class of activators, the STRN proteins are replaced by

the PPP2R2A (B55a) regulatory B subunit. Thus, our results indi-

cate that each class of these small molecules allosterically acti-

vates characteristic heterotrimeric PP2Acomplexeswithdifferent

regulatory B subunits: PP2A -B56ε for PPZ or iHAP1, and PP2A-

B55a for SMAPs.

SMAP-Activated PP2A-B55a Complexes Do Not Arrest
Cells in Prometaphase
We identified the peptide containing MYBL2 Ser241 by SILAC

phosphoproteomics in KOPT-K1 cells treated for 3 h with
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Figure 6. Identification of the Subunits of PP2A Required for the Phosphatase Activation and Antitumor Activities of iHAP1 and SMAP

(A and B) Sensitivity to (A) iHAP1 and (B) SMAP, as tested in KOPT-K1 cells with selective inactivation of PP2A subunits. Each subunit was knocked out by

CRISPR-Cas9 with use of two unique guide RNAs (gRNAs) designed for each subunit (#1 and #2; Figure S6). Control gRNA targeted the luciferase gene. Cells

were treated with 0.5 mM iHAP1 or 5 mM SMAP for 72 h and then examined for viability. *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test, comparing the

means ± SD of three biological replicates versus controls.

(C) Coimmunoprecipitation assays using an anti-FLAG antibody to pull down N-terminal FLAG-tagged PPP2CA and PPP2CB expressed in KOPT-K1 cells. Cell

lysates were treated with 1 mM iHAP1, 10 mM SMAP, or DMSO for 1 h at room temperature. Then PP2A subunits were coimmunoprecipitated with the FLAG-

tagged C subunits and detected by western blotting with antibodies specific for each subunit.

(D and E) Phosphatase activity of PP2A in control KOPT-K1 cells compared with KOPT-K1 cells with selective PP2A subunit inactivation. Cells were treated with

(D) iHAP1 or (E) SMAP at various concentrations for 3 h. KO indicates knockout of the gene in KOPT-K1 cells. Values are shown as means ± SD of four biological

replicates versus controls. *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test.
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Figure 7. Depletion of PPME1, an Endogenous Inhibitory Protein of PP2A, Induces Prometaphase Cell Cycle Arrest in T-ALL Cells through

Formation of the PP2A-B56ε Holoenzyme

(A) The mRNA expression levels of PPME1 were compared in human normal CD34+ hematopoietic cells (n = 3), normal differentiated T cells (n = 17), patient-

derived primary T-ALL cells (n = 13), and T-ALL cell lines (n = 4; Jurkat, KARPAS45,MOLT3, andMOLT16 [GEO: GSE48558]). *p < 0.05 and **p < 0.01 by Student’s

t test, comparing the means ± SD of versus normal CD34+ cells.

(B) Representative western blots of lysates of KOPT-K1 cells expressing doxycycline-induced shRNAs targeting PPME1 (sh_PPME1 #1 and #2) or the luciferase

control (sh_Luc). The protein expression levels of PPME1, total PPP2CA, methylated PPP2CA at L309, unmethylated PPP2CA at L309, and b actin were

examined by immunoblotting with specific antibodies.

(C) Coimmunoprecipitation assay using anti-FLAG tag antibody in cell lysate from KOPT-K1 cells expressing FLAG-tagged PPP2CA andPPP2CB and shRNAs

targeting PPME1 (sh_PPME1 #1 and #2) or the luciferase control (sh_Luc.). Expression of shRNAs was induced with 3 mM doxycycline for 48 h. Immunopre-

cipitates were blotted with antibodies uniquely detecting each of the PP2A subunits.

(D) Representative western blot images of methylated and unmethylated PPP2CA proteins immunoprecipitated from transfected insect cells. Methylation of

PPP2CA at L309 was carried out by incubation with LCMT1, demethylation of PPP2CA at L309 was carried out by incubation with PPME1, and products were

detected by antibodies against methylated or unmethylated PPP2CA L309.

(E) Western blots with the indicated antibodies of coimmunoprecipitated proteins with anti-FLAG antibody of insect-produced subunit proteins, including

methylated or unmethylated FLAG-tagged PPP2CA, PPP2R1A, and PPP2R5E (B56ε), after 1-h incubation with or without 1 mM iHAP1.
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10 mM SMAP and determined that p-MYBL2 Ser241 was

unchanged compared with the DMSO control (p = 0.15 by

Student’s t test). Then we examined the effects of SMAP

treatment on the cell cycle and demonstrated a pronounced

arrest at G0/G1 phase without evidence of an increase in

prometaphase cells (Figure S6H). SMAP treatment inhibited

the growth of T-ALL cells, with IC50 values of 3-5 mM for

each cell line tested (KOPT-K1, SUPT-13, and RPMI-8402

cells) (Figure S6I). Further experiments with SMAP-treated

cells showed that, excluding HAUS8, the expression levels

of the genes required in prometaphase to establish a bipolar

spindle (PLK1, PLK4, AURKA, KIF11, SASS6, RCC1,
HAUS8, TPX2, PCNT, CENPJ, and TUBG1) remained un-

changed or were upregulated, verifying that MYBL2 function

is not impaired by SMAP-induced PP2A complexes (Fig-

ure S6J). Moreover, when we treated cells with SMAP after

endogenous MYBL2 knockdown and attempted rescue with

the phosphomimetic MYBL2 S241D mutant, the cells were

as sensitive to SMAP as WT cells (Figure S6K), in contrast

to the resistance of these cells to iHAP1/PPZ treatment (Fig-

ure 5C). Thus, although SMAPs and iHAP1/PPZ can act as

molecular switches to suppress tumor cell growth, these

classes of compounds act by allosterically activating distinct

PP2A complexes with different regulatory subunits that
Cell 181, 702–715, April 30, 2020 711
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direct them to dephosphorylate different substrates and

downregulate different oncogenic pathways.

Knockdown of PPME1, an Endogenous PP2A Inhibitor,
Activates PP2A-B56ε Complexes and Causes Cell Cycle
Arrest in Prometaphase
PP2A can be activated through methylation of Lys309 in the cat-

alytic subunit by leucine carboxyl methyltransferase 1 (LCMT1)

(Stanevich et al., 2011). This modification can be reversed

by the protein phosphatase methylesterase-1 (PPME1), which

is recruited to the catalytic subunit to remove the L309 methyl-

ation, inhibiting PP2A subunit assembly and activity (Kaur and

Westermarck, 2016). Indeed, expression of PPME1 is strikingly

upregulated in primary T-ALL cells and T-ALL cell lines

compared with normal T cells and normal CD34+ human he-

matopoietic cells (GEO: GSE48558; Figure 7A; Cramer-Morales

et al., 2013). We knocked down PPME1 expression levels

using shRNAs and demonstrated, by blotting with methylation-

specific antibodies, that loss of this inhibitor results in an in-

crease in levels of the PPP2CA catalytic subunit with methylated

Lys309 and a decrease in the subunit with unmethylated

Lys309 (Figure 7B). PPME1 knockdown also caused a marked

inhibition of cell growth (Figure S7A).

We then examined the cellular phenotype of T-ALL cells after

conditional depletion of PPME1, observing prometaphase

cell cycle arrest with spindle monopolarity (Figures S7B–S7D),

the same phenotype induced by iHAP1/PPZ treatment (Figure 3).

After 6 h, PPME1 depletion also led to downregulation of the

protein expression levels of MYBL2 (Figure S7E) and downregu-

lated mRNA expression of the target genes of MBL2-MuvB

(multi-vulval class B) complexes that regulate centriole compo-

nents and key regulators of spindle bipolarity in KOPT-K1 cells

(Figure S7F; McKinley and Cheeseman, 2017). Thus, loss of

PPME1 yields the same cellular phenotype as iHAP1/PPZ

treatment, indicating that upregulation of this phosphatase

methylesterase by cancer cells specifically suppresses the

activation of PP2A holoenzymes containing the B56 family of

regulatory subunits, including PPP2R5E (B56ε).

To eliminate the possibility that individual anti-C antibodies

may preferentially bind methylated versus unmethylated C

proteins, we prepared KOPT-K1 cells expressing N-terminal

FLAG-tagged versions of both C subunits, either the inducible

shRNA sh_PPME1 or control sh_Luc. In control cells with

induced sh_Luc expression, anti-FLAG immunoprecipitation

pulled down the PPP2R1A scaffold subunit, members of the

STRN family of regulatory subunits, PPP2R5A (B56a), and small

amounts of one of the splice forms of PPP2R5C (B56g) (Fig-

ure 7C). In cells with PPME1 knockdown, the main new finding

was that PPP2R5D (B56d) and PPP2R5E (B56ε) were also

immunoprecipitated with the catalytic subunit together with

the PPP2R1A scaffold subunit and more PPP2R5A (B56a).

Notably, the complex formed in the presence of PPZ/iHAP1

containing PPP2R5E (B56ε) was identified, indicating that this

complex is not formed in untreated T-ALL cells specifically

because of overexpression of PPME1. Interestingly, the three

STRN family proteins were no longer immunoprecipitated

with the catalytic subunit, indicating that, in the absence of

PPME1, the methylated catalytic subunit no longer binds to
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the STRN subunits (Figure 7C). Importantly, PPME1 knock-

down did not nucleate the assembly of PP2A holoenzymes con-

taining the PPP2R2A (B55a) regulatory subunit (Figure 7C),

which is necessary for the antitumor activity of SMAPs

(Figure 6B).

We then used in vitro assays to assess the roles of PPME1

and LCMT1 with purified human PP2A proteins synthesized

from cDNAs in insect cells and isolated by immunoprecipitation.

First, we performed a protein pull-down assay with anti-FLAG

antibody using the N-terminal-tagged PPP2CA subunit ex-

pressed and immunoprecipitated from insect cells, either unme-

thylated or methylated on Lys309, after incubation for 1 h with

PPP2R1A and PPP2R5E (B56ε) (Figures 7D, 7E, and S7G). We

found that the heterotrimeric PP2A holoenzyme formed sponta-

neously only when the PPP2CA subunit was methylated on

Lys309 using LCMT1, whereas unmethylated PPP2CA formed

heterodimers with PPP2R1A (Figure 7E). Importantly, we found

that iHAP1 drives assembly of the PP2A complex containing

unmethylated PPP2CA, PPP2R1A, and PPP2R5E (B56ε) (Fig-

ure 7E), overriding the inhibitory effects of the PPME1 protein.

DISCUSSION

Because PP2A enzyme activity is suppressed in cancer cells

by overexpressed inhibitory proteins, there is broad interest in

using small molecules to activate its tumor suppressor activity.

Small molecules that serve as allosteric switches to override

PP2A inhibitors will enable experimental investigation of mecha-

nisms through which distinct enzyme complexes suppress tu-

mor cell growth. Our original finding that the neuroleptic com-

pound PPZ is able to bind the PP2A structural subunit, activate

formation of a heterotrimeric holoenzyme, and trigger its phos-

phatase activity in T-ALL cells was intriguing (Gutierrez et al.,

2014). This insight suggested a means to identify the precise

PP2A complex that is allosterically activated by PPZ and to

dissect the biochemical mechanisms by which its phosphatase

activity leads to tumor cell death. Thus, in our current study,

we sought to identify phenothiazine analogs that activate

PP2A but do not inhibit dopamine receptor signaling, as the latter

effect is not required for antitumor activity and mediates severe

extrapyramidal movement disorders. This neurologic toxicity

has prohibited mechanistic studies of PPZ in animal models as

well as any hope of repurposing phenothiazines for use as anti-

cancer drugs.

Here we report PPZ analogs that activate PP2A and induce

apoptosis in malignant cells but do not inhibit dopamine re-

ceptor signaling and, thus, do not produce prohibitive toxicity

in the form of movement disorders. Using the most effective of

these analogs, iHAP1, and the CRISPR-Cas9 system to

disrupt each of the recognized subunits of PP2A, we show

that three specific subunits are required for the antitumor ef-

fects of this class of small molecules: PPP2R1A (scaffold),

PPP2CA (catalytic), and PPP2R5E (B56ε, regulatory). We

also found that DT-061, representing the SMAP class of allo-

sterically acting compounds (Sangodkar et al., 2017), acti-

vates a PP2A complex containing the same scaffold and cat-

alytic subunits recognized by iHAP1. Surprisingly, instead of

the PPP2R5E (B56ε) regulatory subunit, SMAP-induced
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PP2A complexes contain PPP2R2A (B55a), which dictates a

holoenzyme with different substrate specificities and mecha-

nisms of antitumor activity.

One of the advantages of studying amino acid modification by

phosphorylation is the ability to substitute alanine, a nonphos-

phorylatable residue, or aspartic acid, a phosphomimetic resi-

due, in place of serine or threonine. Using this approach in our

functional analyses, we showed that PP2A-mediated dephos-

phorylation of p-MYBL2 Ser241 is necessary and sufficient for

the antitumor activity of iHAP1. It is remarkable that the effects

of this specific PP2A enzyme complex on tumor cell growth

and viability can be traced to a single phosphorylated serine

within the transactivation domain of MYBL2. Presumably, the

phosphorylation levels of other substrates of this phosphatase

are effectively monitored by cells to ensure the integrity of key

signal transduction pathways. In most instances, loss of phos-

phorylation because of aberrant phosphatase activity can

be rapidly compensated through adaptive upregulation of the

activity of key serine/threonine protein kinases. Further study

will be required to determine why malignant cells treated

with iHAP1 are unable to upregulate the phosphorylation of

MYBL2 Ser241 to compensate for its dephosphorylation by the

activated PP2A-B56ε complex. Importantly, we show that

T-ALL cells express at least 15-fold higher levels of the functional

MYBL2 protein (isoform 1) relative to normal human CD34+

HSPCs, which express the inactive isoform 2 and almost unde-

tectable levels of isoform 1 (Figure S4B; Horstmann et al.,

2000). It appears that cancer cells massively upregulate

MYBL2 during transformation and, in the process, develop

increased dependence on Ser241 phosphorylation and its role

in transactivation of the expression of genes whose products

are required in prometaphase. An important experiment for

future studies will be to introduce the point mutations that

encode MYBL2 S241D into the endogenous MYBL2 gene of

T-ALL cells because this represents a possible resistance muta-

tion that would likely be selected for by human cancers treated

with iHAP1-related small molecules.

An unexpected finding in our in vivo xenograft experiments

was that, after a robust initial response of human T-ALL cells

over the first week of iHAP1 treatment, leukemia cells regrew

and killed leukemia-bearing mice within 10–15 days. One

possible explanation is that iHAP1may have induced expression

of hepatic cytochrome P450 enzymes, which progressively

shortened the half-life of the drug after repeated daily dosages

in vivo, eventually leading to ineffective plasma levels of the small

molecule and, thus, to regrowth of leukemia cells.

Our results illustrate the exquisite selectivity with which

different classes of small molecules can allosterically activate

PP2A complexes that contain different regulatory subunits.

This property underscores the ability of these activators to func-

tion as conditional gain-of-function molecular switches that are

ideally suited to selectively activate a single PP2A complex

among the many that could possibly form. Hence, they provide

ideal probes to determine whether a specific PP2A complex is

sufficient to mediate unique physiologic and pathogenic pheno-

types and to decipher associated biochemical mechanisms.

Experimental approaches to test the activities of PP2A enzymes

containing different regulatory subunits are important, consid-
ering the potential effect that has been postulated for dysregu-

lated PP2A on the pathogenesis of cancer and diseases

involving multiple organ systems (Sangodkar et al., 2016). The

use of small molecules to assemble PP2A enzymes with specific

combinations of subunits will enable investigators to determine

whether targeted phosphatase activity can interfere with a

wide variety of disease processes while offering new lead com-

pounds for drug discovery.
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Montoya, G., Olsen, J.V., and Nilsson, J. (2016). A conserved motif provides

binding specificity to the PP2A-B56 phosphatase. Mol. Cell 63, 686–695.

Horstmann, S., Ferrari, S., and Klempnauer, K.H. (2000). An alternatively

spliced isoform of B-Myb is a transcriptional inhibitor. Oncogene 19,

5428–5434.

Hwang, J., Lee, J.A., and Pallas, D.C. (2016). Leucine carboxyl methyltransfer-

ase 1 (LCMT-1) methylates protein phosphatase 4 (PP4) and protein phospha-

tase 6 (PP6) and differentially regulates the stable formation of different PP4

holoenzymes. J. Biol. Chem. 291, 21008–21019.

Jeanneteau, F., Diaz, J., Sokoloff, P., and Griffon, N. (2004). Interactions of

GIPCwith dopamine D2, D3 but not D4 receptors define a novel mode of regu-

lation of G protein-coupled receptors. Mol Biol Cell 15, 696–705.

Johnson, T.K., Schweppe, R.E., Septer, J., and Lewis, R.E. (1999). Phosphor-

ylation of B-Myb regulates its transactivation potential and DNA binding. J Biol

Chem 274, 36741–36749.

Kastrinsky, D.B., Sangodkar, J., Zaware, N., Izadmehr, S., Dhawan, N.S.,

Narla, G., and Ohlmeyer, M. (2015). Reengineered tricyclic anti-cancer agents.

Bioorg. Med. Chem. 23, 6528–6534.

Kauko, O., O’Connor, C.M., Kulesskiy, E., Sangodkar, J., Aakula, A., Izadmehr,

S., Yetukuri, L., Yadav, B., Padzik, A., Laajala, T.D., et al. (2018). PP2A inhibi-

tion is a druggable MEK inhibitor resistance mechanism in KRAS-mutant lung

cancer cells. Sci. Transl. Med. 10.

Kaur, A., and Westermarck, J. (2016). Regulation of protein phosphatase 2A

(PP2A) tumor suppressor function by PME-1. Biochem. Soc. Trans. 44,

1683–1693.

Leulliot, N., Quevillon-Cheruel, S., Sorel, I., Li de La Sierra-Gallay, I., Collinet,

B., Graille, M., Blondeau, K., Bettache, N., Poupon, A., Janin, J., and van Til-

beurgh, H. (2004). Structure of protein phosphatase methyltransferase 1

(PPM1), a leucine carboxyl methyltransferase involved in the regulation of pro-

tein phosphatase 2A activity. J. Biol. Chem. 279, 8351–8358.

Li, Z., He, S., and Look, A.T. (2019). The MCL1-specific inhibitor S63845 acts

synergistically with venetoclax/ABT-199 to induce apoptosis in T-cell acute

lymphoblastic leukemia cells. Leukemia 33, 262–266.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HRP-conjugated anti-rabbit IgG Antibody Santa Cruz Biotechnology Cat#sc-2004; RRID:AB_631746

HRP-conjugated anti-mouse IgG Antibody Santa Cruz Biotechnology Cat#sc-516102;RRID:AB_2687626

HRP-conjugated anti-goat IgG Antibody Thermo Fisher Scientific Cat#31402; RRID:AB_228395

normal goat IgG control R&D Systems Cat#AB-108-C; RRID:AB_354267

Primary antibodies for western blot,

immunohistochemistry and flow

cytometry, see Table S5

This paper N/A

Bacterial and Virus Strains

One Shot Stbl3 Chemically Competent E. coli Invitrogen Cat#C737303

Biological Samples

Patient-derived xenografts (PDX) T-ALL sample case 1 PROXE, DFCI Cat#MAAT-51935

Patient-derived xenografts (PDX) T-ALL sample case 2 PROXE, DFCI Cat#DFAT-28537

Patient-derived xenografts (PDX) T-ALL sample case 3 PROXE, DFCI Cat#BCAT-45575

Patient-derived xenografts (PDX) T-ALL sample case 4 PROXE, DFCI Cat#BCAT-15776

Human CD34+ HSPCs Pasquarello Tissue Bank, DFCI N/A

Chemicals, Peptides, and Recombinant Proteins

Chemicals tested in Figure 1, see Table S1 This paper N/A

Recombinant mouse IL-7 Peprotech Cat#217-17

Recombinant human IL-2 Peprotech Cat#200-02

Polyethylenimine Sigma-Aldrich Cat#408727

FuGene HD Promega Cat#E2311

Tris-HCl Sigma-Aldrich Cat#10812846001

TCEP Sigma-Aldrich Cat#C4706

PMSF Roche Cat#10837091001

Sodium chloride Sigma-Aldrich Cat#S9888

3X FLAG Peptide Millipore Cat#F4799

d-biotin IBA Cat#2-1016

Imidazole Fisher Chemical Cat#O3196-500

Propidium iodide Sigma-Aldrich Cat#P4864

RNase Thermo Fisher Scientific Cat#EN0531

Triton X-100 Sigma-Aldrich Cat#T8787

DMSO Fischer scientific Cat#BP231-100

Doxycycline Sigma-Aldrich Cat#D9891

S-adenosyl methionine Cayman Chemical Cat#13956

Formaldehyde Sigma-Aldrich Cat#252549

Critical Commercial Assays

Pierce coimmunoprecipitation kit Thermo Fisher Scientific Cat#26149

FLAG� Immunoprecipitation Kit Millipore Cat#FLAGIPT1

PP2A Immunoprecipitation Phosphatase

Assay kit (modified; see Method Details)

Millipore Cat#17-313

Tubulin polymerization assay > 99% pure

tubulin, fluorescence-based kit

CYTOSKELETON, INC Cat#BK011P

(Continued on next page)
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Experimental Models: Cell Lines

SUPT-13 Dr. Smith, University

of Chicago, USA

RRID:CVCL_9973

KOPT-K1 Dr. Nakazawa, University

of Yamanashi, Japan

RRID:CVCL_4965

RPMI-8402 DSMZ Cat#ACC 290, RRID:CVCL_1667

MOLT4 ATCC Cat#CRL-1582, RRID:CVCL_0013

Jurkat ATCC Cat#TIB-152, RRID:CVCL_0367

Kelly DSMZ Cat#ACC 355, RRID:CVCL_2092

BE2C ATCC Cat#CRL-2268, RRID:CVCL_0529

SKNAS ATCC Cat#CRL-2137, RRID:CVCL_1700

MHH-NB-11 DSMZ Cat#ACC 157, RRID:CVCL_1412

NBL-S DSMZ Cat#ACC 656, RRID:CVCL_2136

SHEP Maris lab, Children’s Hospital

of Philadelphia, USA

RRID:CVCL_0524

EBC1 Maris lab, Children’s Hospital

of Philadelphia, USA

RRID:CVCL_2891

NGP DSMZ Cat#ACC 676, RRID:CVCL_2141

GIMEN DSMZ Cat#ACC 654, RRID:CVCL_1232

SKNFI ATCC Cat#CRL-2142, RRID:CVCL_1702

KG1 ATCC Cat#CCL-246, RRID:CVCL_0374

MOLM13 DSMZ Cat#ACC 554, RRID:CVCL_2119

Kasumi-1 ATCC Cat#CRL-2724, RRID:CVCL_0589

OCI-AML2 DSMZ Cat#ACC 99, RRID:CVCL_1619

OCI-AML3 DSMZ Cat#ACC 582, RRID:CVCL_1844

MV4-11 ATCC Cat#CRL-9591, RRID:CVCL_0064

HEL ATCC Cat#TIB-180, RRID:CVCL_2481

SET-2 DSMZ Cat#ACC 608, RRID:CVCL_2187

THP1 ATCC Cat#TIB-202, RRID:CVCL_0006

HEK293T ATCC Cat#CRL-3216, RRID:CVCL_0063

Sf9 ATCC Cat#CRL-1711, RRID:CVCL_0549

High Five Thermo Fisher Scientific Cat#B85502, RRID:CVCL_C190

Experimental Models: Organisms/Strains

Mouse: C57BL/6 The Jackson Laboratory Cat#000664

Mouse: NSG (NOD/Scid/ IL2Rgnull) The Jackson Laboratory Cat#005557

Tg(rag2:Myc; rag2:EGFP) transgenic zebrafish Look lab, DFCI, USA N/A

Casper Fish Zon lab, Boston Children’s

Hospital, USA

Cat#155590

Oligonucleotides

CRISPR-Cas9 target sequences: see Table S2 This paper N/A

shRNA target sequences: see Table S3 This paper N/A

PCR primers for RT-PCR: see Table S4 This paper N/A

PCR primers for gene cloning: see Table S6 This paper N/A

PCR primer: PLK1 promoter cloning forward:

50-CCCTCTGACCAAGAAACTGAGT-30
This paper N/A

PCR primer: PLK1 promoter cloning reverse:

50-GCCCTTACCAAAGACACTTTCC-30
This paper N/A

(Continued on next page)
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PCR primer: KIF11 promoter cloning forward:

50-GGCGAGTGCTTACCATATATTCC-30
This paper N/A

PCR primer: KIF11 promoter cloning reverse:

50-AGGGCTGAGTAAACAATAGCCTAAG-30
This paper N/A

Recombinant DNA

Plasmid: PX458 Ran et al., 2013 Addgene plasmid #48138

Plasmid: pENTR4-H1tetOx1 Dr. H. Miyoshi, RIKEN, BRC, Japan N/A

Plasmid: CS-RfA-ETBsd Dr. H. Miyoshi, RIKEN, BRC, Japan N/A

Plasmid: GFP-DRD2 Jeanneteau et al., 2004 Addgene plasmid #24099

Plasmid: qi5 Conklin et al., 1993 Addgene plasmid #24501

Plasmid: pCW57.1 Root lab, Broad Institute, MIT. Addgene plasmid #41393

Plasmid: pENTR1A dual selection vector Thermo Fisher Scientific Cat#A10462

Plasmid: CSII-EF-MCS-IRES2-Venus Dr. H. Miyoshi, RIKEN, BRC, Japan N/A

Plasmid: CSII-EF-MCS-IRES2-hKO1 Dr. H. Miyoshi, RIKEN, BRC, Japan N/A

Plasmid: PathDetect pSRE-Luc Cis-Reporter Agilent Technologies Cat#219080

Plasmid: pMD2.G Trono lab, EPFL, France Addgene plasmid #12259

Plasmid: psPAX2 Trono lab, EPFL, France Addgene plasmid #12260

Plasmid: pAC8RedNK Abdulrahman et al., 2009 N/A

Plasmid: pGL4.20 Promega Cat#E6751

Plasmid: pCDNA3 WT B-Myb Johnson et al., 1999 Addgene Plasmid #25965

Plasmid: pRL-CMV Promega Cat#E2261

Software and Algorithms

GraphPad Prism (version 7) GraphPad RRID: SCR_002798

Microsoft Excel Microsoft RRID: SCR_016137

ImageJ (version 1.49u) Schneider et al., 2012 https://imagej.net/Welcome

FlowJo (version 10.6.1.) FlowJo, LLC RRID:SCR_008520

Other

Q5 Site-Directed Mutagenesis Kit New England BioLabs Cat#E0554S

cOmplete Mini EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich Cat#11836170001

Strep-Tactin XT Superflow IBA GMBH Cat#2-4012-001

Ni Sepharose 6 Fast Flow affinity resin GE Healthcare Cat# GE17-5318-01

RNeasy Mini Kit QIAGEN Cat#74104

PrestoBlue Cell Viability Reagent Thermo Fisher Scientific Cat# A13261

SpectraMax M5 Microplate reader Molecular Devices LLC Cat#M5

SuperSignal West Femto Maximum Sensitivity substrate Thermo Fisher Scientific Cat#34095

ImageQuant LAS4000 GE Healthcare Life Sciences Cat#28955810

RPMI 1640 Medium Thermo Fisher Scientific Cat#11875093

Alpha-minimum essential media 1x Glutamax-1 GIBCO Cat#32571-036

Human AB serum Sigma Cat#H4522

Insulin-Transferrin-Selenium GIBCO Cat#41100-045

CD34 MicroBead Kit, human Miltenyi Biotec Cat#130-046-702

StemMACS HSC Expansion Media XF Miltenyi Biotec Cat#130-100-473

StemMACS HSC Expansion Cocktail, human Miltenyi Biotec Cat#130-100-843

Amaxa 4D-Nucleofector Lonza Cat#AAF-1002B

Multiple Lentiviral Expression System Kit Albers et al., 2015 Addgene Kit # 1000000060

FACS cell sorter BD Biosciences Cat#BD FACSAria III

ReverTra Ace� qPCR RT Master Mix TOYOBO Cat#FSQ-201

ESF 921 Insect Cell Culture medium Expression Systems Cat#96-001-01

(Continued on next page)
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SF-900 II SFM medium Thermo Fisher Scientific Cat#10902088

ANTI-FLAG M2 affinity gel Sigma-Aldrich Cat#A2220

SuperBlue Ultra Coomassie stain Protea Biosciences Cat#SB-G250X-KIT

FACS analyzer BD Biosciences Cat#BD FACS LSR II

FACS analyzer BD Biosciences Cat# BD LSRFortessa

Dual-Luciferase� Reporter Assay System Promega Cat#E1910

FITC Annexin V Apoptosis Detection Kit with PI BioLegend Cat#640914

BSA Sigma-Aldrich Cat#A3311

DMEM - Dulbecco’s Modified Eagle Medium Thermo Fisher Scientific Cat#11960069

Acetocarmine solution TCI Chemicals Cat#A0050

Fluorescence Microscope Carl Zeiss Microscopy GmbH Cat#Zeiss Axio Observer

Inverted Fluorescence Microscope

PBS Thermo Fisher Scientific Cat#10010023

SILAC Protein Quantitation Kit (LysC), RPMI 1640 Thermo Fisher Scientific Cat#A33971

Pierce Mass Spec Sample Prep Kit for Cultured Cells Thermo Fisher Scientific Cat#84840

High-Select TiO2 Phosphopeptide Enrichment Kit Thermo Fisher Scientific CatA32993

FBS Thermo Fisher Scientific Cat#16000044
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to the Lead Contact, A. Thomas Look, M. D.

(thomas_Look@dfci.harvard.edu). All unique materials and reagents generated in this study will be made available upon completion

of a material transfer agreement (MTA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models
Eight-week-old female immunocompetent C57BL/6 and immunodeficient NSG (NOD/Scid/ IL2Rgnull) mice were purchased from The

Jackson Laboratory. All mice were housed in the Longwood Center Animal Resources Facility under specific pathogen-free

conditions. The lights were on for 12 h per day, and the temperature was kept at 18-23�C with humidity of 40%–60%. Water and

food were available ad libitum, and the health status was monitored daily. Mice were naive to drug treatment or other manipulations

at the initiation of the experiments, and theywere not involved in any previous procedures. Experiments were performed according to

guidelines approved by the Dana-Farber Cancer Institutional Animal Care and Use Committee under the protocol number 13-057.

Zebrafish Models
All zebrafish studies and maintenance of the animals were performed in accordance with Dana-Farber Cancer Institutional Animal

Care and Use Committee-approved protocol number 02-107. The lights were on 14 hours on per day, and the temperature was

kept at 28�C. Feeding was performed daily beginning at 6 days post fertilization and the health status was monitored daily. For trans-

plantation assays, T-ALL cells were harvested from leukemic 3-month-old immunocompetent Tg(rag2:Myc; rag2:EGFP) transgenic

zebrafish, and transplanted into 2-day-old immunocompetent zebrafish Casper embryos. Zebrafish were naive to drug treatment or

other procedures at the initiation of the experiments and they were not involved in any previous procedures.

Cell Lines
Human T-ALL-derived SUPT-13 (kindly gifted from Dr. Smith, University of Chicago, USA), KOPT-K1 (kindly gifted from Dr. Naka-

zawa, University of Yamanashi, Japan), RPMI-8402 (DSMZ; Cat#ACC 290), MOLT4 (American Type Culture Collection (ATCC);

Cat#CRL-1582) and Jurkat (ATCC; Cat#TIB-152) cells, human neuroblastoma-derived Kelly (DSMZ; Cat#ACC 355), BE2C (ATCC;

Cat# CRL-2268), SKNAS (ATCC; Cat#CRL-2137), MHH-NB-11 (DSMZ; Cat#ACC 157), NBL-S (DSMZ; Cat#ACC 656), SHEP (kindly

gifted from Maris lab, Children’s Hospital of Philadelphia, USA), NGP (DSMZ; Cat#ACC 676), EBC1 (kindly gifted from Maris lab,

Children’s Hospital of Philadelphia, USA), GIMEN (DSMZ; Cat#ACC 654) and SKNFI (ATCC; Cat#CRL-2142) cells, and human

AML-derived KG1 (ATCC; Cat#CCL-246), MOLM13 (DSMZ; Cat#ACC 554), Kasumi-1 (ATCC; Cat#CRL-2724), OCI-AML2 (DSMZ;

Cat#ACC 99), OCI-AML3 (DSMZ; Cat#ACC 582), MV4-11 (ATCC; Cat#CRL-9591), HEL(ATCC; Cat#TIB-180), SET-2 (DSMZ; Cat#-

ACC 608) and THP1 (ATCC; Cat#TIB-202) cells were cultured in Roswell ParkMemorial Institute (RPMI) 1640medium (Thermo Fisher
Cell 181, 702–715.e1–e9, April 30, 2020 e4

mailto:thomas_Look@dfci.harvard.edu


ll
Article
Scientific) supplemented with 10% fetal bovine serum (FBS) at 37�C, 5% CO2. HEK293T cells were cultured in Dulbecco’s Modified

Eagle Medium (DMEM) medium (Thermo Fisher Scientific) supplemented with 10% FBS at 37�C, 5% CO2. Insect Sf-9 (ATCC;

Cat#CRL-1711) and High Five cells (Thermo Fisher Scientific; Cat#B85502) were cultured in ESF 921 Insect Cell Culture medium

(Expression Systems) and SF-900 II SFM medium (Thermo Fisher Scientific), respectively, on a shaker apparatus shaking between

125–150 rpm in a nonhumidified incubator at 26–28�C.

Patient-derived Primary Cells
Low-passage PDX cells can be expanded in NSGmice from almost every T-ALL patient at diagnosis, and are the most useful source

of primary cells because one can perform multiple experiments with these cells without depleting the relatively small number of

leukemic bone marrow cells that are removed during the actual bone marrow aspirate. Four primary human leukemia cells derived

from T-ALL patients with high levels of TAL1 and low levels of CDKN2A expressions (MAAT-51935, DFAT-28537, BCAT-45575 and

BCAT-15776) that had been deidentified and expanded as patient-derived xenografts (PDXs) in NSG mice were obtained from

PROXE (Public Repository of Xenografts, DFCI) through the DFCI Center for Patient Derived Models. As a normal control, we ob-

tained normal CD34+ human hematopoietic and progenitor cells (HSPCs) from an unused and deidentified cryopreserved bag of

CD34+ cells originally harvested for autologous transplantation in an adult patient with lymphoma (Pasquarello Tissue Bank,

DFCI). Primary human T-ALL samples were cultured in alpha-minimum essential media 1x Glutamax-1 (GIBCO 32571-036) medium

containing 10% FBS, 10% human AB serum (Sigma H4522-100ML), 1% L-glutamine, 1% penicillin/streptomycin, 1x Insulin-Trans-

ferrin-Selenium (GIBCO 41100-045), 10ng/ml Recombinant IL-7mouse (Peprotech #217-17), and 10ng/ml Recombinant IL-2 Human

(Peprotech #200-02). CD34+ human HSPCs were enriched with CD34 MicroBead Kit, human (130-046-702, Miltenyi Biotec), and

cultured in StemMACS HSC Expansion Media XF, human (130-100-473, Miltenyi Biotec) supplemented with StemMACS HSC

Expansion Cocktail, human (130-100-843, Miltenyi Biotec).

METHOD DETAILS

CRISPR-Cas9-mediated Gene Inactivation
Specific gRNAs targeting the subunits of human PP2Awere designed and subcloned into pSpCas9(BB)-2A-GFP (PX458; Addgene).

These vectors were nucleofected into KOPT-K1 and RPMI8402 cells with use of Amaxa 4D-Nucleofector (Lonza) and the SF Cell Line

4D-Nucleofector X kit. Nucleofection programs EN-138 and DU-100 were applied to KOPT-K1 and RPMI8402 cells, respectively.

Control gRNA was targeted against luciferase. The target sequences are provided in Table S2.

Dopamine Receptor D2 Activity Assay
Human dopamine receptor D2 (DRD2) and modified murine Gq5i cDNA were obtained from Addgene, and then inserted into the

pENTR1A dual selection vector (Thermo Fisher Scientific), and CSII-EF-MCS-IRES2-Venus and CSII-EF-MCS-IRES2-hKO1 expres-

sion vectors, which were kindly provided by Dr. H. Miyoshi (RIKEN, BRC, Japan). After verifying the PCR products by DNA

sequencing, the DRD2 and theGq5i cDNAs were lentivirally-transduced into HEK293T cells. After establishing HEK293T cells stably

expressing both genes, we transfected them with the PathDetect pSRE-Luc Cis-Reporter plasmid (#219080, Agilent Technologies).

As previously reported, the Gq5i expression enables Gi/o-coupled receptor activity to be detected by using a serum response

element (SRE)-luciferase-specific reporter gene (Al-Fulaij et al., 2007; Conklin et al., 1993). The cells were then starved in FCS-

free DMEM medium for 6 hours before being incubated with 2 mM dopamine hydrochloride (Sigma Aldrich), together with PPZ or

iHAP1 at 0.5 mM for 3 hours. The reporter activity was measured with the Pierce Firefly Luciferase Glow Assay kit (Thermo Fisher

Scientific). Luminescence was monitored with the SpectraMax� M5 Microplate Reader (Molecular Devices LLC).

Production and Transduction of Lentivirus
FLAG-tagged PPP2CA (N terminus) and FLAG-tagged PPP2CB (N terminus) were subcloned into pMuLE Lenti Dest Neo vector

using Multiple Lentiviral Expression System Kit (Addgene). To produce lentivirus, we transiently cotransfected HEK293T cells with

lentivirus vectors with psPAX2 and pMD2.G by polyethylenimine (PEI; Sigma-Aldrich). Forty-eight hours after transfection, viral

supernatants were collected and immediately used for infection, after which the successfully transduced cells were sorted by

flow cytometer Aria III (BD Biosciences).

shRNA interference
Specific shRNAs targeting human MYBL2, PPP2R1A, PPP2CA, PPP2R5E (B56ε) and PPP2R2A (B55a) were designed and subcl-

oned into pENTR4-H1tetOx1 and CS-RfA-ETBsd vectors, which were kindly provided by Dr. H. Miyoshi (RIKEN, BRC, Japan). Non-

targeting control shRNA was designed against luciferase. The target sequences are provided in Table S3.
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RT-qPCR
Total RNAwas isolated with RNeasyMini Kit (QIAGEN) and reverse transcribed with ReverTra Ace� qPCR RTMaster Mix (TOYOBO)

to generate cDNA. RT-qPCR was carried out with a 7500 Real-Time PCR System (Applied Biosystems) according to the manufac-

turer’s instructions. The results were normalized to GAPDH levels. Relative expression levels were calculated by the 2–DDCtmethod.

Primers used for RT-qPCR are listed in Table S4.

Cell Viability Assay
In the cell viability assay, cells were seeded at a density of 3 3 105 cells/ml. Compounds were added to the culture medium at

the indicated concentrations, and cells were incubated for 72 hours on 96-well plates. Cell viability was then assessed by PrestoBlue

Cell Viability Reagent (Thermo Fisher Scientific). Fluorescence was measured with the SpectraMax M5Microplate reader (Molecular

Devices LLC). Percent inhibition curves were drawn by PRISM software (GraphPad) and IC50 values for each compound were calcu-

lated by the median-effect method (Chou and Talalay, 1984).

Western Blotting
Western blotting was conducted as described previously (Morita et al., 2015). Membranes were probed with the primary antibodies

listed in Table S5. HRP-conjugated anti-rabbit IgG (sc-2004; Santa Cruz Biotechnology), anti-mouse IgG (sc-516102; Santa Cruz

Biotechnology) and anti-goat IgG (#31402, Thermo Fisher Scientific) were used as the secondary antibodies. Blots were incubated

with SuperSignal West Femto Maximum Sensitivity substrate (Thermo Fisher Scientific) and then visualized with ImageQuant

LAS4000 (GE Healthcare Life Sciences).

Coimmunoprecipitation Assay
Coimmunoprecipitation assays were performed with anti-PPP2R5E (B56ε) antibody (Pierce coimmunoprecipitation kit; Thermo

Fisher Scientific), anti-PPP2R5E polyclonal antibody (PA5-17981; Invitrogen) and normal goat IgG control (AB-108-C; R&DSystems),

according to the manufacturers’ recommendations. For coimmunoprecipitation assays with anti-FLAG tag antibody, FLAG� Immu-

noprecipitation Kit (Millipore; # FLAGIPT1) was used according to the manufacturers’ recommendations, and the precipitates were

analyzed by western blotting.

Constructs and Recombinant Protein Expression
Human cDNA constructs of PPP2R1A, PPP2CA and PPP2R5E (B56ε) were cloned from a cDNA library from KOPT-K1 cells using

the primers listed in Table S6. Unique amino acid tags of 6His (PPP2R1A), FLAG (PPP2CA) and Strep II (PPP2R5E (B56ε)) were fused

to the N-terminal ends of the constructs using the Q5� Site-Directed Mutagenesis kit (New England Biolabs), and then subcloned

into pAC-derived expression vectors (pAC8RedNK) (Abdulrahman et al., 2009). Two mg of each pAC8RedNK vector, together with

0.5 mg of linearized baculoviral DNA, were transiently transfected into Sf-9 cells using FuGene HD (Promega) and ESF 921 Insect

Cell Culture medium (Expression Systems), according to the manufacturer’s recommendation. The supernatant was sequentially

collected to obtain baculovirus encoding each subunit of PP2A. Collected viruses were then used to infect High Five cells for protein

expression in SF-900 II SFMmedium (Thermo Fisher Scientific). High Five cells expressing each subunit of human PP2A were resus-

pended in 50 mM Tris-HCl, pH 8.0, 200mM NaCl, 2mM Tris-(2-carboxyethyl)phosphine (TCEP), 1mM phenylmethylsulfonyl fuoride

(PMSF) and 1 3 protease inhibitor cocktail (Sigma) and lysed by sonication. Following ultracentrifugation, the soluble fraction was

passed over the appropriate affinity resin of ANTI-FLAG M2 affinity gel (Sigma-Aldrich; #A2220) for FLAG-tagged PPP2CA, Strep-

Tactin XT Superfow (IBA) for Strep II-tagged PPP2R5E (B56ε), or Ni Sepharose 6 Fast Flow affinity resin (GE Healthcare) for

6xHis-tagged PPP2R1A, then eluted with wash buffer (50mM Tris-HCl, pH 8.0, 200mM NaCl and 1mM TCEP) supplemented with

150 ng/ml 3X FLAG Peptide (Millipore; F4799), 50mM d-biotin (IBA) or 100mM imidazole (Fisher Chemical), respectively. Extracted

proteins were electrophoresed using agarose gels and the purity of each protein was assessedwith SuperBlue Ultra Coomassie stain

(Protea Biosciences).

PP2A phosphatase activity assay
The phosphatase activity of PP2A was measured with the PP2A Immunoprecipitation Phosphatase Assay kit (Merck Millipore)

with modifications. First, cell lysates were prepared from KOPT-K1 cells stably expressing FLAG-tagged PPP2CA (N terminus)

and FLAG-tagged PPP2CB (N terminus) (2 3 105 cells/sample) pretreated with each compound at various concentrations (0.001

– 50 mM) for 3 hours at 37�C (Figure S1A). In Figures 6D, 6E, and S6F, each of the subunits of PP2A (PPP2R1A, PPP2R1B, PPP2R5E

(B56ε) and PPP2R2A (B55a)) were also disrupted using CRISPR-Cas9 system (see CRISPR-Cas9-Mediated Gene Inactivation sec-

tion for details. The proteins were subsequently incubated with 10 mL of ANTI-FLAG M2 affinity gel (Sigma-Aldrich; #A2220) at 4�C
with constant rocking for 1 hour. In Figure S6G, PP2A complex was immunoprecipitated using anti-PPP2R5E antibody in PPME1

knockdown cells, and the proteins were incubated with 50 ul of anti-PPP2R5E antibody-coupled agarose beads using Pierce Co-

Immunoprecipitation Kit (Thermo Fisher Scientific). Agarose-bound immune complexes were then split into five tubes, and each

of the samples was treated with DMSO or various concentrations of iHAP1 at 4�C with constant rocking for 1 hour. Agarose-bound

immune complexes were collected and then washed with 700 mL TBS (three times) and 500 mL Ser/Thr buffer (final wash), before they

were resuspended in 20 mL Ser/Thr buffer. A phosphopeptide (amino acid sequence: K-R-pT-I-R-R) was added (60 ml, final
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concentration: 750 mM) as a substrate for PPP2CA/PPP2CB, and samples were incubated at 30�C in a shaking incubator for 10 mi-

nutes. Supernatants (25 ml) were then transferred onto 96-well plate, and released phosphate was measured by adding 100 mL mal-

achite green phosphate detection solution. Absorbance was readwith SpectraMaxM5Multi-ModeMicroplate reader (Molecular De-

vices LLC) at 650 nm. Phosphate concentrations were calculated from a standard curve generated from serial dilutions of standard

phosphate solution (0–2,000 pmol). Percent activity curves were drawn by PRISM software (GraphPad) and EC50 values for each

compound were calculated by the median-effect method (Chou and Talalay, 1984).

Zebrafish Experiments
For in vivo drug treatment, 3-day-old zebrafish embryos were placed in 48-well plates with five embryos per well. After treatment with

DMSO vehicle, PPZ or iHAP1 was added to standard egg water, the treated embryos were checked every day for 5 days, with dead

embryos removed on a daily basis. For T-ALL transplantation, zebrafish T-ALL cells were harvested and transplanted as previously

described (Li et al., 2019). After 5 days of treatment, the treated fish were imaged for the fluorescent leukemic cell area in their head

area using a Nikon SMZ1500 microscope equipped with a Nikon digital sight DS-U1 camera. The fluorescent tumor area was quan-

tified with use of ImageJ. The Welch’s t test was applied to address the inhomogeneity of variance. With at least six animals per

group, there was 95% power to identify leukemia inhibition, testing at the 0.05 one-sided level.

Mouse Experiments
For neurologic toxicity testing, PPZ or iHAP1 or vehicle control was given orally to 8-week-old female C57BL/6 mice once per day by

oral gavage. For antitumor activity testing, immunodeficient NSG (NOD/Scid/ IL2Rgnull) mice were intravenously xenotransplanted

with 1 million KOPT-K1 cells. Ten days after transplantation, mice were randomly assigned to four different treatment groups, which

received drug or a control once a day by oral gavage: i) PPZ 2.5mg/kg, ii) iHAP1 2.5mg/kg, iii) iHAP1 80mg/kg, and iv) vehicle control

of 10% DMSO + 90% corn oil solution. The transplanted mice were followed until they showed any sign of leukemia development.

Immunohistochemistry (IHC) of the mouse tissues was performed on formalin-fixed paraffin-embedded tissue sections using anti-

bodies directed against humanCD45 antigen (CD45 [D9M8I] XPRabbit mAb #13917, Cell Signaling Technology). IHCwas conducted

by the Specialized Histopathology Services Core, Brigham and Women’s Hospital The tissue section images were evaluated and

photographed with the Eclipse Ti2 Inverted Microscope system (Nikon). Frequency of engrafted KOPT-K1 cells in tissues from sacri-

ficedmice weremeasured by FACS LSR II using APC anti-human CD45 antibody (BD Biosciences). Hematopoietic precursor subset

analysis was conducted in C57BL/6 mice treated either by iHAP1 (80 mg/kg/day, i.p.) or equivalent amount of DMSO every 24 hours

for seven days. Twenty-four hours after the last treatment, mice were sacrificed and the bone marrow from femurs was flushed out

using a 23-gauge syringe with cold phosphate-buffered saline (PBS) with 3% fetal calf serum (FCS). After examining the number of

cells, bone marrow cells were stained for 30 minutes on ice. For quantifying stem cells and multipotent progenitors (MPP) popula-

tions, Lineage cocktail-PerCP-Cy5.5, cKit-APC, Sca-1-PE/Cy7, CD34-FITC and CD135-PE were used. Long-term hematopoietic

stem cells (LT-HSC) was defined as LIN- Sca1+ cKit+ FLT3- CD34-, short-term HSC (ST-HSC) as LIN- Sca1+ cKit+ FLT3- CD34+,

and MPP as LIN- Sca1+ cKit+ FLT3+ CD34+. For quantifying LIN- Sca- cKit+ (LKS�) progenitor populations, Lineage cocktail-

PerCP-Cy5.5, cKit-APC, Sca-1-PE/Cy7, CD34-FITC and CD16/32-PE were used. Commonmyeloid progenitors (CMP) were defined

as LIN- Sca1- cKit+ CD16/32mid CD34mid, granulocyte-macrophage progenitors (GMP) as LIN- Sca1- cKit+ CD16/32+ CD34+, and

megakaryocyte-erythroid progenitors (MEP) as LIN- Sca1- cKit+ CD16/32- CD34-. Cells were washed twice with PBS, then analyzed

by BD LSRFortessa cell analyzer (BD Biosciences). Results were analyzed by FlowJo version v10.6.1.

Luciferase Reporter Assay
Promoters of PLK1 (�614 bp to +615 bp of transcription start site (TSS)) and KIF11 (Eg5) (�298 bp to +1,257 bp of TSS) were cloned

from the genomic DNA prepared from KOPT-K1 cells using the following primers; PLK1 promoter cloning forward primer 50-
CCCTCTGACCAAGAAACTGAGT-30, PLK1 promoter cloning reverse primer 50-GCCCTTACCAAAGACACTTTCC-30, KIF11 promoter

cloning forward primer 50-GGCGAGTGCTTACCATATATTCC-30, KIF11 promoter cloning reverse primer 50-AGGGCTGAGTAAACAA

TAGCCTAAG-30. After sequence verification, these promoters were subcloned into pGL4.20 luciferase reporter vector (Promega).

We next established HEK293 cells that stably express tetracycline-inducible shRNAs targeting control luciferase, 30 UTR region of

endogenous MYBL2 gene or PPP2CA (see Table S3, sh_Luc, sh_MYBL2 #2 or sh_PPP2CA) using pENTR4-H1tetOx1 and CS-

RfA-ETBsd lentivirus vectors that were kindly provided by Dr. H.Miyoshi (RIKEN, BRC, Japan). HEK293T cells expressing sh_MYBL2

#2 were then additionally infected with lentivirus expressing series of MYBL2 mutants (WT, S241A, S241D and TAD_del). Wild-type

human MYBL2 construct was obtained from Addgene (#25965). In TAD_del mutant MYBL2 construct, 207 - 373 amino acids of

MYBL2 were deleted. Each of these mutations in MYBL2 were created using Q5� Site-Directed Mutagenesis kit (New England Bio-

labs). Thesemutant constructs were subcloned into pCW57.1 (Addgene #41393) lentivirus expression vector, and the products were

sequence verified. Established HEK293 cells were then cotransfected on 10 cm dishes with luciferase reporter constructs (pGL4.20-

PLK1 promoter or pGL4.20-KIF11 promoter), along with pRL-CMV vector which encodes renilla luciferase under the control of a

constitutive promoter. Twenty-four hours after transfection, doxycycline was added at 3 mM to the culture media and incubated

for another 24 hours to induce shRNAs and MYBL2 expressions. Cell numbers were then counted, and cells were reseeded onto

96 well plates (30,000 cells/well) and incubated for 24 hours. Firefly luciferase and renilla luciferase activity were measured with a

Dual-Luciferase� Reporter Assay System (Promega) on SpectraMax M5 Microplate reader (Molecular Devices LLC), and the firefly
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luciferase activity was normalized to the renilla luciferase activity. For PPZ and iHAP1 treatments, HEK293T cells cotransfected with

luciferase reporter constructs (pGL4.20-PLK1 promoter or pGL4.20-KIF11 promoter) and pRL-CMV vector were treated on 96 well

plates for 3 hours, then luciferase activities were measured immediately after the treatment.

Cell cycle analysis
For the PPZ, iHAP1 and SMAP treatment, cells were treated with these compounds at different concentrations for 24 hours. For the

shRNA and overexpression experiments, cells were treated with 3 mM doxycycline for 48 hours before harvested. Collected cells

were then centrifuged and the supernatant was removed. The remaining cell pellet was resuspended gently in 1 mL of ‘‘hypotonic

PI solution’’ containing propidium iodide (50 mg/ml) (Sigma-Aldrich), 4 mM sodium citrate (pH 7.8) (Sigma-Aldrich), 30 units/ml of

DNase-free RNase (Thermo Fisher Scientific), and 0.1% Triton X-100 (Sigma-Aldrich). After an incubation period of 15 minutes at

37 C, NaCl was added to a final concentration of 0.15 M. The samples were then analyzed by flow cytometry (BD LSRFortessa).

Cell cycle distribution was analyzed with the FlowJo cell cycle Watson (Pragmatic) model. The singlet population was isolated

with a live cell gate. To analyze the proportion of cells in G1, S, andG2/M, theWatson (Pragmatic) model with the G2 peak constrained

on G1 = G2 x 2 was used. Both debris and doublets were removed from the analysis.

Apoptosis assay
Apoptotic cells were detected with the FITC Annexin V Apoptosis Detection kit with PI (#640914, BioLegend) according to the man-

ufacturers’ recommendation. After treating KOPT-K1 cells with iHAP1 (0.5 or 1 mM) for 24 or 48 hours, we collected cells and washed

them twice with cold PBS with 1% BSA. Cells were then resuspended in Annexin V Binding Buffer at a concentration of 1.0 3 107

cells/ml. One hundred ml of cell suspension was incubated with 5 ml of FITC Annexin V and 10 ml of propidium iodide sdolution in

a 5 mL test tube for 15 minutes at room temperature (25�C) in the dark. Four hundred ml of Annexin V binding buffer was added

to each of the test tube before analyzed by flow cytometry (BD LSRFortessa).

Acetocarmine stain
Carmine is a staining agent that penetrates through cell membranes and binds to chromatin. The bound chromatin is stained in bright

to dark red color, distinguishing both the chromatin structure and chromosomes duringmitosis. After PPZ and iHAP1 treatment at the

indicated concentrations for 24 hours, or induction of shRNAs and enforced expression of genes by 3 mM doxycycline for 48 hours,

suspension cells were harvested and spun onto glass slides, then stained without delay with acetocarmine solution (TCI Chemicals)

for 30 minutes. For adherent cells, cells were 1 x washed with phosphate buffered saline (PBS) before acetocarmine solution was

mounted. Stained cells underwent visual inspection under Zeiss Axio Observer Inverted Fluorescence Microscope.

In vitro methylation and demethylation of purified PPP2CA protein
Human cDNA constructs of LCMT1 andPPME1were cloned from a cDNA library fromKOPT-K1 cells using the primers listed in Table

S6. After verification by DNA sequencing, these constructs were subcloned into pAC-derived expression vectors (pAC8RedNK).

LCMT1 and PPME1 proteins were prepared in insect cells using baculovirus expression system as described in Constructs and Re-

combinant Protein Expression. In vitro methylation of PPP2CA was carried out using purified LCMT-1 and PPP2CA proteins. First,

LCMT-1 and PPP2CA proteins, at a 1:2 molar ratio, was incubated on ice and methylation was initiated by addition of S-adenosyl

methionine to a final concentration of 0.75 mM. The reaction was carried out at 22�C for 3 hours, and the extent of methylation

was examined using antibodies that specifically recognizes the methylated or unmethylated carboxyl terminus of PP2A C subunit

(L309), respectively. In vitro demethylation of PPP2CA was carried out using purified PPME1 and PPP2CA proteins. PPME1 and

PPP2CA proteins, at a 1:2 molar ratio, was incubated at 37�C for 3 hours, and the extent of demethylation was examined using

methylation and demethylation specific antibodies against L309 in PP2A C subunit.

Immunofluorescence stain
For suspension cells, a total of 13 104 to 53 104 cells were cytospun onto glass slides. For adherent cells, 53 104 cells were seeded

and incubated for 24 hours to allow cell attachment to the glass slides. After PPZ and iHAP1 treatment at the indicated concentrations

for 24 hours, or induction of shRNAs and enforced expression of genes by 3 mM doxycycline for 48 hours, the cells were fixed with

3.7% formaldehyde in PBS for 30 minutes, permeabilized by treatment with 0.2% Triton X in PBS for 10 minutes, and blocked with

1% BSA in PBS for 60 minutes. Then, the slides were incubated with Alexa Fluor� 647-conjugated rabbit anti–a tubulin antibody

(ab190573; 1:1000 dilution; abcam) overnight at 4�C. After the cells were washed three times with PBS, they were treated with Pro-

Long Gold Antifade Reagent with DAPI (Invitrogen). Images were acquired using the Zeiss Axio Observer inverted fluorescence

microscope.

Phosphoproteomics analysis
KOPT-K1 cells were SILAC (stable isotope labeling using amino acids in cell culture)-labeled with the SILAC Protein Quantitation kit

(LysC), RPMI 1640 (A33971, Thermo Fischer Scientific). SILAC light-labeled cells containing 12C6 L-Lysine were treated with DMSO,

and SILAC heavy-labeled cells containing 13C6 L-Lysine were treated either with PPZ at 10 mM or iHAP1 at 1 mM for three hours.

Immediately after the treatment, equal numbers of cells were washed with PBS and then mixed before cell lysis and protein
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extraction. One hundred mg of mixed protein lysate was subjected for protein digestion with trypsin using Pierce Mass Spec Sample

Prep Kit for Cultured Cells (84840, Thermo Scientific), followed by phosphopeptide enrichment using High-Select TiO2 Phosphopep-

tide Enrichment Kit (A32993, Thermo Scientific) according to the manufacturer’s instructions. Enriched phosphopeptides were then

subjected to LC-MS/MS phosphopeptide analysis (Taplin mass spectrometry facility, Harvard Medical School). Detailed peptide in-

formation with corresponding ModScore values used to score the site of phosphorylation modification are provided for all identified

phosphopeptides in Table S7.

Tubulin polymerization assay
The tubulin polymerization assay was conducted with a fluorescence-based kit (BK011P, CYTOSKELETON, INC) according to the

manufacturer’s instruction. Briefly, free tubulin (2 mg/mL) in buffer supplemented with 1 mM GTP and 15% glycerol was employed.

Then, the test compounds were added to tubulin solution and changes in the fluorescence intensity (ex = 370 nm, em = 445 nm) were

measured by kinetic reading at 37�C using SpectraMax M5 Microplate reader (Molecular Devices LLC).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical significance of differences between control and experimental groupswas assessed using PRISM software (GraphPad)

to conduct 2-tailed unpaired Student’s t tests, except for the experiments shown in Figures 2B, S2A, Figure 2C, and S2B, where we

applied the two-tailed Welch’s t test and log-rank test, respectively. In the quantitative proteomics experiments shown in Figures 4A

and 4B, the -log10 p value of the fold changes in relative abundance of phosphopeptides in PPZ or IHAP1 treated cells compared

to control DMSO treated cells was calculated within the Excel program using the unpaired 2-tailed Student’s t test. Statistical

significance was defined as a p value was less than 0.05. The sample numbers for statistical analysis and numbers of experimental

replicates in each of the experiments are described in the Figure Legends.

DATA AND CODE AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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Supplemental Figures

Figure S1. Bioactivity of iHAP1, a Selective and Potent Activator of PP2A, Related to Figure 1

(A) The protein expression levels of FLAG-tagged PPP2CA (N terminus) and FLAG-tagged PPP2CB (N terminus) were detected in the lysates from KOTP-K1 cells

that stably express these constructs. Cell lysates were immunoblotted with indicated antibodies.

(B) The percentages of apoptotic cells reflecting early (Annexin V+ and PI-) and late apoptotic (Annexin V+ and PI+) cell death after iHAP1 treatment for 24 and 48

hours. *p < 0.05, **p < 0.01 and ***p < 0.001 by Student’s t test, comparing the means ± SD of three biological replicates versus controls.
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Figure S2. Antitumor Activity In Vivo of iHAP1 versus PPZ in T-ALL Preclinical Models, Related to Figure 2

(A) Quantification of GFP-positive leukemic area in zebrafish embryos treated with increasing doses of iHAP1, compared with DMSO control (n = 10 for each

dose). **p < 0.01 and ****p < 0.0001 by two-tailed Welch’s t test, black bars indicate median values. N.S., not significant.

(B) Kaplan–Meier survival analysis of NSG mice xenotransplanted with 1 million KOPT-K1 human T-ALL cells (day 1). Treatment with iHAP1 80 mg/kg/day or

vehicle control (daily i.p. injections; 5% DMSO in 10% 2-hydroxypropyl-b-cyclodextrin) began on day 11. Survival times were recorded when the mice were

sacrificed with signs of leukemia development (ruffled fur, swelling or lack of activity). DMSO versus iHAP1 (80 mg/kg), p = 0.0005. Six mice were tested in each

cohort; p values were determined with the log-rank test.

(C–E) Flow cytometric assessment of the percentages of CD45+ human T-ALL cells in (C) bonemarrow, (D) spleen and (E) liver of iHAP1-treated T-ALL xenografts

at 18 days post-xenotransplant, and 24 hours after mice received the last of seven daily doses of iHAP1 (80 mg/kg/day, i.p.) compared with vehicle controls. *p <

0.05, **p < 0.01 and ***p < 0.001 by Student’s t test, comparing the means ± SD of three biological replicates versus controls.

(F andG) iHAP1 treatmentminimally affects the hematopoietic stem and progenitor cells inmice. C57BL/6mice were treatedwith either iHAP1 (80mg/kg/day i.p.)

or DMSO control every 24 hours for seven days, and sacrificed twenty-four hours after the last treatment. (F) The numbers of bone marrow cells recovered by

flushing per femur (n = 10 for each cohort) were unchanged by iHAP1 treatment. (G) The percentages of long-term hematopoietic stem cells (LT-HSC), short-term

HSC (ST-HSC), multipotent progenitors (MPP), commonmyeloid progenitors (CMP), granulocyte-macrophage progenitors (GMP) and megakaryocyte-erythroid

progenitors (MEP) were examined in the bonemarrow using flow cytometry for iHAP1 treated compared to vehicle control mice (n = 11 for each cohort). *p < 0.05,

**p < 0.01 and ***p < 0.001 by Student’s t test, comparing the means ± SD.

(H–J) The complete peripheral blood counts from C57BL/6 mice treated with iHAP1 compared to vehicle control (n = 9 for vehicle and n = 10 for iHAP1). (H) Hb;

hemoglobin levels, (I) PLT; platelet counts, and (J) WBC; white blood cell counts. *p < 0.05 and **p < 0.01 by Student’s t test, comparing the means ± SD.
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Figure S3. Dephosphorylation of p-MYBL2 S241 by the PP2A Complex that Is Activated by PPZ/iHAP1 Treatment Leads to MYBL2 Degra-

dation in KOPT-K1 Cells, Related to Figure 3

(A) The relative mRNA expression levels of genes whose inducible CRISPR-cas9 knockout causes cell cycle arrest in prometaphase with spindle monopolarity

(PLK1, PLK4, AURKA, KIF11, SASS6, RCC1, HAUS8, TPX2, PCNT, CENPJ and TUBG1 (McKinley and Cheeseman, 2017) were evaluated in KOPT-K1 cells

treated with DMSO control, PPZ (10 mM) or iHAP1 (1 mM) for 6 hours. PPZ and iHAP1 treatment significantly downregulated the expression levels of most of these

genes. **p < 0.01 and ***p < 0.001 versus controls by Student’s t test; the data are means ± SD of three biological replicates.

(B) western blots showing the expression levels of MYBL2 in KOPT-K1 cells at serial times during PPZ/iHAP1 treatments. Cells were treated with either PPZ (10 or

20 mM) or iHAP1 (1 or 2 mM) for the indicated times before protein extraction. Expression levels of the indicated proteins were analyzed by western blotting.

(C) The relative mRNA expression levels of MYBL2 were evaluated in KOPT-K1 cells treated either by DMSO, PPZ (10 mM) or iHAP1 (1 mM) for three hours. *p <

0.05 versus controls by Student’s t test; the data are means ± SD of three biological replicates.

(legend continued on next page)
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(D) Time-course assays with cycloheximide (CHX) to block new protein synthesis to determine the half-life of the MYBL2 protein. KOPT-K1 cells were simul-

taneously treated with 10 mM PPZ and 100 mg/ml CHX for the indicated times before protein extraction. MYBL2 was detected by western blotting.

(E) Relative band intensity levels of MYBL2 in (D) are shown, normalized to the corresponding levels before treatment. *p < 0.05, **p < 0.01 versus controls by

Student’s t test; the data are means ± SD of three biological replicates.

(F) Time-course assays in the presence of CHX to determine the half-life of the MYBL2 protein. KOPT-K1 cells were simultaneously treated with 1 mM iHAP1 and

100 mg/ml CHX for the indicated times before protein extraction. MYBL2 was detected by western blotting.

(G) Relative band intensity levels ofMYBL2 in (F) are shown, normalized to the corresponding levels before treatment. *p < 0.05 versus controls by Student’s t test;

the data are means ± SD of three biological replicates.

(H) Time-course assays in the presence of CHX to determine the half-life of the FLAG-tagged wild-type (WT) and S241A mutant MYBL2 proteins. KOPT-K1 cells

expressing either FLAG-tagged WT or S241Amutant MYBL2 proteins were treated with 100 mg/ml CHX for the indicated times before protein extraction. MYBL2

was detected by western blot using anti-FLAG tag antibody.

(I) Relative band intensity levels of MYBL2 in (H) are shown normalized to the corresponding levels before treatment. *p < 0.05 versus controls by Student’s t test;

the data are means ± SD of three biological replicates.

(J) Time-course assays in the presence of CHX to determine the half-life of the FLAG-tagged wild-type (WT) and S241D mutant MYBL2 proteins. KOPT-K1 cells

expressing either FLAG-taggedWT or S241Dmutant MYBL2 proteins were treated with 100 mg/ml CHX for the indicated times before protein extraction. MYBL2

was detected by western blot using anti-FLAG tag antibody.

(K) Relative band intensity levels of MYBL2 in (J) are shown, normalized to the corresponding levels before treatment. *p < 0.05 versus controls by Student’s t test;

the data are means ± SD of three biological replicates.
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Figure S4. Identification of Ser241 of MYBL2 as a Critical Phosphorylation Site Mediating Its Transactivation Activity, Related to Figure 4

(A) AfterMYBL2 knockdown in KOPT-K1 cells, the relative DNA content of cells in each of the samples was determined by flow cytometric analysis of propidium

iodide staining. shRNAs targeting control luciferase (sh_Luc.) orMYBL2 (sh_MYBL2 #1 and #2) were induced with 3 mM doxycycline for 48 hours. Knockdown of

MYBL2 induced substantial G2/M phase arrest in the cell cycle.

(B) western blots showing the expression levels of MYBL2 in CD34+ human hematopoietic stem and progenitor cells (HSPCs) and five different T-ALL cell lines

(KOPT-K1, RPMI8402, SUPT-13, MOLT4 and Jurkat cells). The two isoforms of human MYBL2 expressed in these cell lines have been reported by other in-

vestigators, who showed that the slower migrating isoform 1 is the full length transactivating form of this transcription factor, while the isoform 2 represents a

splice variant lacking transactivating domain and functioning to interfere with target gene activation (Horstmann et al., 2000).

(C) Dephosphorylation of potential substrates of PP2A during iHAP1 treatment was examined in KOPT-K1 cells. Cells were treated with iHAP1 (1 or 2 mM) for 3

hours, 6 hours and 18 hours, then phosphorylation status of AKT, Bcl-2 and c-MYC was measured by immunoblotting. p-AKT S473 was not affected by iHAP1

treatment at any time point, while p-Bcl-2 S70was unaffected until 18 hours, when it was dramatically increased. p-c-MYCS62wasmainly unaffected, although it

did increase slightly after treatment for 6 hours. For MYBL2, we have shown that p-MYBL2 S241 is markedly dephosphorylated after 3 hours of treatment as

shown by phosphoproteomics analysis in response to both iHAP1 and PPZ (Figures 4A and 4B). Although we do not yet have an antibody specific for p-MYBL2

S241, we have shown that overall levels of the protein drop precipitously at 6 and 18 hours in a dose-dependent manner after treatment with either drug (Fig-

ure S3B). These results indicate that the antitumor activity of iHAP1 is primarily mediated by dephosphorylation of MYBL2, but not by other known substrates of

PP2A, such as c-MYC, AKT or Bcl-2.

(D and E) The relative mRNA expressions of PLK1 and KIF11were evaluated in KOPT-K1 cells expressing shRNAs that targeted control luciferase (sh_Luc.) or (D)

PLK1 (sh_PLK1 #1 and #2) and (E) KIF11 (sh_KIF11 #1 and #2). **p < 0.01 and ***p < 0.001 versus controls by Student’s t test; the data are means ± SD of three

biological replicates.

(F and G) Two different target genes of MYBL2 were knocked down in KOPT-K1 cells and the relative DNA content of cells in each of the samples was determined

by flow cytometric analysis of propidium iodide staining. shRNAs targeting control luciferase (sh_Luc.), (F) PLK1 (sh_PLK1 #1 and #2) and (G) KIF11 (sh_KIF11 #1

and #2) were induced with 3 mMdoxycycline for 48 hours. Knockdown of PLK1 or KIF11 induced substantial G2/M phase arrest in the cell cycle, as indicated with

increased cells with 4N DNA content.

(H and I) Morphologic assessment was conducted in KOPT-K1 cells expressing shRNAs targeting control luciferase (sh_Luc.) or (H) PLK1 (sh_PLK1 #1 and #2)

and (I) KIF11 (sh_KIF11 #1 and #2). Acetocarmine, AlexaFluor 647 (red) anti-a-tubulin antibody and DAPI were used to stain chromatin, microtubules and DNA,

respectively. In sharp contrast to the control KOPT-K1 cells, knockdown of PLK1 and KIF11 with 3 mM doxycycline for 48 hours induced prometaphase arrest in

the cell cycle, producing cells in which the spindle and associated microtubules exhibited monopolarity. We also observed a minority of prometaphase cells

exhibiting spindle multipolarity in cells after knockdown of PLK1 expression (McKinley and Cheeseman, 2017).

(J) Levels of protein expression of MYBL2 after shRNA-mediated knockdown and the nonphosphorylatable alanine mutants of MYBL2 (S241A, T266A, S282A,

S241A/T266A, S241A/S282A, T266A/S282A and S241A/T266A/S282A), together with the transcriptional activation domain-deleted MYBL2 mutant (TAD_del),

were detected in the lysates from KOTP-K1 cells. Expression of shRNAs andmutant MYBL2 constructs was induced by 3 mMdoxycycline for 48 hours. Note that

the mutant MYBL2 constructs harbor FLAG tags to discriminate them from endogenous MYBL2. Cell lysates were immunoblotted with the indicated antibodies.

(legend continued on next page)
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(K) The protein expression of MYBL2 after shRNA-mediated knockdown and the phosphomimetic aspartic acid mutants of MYBL2 (S241D, T266D, S282D,

S241D/T266D, S241D/S282D, T266D/S282D and S241D/T266D/S282D), together with transcriptional activation domain-deleted MYBL2 mutant (TAD_del), was

detected in the lysates from KOTP-K1 cells. Expressions of shRNAs andmutant MYBL2 constructs were induced by 3 mMdoxycycline for 48 hours. Note that the

mutant MYBL2 constructs harbor FLAG tags to discriminate them from the endogenous MYBL2. Cell lysates were immunoblotted with the indicated antibodies.

(L) Cell proliferation curves of KOPT-K1 cells with or without shRNA-mediatedMYBL2 knockdown.MYBL2 gene knockdown led to a significant reduction in cell

growth rate, suggesting a major role for MYBL2 in supporting cell proliferation. To test whether phosphorylation of MYBL2 Ser241 is required for cell growth, we

conducted rescue experiments afterMYBL2 shRNA-mediated knockdown. WTMYBL2 successfully rescued the shMYBL2-induced suppression of cell growth,

while neither a nonphosphorylatable alanine mutant of MYBL2 at Ser241 (S241A) nor transcriptional activation domain-deleted MYBL2 mutant (TAD_del) could

rescue this phenotype. Thus the transcriptional activation domain of MYBL2, and phosphorylation of MYBL2 S241 in this domain, are critically important for the

function of this gene. The data are means ± SD of three biological replicates.

(M) Identification of phospho-S241 as a critical site mediating the growth inhibition effects of MYBL2. In rescue experiments of the cell growth effects of shRNA-

induced downregulation ofMYBL2,we tested a series of nonphosphorylatable alanine mutants of MYBL2 (S241A, T266A, S282A, S241A/T266A, S241A/S282A,

T266A/S282A and S241A/T266A/S282A). Mutant MYBL2 harboring T266A, S282A or T266A/S282A reverted the sh_MYBL2-induced suppression of cell growth,

indicating that phosphorylation of these serines or threonines in the transcriptional activation domain of MYBL2was not required for its ability to support cell cycle

progression and cell growth. By contrast, mutant MYBL2 harboring S241A, S241A/T266A, S241A/S282A or S241A/T266A/S282A mutants could not rescue the

cell growth phenotype, indicating that phospho-S241 in the transcriptional activation domain of MYBL2 was the only phosphorylated site in the TAD that was

important to rescue the growth arrest of KOPT-K1 cells induced by knockdown of MYBL2. The data are means ± SD of three biological replicates.

(N) Cell growth rescue attempts with phosphomimetic aspartic acidmutants of MYBL2 (S241D, T266D, S282D, S241D/T266D, S241D/S282D, T266D/S282D and

S241D/T266D/S282D). Restoring MYBL2 expression using these mutants successfully reverted the sh_MYBL2-induced suppression of cell growth, indicating

that phosphorylation of these serines in the transcriptional activation domain of MYBL2 did not alter the ability of the factor to support cell cycle progression and

cell growth. The data are means ± SD of three biological replicates.

(O) The relative activities of promoters were determined for two representative MYBL2 target genes, PLK1 and KIF11, each of which when knocked down caused

cell cycle arrest in prometaphase yielding spindle monopolarity (McKinley and Cheeseman, 2017). HEK293T cells were transiently transfected with a vector

expressing luciferase under control of either thePLK1 promoter or theKIF11 promoter. The activities of the promoters weremeasured by detecting luminescence.

HEK293T cells were treated with PPZ or iHAP1 at the indicated concentrations for three hours. *p < 0.05, **p < 0.01, and ***p < 0.001 versus DMSO control by

Student’s t test; the data are means ± SD of three biologic replicates.

(P) Protein expression levels were detected in cell lysates from transfected HEK293T cells after shRNA-mediated knockdown of endogenous MYBL2 and FLAG-

tagged rescue constructs including WT MYBL2, a nonphosphorylatable alanine mutant of MYBL2 at Ser241 (S241A), a phosphomimetic aspartic acid mutant of

MYBL2 at Ser241 (S241D) and a transcriptional activation domain-deleted mutant of MYBL2 (TAD_del). Expression of shRNAs and WT or mutant MYBL2

constructs were induced by 3 mM doxycycline for 48 hours. Cell lysates were immunoblotted with the indicated antibodies.

(Q) The relative activities of promoters were determined for two representative MYBL2 target genes, PLK1 and KIF11, each of which when knocked down caused

cell cycle arrest in prometaphase yielding spindle monopolarity (McKinley and Cheeseman, 2017). HEK293T cells were transiently transfected with a vector

expressing luciferase under control of either thePLK1 promoter or theKIF11 promoter. The activities of the promoters weremeasured by detecting luminescence.

EndogenousMYBL2was knocked down using gene-specific shRNAs targeting the 30 UTR, and then its expression was restored by simultaneous overexpression

of WT MYBL2 or a series of mutant MYBL2 constructs (S241A, S241D or TAD_del). Expression of both shRNAs and MYBL2 constructs were induced by 3 mM

doxycycline for 24 hours. MYBL2 knockdown led to downregulation of the activity of these promoters, which was restored to control levels by WT MYBL2 or

mutantMYBL2 S241D, but not by mutantMYBL2 S241A or TAD_del, underscoring the importance of MYBL2 S241 phosphorylation for the function of MYBL2 as

a transcription factor. *p < 0.05 and ***p < 0.001 versus sh_Luc. control by Student’s t test. The data are means ± SD of three biologic replicates.
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Figure S5. Phosphorylation of Ser241 onMYBL2 Is Necessary and Sufficient for Antitumor Activity of iHAP1 in Neuroblastoma-Derived Kelly

and AML-Derived KG1 Cells, Related to Figure 5

(A) Dose-response curves of PPZ and iHAP1 in 10 different human neuroblastoma cell lines; BE2C, SKNAS, MHH-NB-11, NBL-S, Kelly, SHEP, NGP, EBC1,

GIMEN and SKNFI. Cells were treated with PPZ or iHAP1 at various concentrations for 72 hours, before cell viability was examined with PrestoBlue� reagent.

Data are presented as the means ± SD of three biologic replicates.

(B) Kelly cells were treated with DMSO (control) or iHAP1 for 24 hours. The relative DNA content of cells in each of the samples was determined by flow cytometric

analysis of propidium iodide staining. Treatment with iHAP1 (1 mMand 2 mM) induced G2/M phase arrest in the cell cycle, as indicated by an increased number of

cells with 4N DNA content.

(C) Cell cycle effects of MYBL2 shRNA knockdown with simultaneous overexpression of WT MYBL2, mutant MYBL2 S241A (nonphosphorylatable alanine

mutant), S241D (a phosphomimetic aspartic acid mutant) or a transcriptional activation domain-deleted mutant of MYBL2 (TAD_del) were determined in Kelly

cells. Expression of both the shRNAs and MYBL2 constructs was induced with 3 mM doxycycline for 48 hours, and relative cellular DNA content in each of the

samples was measured by flow cytometric analysis of propidium iodide staining. DNA histogram shows the cell cycle status of Kelly cells after inducibleMYBL2

knockdownwithMYBL2-specific shRNA, demonstrating arrest of the cells in G2/M phase of the cell cycle with 4NDNA content. This G2/M phase cell cycle arrest

was rescued by both WT MYBL2 and the phosphomimetic mutant MYBL2 S241D, but not by the nonphosphorylatable mutant MYBL2 S241A or the tran-

scriptional-activation-domain deletion (MYBL2 TAD_del).

(D) The protein expression levels of MYBL2 were detected in the lysates from Kelly cells after shRNA-mediated knockdown and simultaneous overexpression of

WT MYBL2, MYBL2 S241A, MYBL2 S241D and MYBL2 TAD_del. Expression of shRNAs and the WT or mutant MYBL2 constructs was induced by 3 mM

doxycycline for 48 hours. The overexpressed MYBL2 constructs harbor a FLAG tag to distinguish them from the endogenous MYBL2 protein. Cell lysates were

immunoblotted with the indicated antibodies.

(E) Sensitivity to iHAP1 was tested in Kelly cells that expressed the phosphomimetic aspartic acid mutant form of MYBL2. In MYBL2 knock-down cells, either the

wild-type (WT) or mutant MYBL2 gene (S241D) was expressed. Cells were treated with 0.5 mM iHAP1 for 72 hours, then examined for viability. **p < 0.01 by

Student’s t test, comparing the means ± SD of 3 biological replicates versus controls.

(F) Kelly cells were treated with DMSO (control), PPZ (10 mM) or iHAP1 (1 mM) for 24 hours. Acetocarmine, AlexaFluor 647 (red) anti-a tubulin antibody and DAPI

were used to stain chromatin, microtubules and DNA, respectively. In sharp contrast to the control cells, PPZ and iHAP1 treatment induced prometaphase arrest

of the cell cycle, resulting in cells that exhibited monopolarity of the centrioles and an associated starburst of microtubules.

(G) western blots showing the expression levels of MYBL2 in Kelly cells upon iHAP1 treatment. Cells were treated with iHAP1 at 1 or 2 mM for the indicated hours

before protein extraction.

(H) western blots showing the expression levels of each of the subunits of PP2A in Kelly cells conditionally expressing shRNAs specifically targeting PPP2R1A,

PPP2CA, PPP2R5E (B56ε) or PPP2R2A (B55a). Expression of shRNA constructs was induced by 3 mM doxycycline for 48 hours before protein extraction.

(I) Kelly cells with selective PP2A subunit downregulation were tested for their sensitivity to iHAP1. Each PP2A subunit was knocked down by shRNAs unique for

each subunit. Control shRNA targeted the luciferase gene. Cells were pretreated with 3 mM doxycycline for 48 hours for shRNA expression, then treated with

0.5 mM iHAP1 for 72 hours before examining cell viability. **p < 0.01 and ***p < 0.001 versus control by Student’s t test; the data are means ± SD of three biological

replicates.

(legend continued on next page)
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(J) Dose-response curves of PPZ and iHAP1 in nine different human AML cell lines: MOLM13, Kasumi-1, OCI-AML2, OCI-AML3, MV4-11, KG1, HEL, SET-2 and

THP1. Cells were treated with PPZ or iHAP1 at various concentrations for 72 hours, before their viability was determined with PrestoBlue� reagent. Data are the

means ± SD of three biologic replicates.

(K) KG1 cells were treated with DMSO (control) or iHAP1 for 24 hours. The relative DNA content of cells in each of the samples was determined by flow cytometric

analysis of propidium iodide staining. Treatment with iHAP1 (1 mMand 2 mM) induced G2/M phase arrest in the cell cycle, as indicated by an increased number of

cells with 4N DNA content.

(L) Cell cycle effects of MYBL2 shRNA knockdown were determined in KG1 cells with simultaneous overexpression of WT MYBL2, or mutants MYBL2 S241A,

S241D or TAD_del. Expression of both the shRNAs andMYBL2 constructs were induced by 3 mM doxycycline for 48 hours, and relative cellular DNA content in

each of the samples was measured by flow cytometric analysis of propidium iodide staining. DNA histogram shows the cell cycle status of KG1 cells after

inducibleMYBL2 knockdown with gene-specific shRNA, demonstrating arrest of the cells in G2/M phase of the cell cycle with 4N DNA content. This G2/M phase

cell cycle arrest was rescued by both WT MYBL2 and the phosphomimetic mutant MYBL2 S241D, but not by MYBL2 S241A or MYBL2 TAD_del.

(M) The protein expression levels of MYBL2 were detected in the lysates of KG1 cells after shRNA-mediated knockdown and simultaneous overexpression of WT

MYBL2, MYBL2 S241A, MYBL2 S241D and MYBL2 TAD_del. shRNA expression was induced by adding 3 mM doxycycline for 48 hours. The overexpressed

MYBL2 constructs harbor FLAG tags to distinguish them from the endogenous MYBL2 protein. Cell lysates were immunoblotted with the indicated antibodies.

(N) Sensitivity to iHAP1 was tested in KG1 cells with the phosphomimetic aspartic acid mutant forms of MYBL2. In MYBL2 knocked down cells, each of the wild-

type (WT) or mutant MYBL2 gene (S241D) were additionally expressed. The control shRNA targeted luciferase gene (sh_Luc). Cells were treated with 0.5 mM

iHAP1 for 72 hours, then examined for viability. ***p < 0.001 by Student’s t test, comparing the means ± SD of 3 biological replicates versus controls.

(O) KG1 cells were treated with DMSO (control), PPZ (10 mM) or iHAP1 (1 mM) for 24 hours. Acetocarmine, AlexaFluor 647 (red) anti-a tubulin antibody and DAPI

were used to stain chromatin, microtubules and DNA, respectively. In sharp contrast to the control cells, PPZ and iHAP1 treatment induced prometaphase arrest

of the cell cycle, producing cells in which the spindle and associated microtubules exhibited monopolarity.

(P) western blots showing the expression levels of MYBL2 in KG1 cells at serial times during iHAP1 treatment. Cells were treated with iHAP1 at 1 or 2 mM for the

indicated times before protein extraction.
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Figure S6. Identification of the Essential Subunits of PP2ARequired for Phosphatase Activation and Antitumor Activities of iHAP1 andSMAP,

Related to Figure 6

(A) western blots showing that each of the PP2A A, B and C subunits was knocked out by CRISPR-Cas9 in KOPT-K1 cells with two independent gRNAs with

different target sequences for each PP2A subunit (see Table S2 for the targeting sequences). Control gRNAs target the luciferase gene. The basal expression

levels of PPP2R2B (B55b), PPP2R2C (B55g) and PPP2R3A (PR72) were undetectable, consistent with the very low mRNA expression levels of these subunit

genes in T-ALL cell lines (see Figure S6B). Note that the anti-PPP2R5CMonoclonal Antibody (TQ11-1G6) detects isoforms gamma-3 and gamma-2, but not the C

terminus lacking isoform gamma-1. Both gRNAs target sequences common to all three isoforms of PPP2R5C (B56g).

(B) mRNA expression levels of individual PP2A subunits in 16 different T-ALL cell lines. Relative expression levels correspond to the array signal intensities of

probes identifying the subunits (GEO: GSE90138).

(C) Sensitivity to PPZ was tested in KOPT-K1 cells with selective PP2A subunit inactivation. Each subunit was knocked out by CRISPR-Cas9 using two unique

gRNAs designed for each subunit (#1 and #2; Figure S6A). Control gRNA targeted the luciferase gene. Cells were treated with PPZ at 5 mM for 72 hours then

examined for viability. **p < 0.01 by Student’s t test, comparing the means ± SD of three biological replicates versus controls.

(D and E) Results obtained from a fluorescence-based tubulin polymerization assay performed with (D) PPZ and (E) iHAP1 at the indicated concentrations.

Paclitaxel at 3 mM and vincristine at 2.5 and 5 mM were simultaneously tested as controls. Paclitaxel stabilizes microtubules and thus accentuates tubulin

polymerization, while vincristine inhibits tubulin polymerization into microtubules. PPZ and iHAP1 did not interfere with tubulin polymerization in this assay. This

experiment was conducted with a tubulin polymerization assay kit, produced by Cytoskeleton, Inc., that employs porcine tubulin protein that is > 99% pure to

assess tubulin polymerization. PPZ and iHAP1 do not block tubulin polymerization or otherwise affect microtubule assembly up to 2.5 or 5 mM, respectively, while

vincristine markedly inhibited tubulin polymerization at 3 mM.

(F) Phosphatase activity of PP2A in control KOPT-K1 cells versus KOPT-K1 cells with selective PP2A subunit inactivation. Cells were treated with PPZ at various

concentrations for 3 hours. KO indicates knockout. Values shown as means ± SD of four biological replicates versus controls. **p < 0.01 and ***p < 0.001 by

Student’s t test.

(G) For reference, the first bar (yellow) shows the phosphatase activity using the universal substrate of PP2A immunoprecipitated with anti-FLAG tag antibody

fromKOPT-K1 cells expressing FLAG-tagged PPP2CA and PPP2CB. IP-western blotting shows that these PP2A enzymes contain the STRN, STRN3 and STRN4

subunits (Figure 6C). To drive formation of the PP2A-B56ε enzyme in KOPT-K1 cells we knocked down PPME1 using a doxycline inducible PPME1 specific

shRNA, which allows LCMT1 to methylate the C subunit on Lys309 (See Figures 7 and S7). After PPME1 knockdown for 24 hours, PP2A-B56ε was immuno-

precipitated with anti-PPP2R5E antibody, and the immunoprecipitates were treated with iHAP1 at graded concentrations for one hour. Control DMSO treated

(legend continued on next page)
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preformed PP2A-B56ε enzyme exhibited substantial phosphatase activity when tested with the univeral substrate under these conditions (second bar).

Increasing concentrations of iHAP1 treatment did not affect the phosphatase activity of preformed PP2A-B56ε complexes (Bars 3 to 6). Thus, iHAP1 acts

exclusively to drive assembly of trimeric PP2A-B56ε in cells expressing C subunits that lack Lys309 methylation and does not have measurable effects on the

activity of preformed PP2A-B56ε complexes. The data are means ± SD of three replicates.

(H) KOPT-K1 cells were treatedwith SMAP or DMSO control for 24 hours. Relative DNA content of cells in each of the samples was determined by flow cytometric

analysis of propidium iodide staining. Treatment with SMAP (10 mM and 20 mM) induced G0/G1 phase arrest in the cell cycle, as indicated by the increased

number of cells with 2N DNA content.

(I) Dose-response curves for SMAP after 72 hours of treatment in three different T-ALL cell lines - KOPT-K1, RPMI-8402 and SUPT-13 cells. Data are reported as

the means ± SD of three biological replicates.

(J) The relativemRNA expression levels of genes whose inducible CRISPR-cas9 knockout causes cell cycle arrest in prometaphase yielding spindle monopolarity

(PLK1, PLK4, AURKA, KIF11, SASS6, RCC1, HAUS8, TPX2, PCNT, CENPJ and TUBG1 (McKinley and Cheeseman, 2017) were evaluated in KOPT-K1 cells

treated with DMSO control or SMAP (10 mM) for 6 hours. SMAP treatment downregulated HAUS8 expression levels by about 25%, but otherwise did not

significantly reduce the expression levels of these genes. *p < 0.05 versus controls by Student’s t test; the data are means ± SD of three biological replicates.

(K) Sensitivity to SMAP was tested in KOPT-K1 cells with the phosphomimetic aspartic acid mutant forms of MYBL2. In MYBL2 knocked down cells, each of the

WT or mutant MYBL2 genes (S241D, T266D, S282D, S241D/T266D, S241D/S282D, T266D/S282D and S241D/T266D/S282D) were additionally expressed.

shRNA-targeted luciferase (sh_Luc) served as the control. Cells were treated with 5 mM SMAP for 72 hours and then examined for viability. The data are

means ± SD of three biological replicates.
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Figure S7. Inhibition of PPME1, an Endogenous Inhibitory Protein for PP2A, Induces Prometaphase Cell Cycle Arrest in T-ALL Cells through

Formation of the PP2A Holoenzyme Containing B56 Family Proteins as Regulatory B Subunits, Related to Figure 7

(A) Cell proliferation curves were plotted for KOPT-K1 cells expressing shRNAs targeting control luciferase (sh_Luc.) or PPME1 (sh_PPME1 #1 and #2).

Knockdown of PPME1 by inducing PPME1 shRNAs with 3 mM doxycycline significantly suppressed the growth of these cells. **p < 0.01 and ***p < 0.001 by

Student’s t test, comparing the means ± SD of three biological replicates versus controls.

(B) PPME1 was knocked down in KOPT-K1 cells and the relative DNA content of cells in each of the samples was determined by measuring PI (propidium iodide)

staining using flow cytometry. shRNAs targeting PPME1 (sh_PPME1 #1 and #2) or luciferase control (sh_Luc.) were induced with 3 mM doxycycline for 48 hours.

Knockdown of PPME1 induced significant G2/M phase arrest in the cell cycle, as indicated by an increased percentage of cells with 4NDNA content compared to

control cells.

(C) Means ± SD of 3 biological replicates of the percentage of cells in each phase of the cell cycle for the DNA histograms shown in (B). *p < 0.05 and **p < 0.01 by

Student’s t test.

(D) Morphologic assessment was conducted in KOPT-K1 cells expressing shRNAs targeting control luciferase (sh_Luc.) or PPME1 (sh_PPME1 #1 and #2). For

immunofluorescence staining, Alexa Fluor 647 (red)-anti-a tubulin antibody and DAPI were used to stain microtubules and DNA, respectively. In sharp contrast to

the control KOPT-K1 cells (a, d, g and i), knockdown of PPME1 induced with 3 mM doxycycline for 48 hours caused prometaphase arrest of the cell cycle (b, e, h

and k for sh_PPME #1, and c, f, i and l for sh_PPME #2), producing cells in which the spindle and associated microtubules exhibited monopolarity.

(E) western blots showing the expression levels of MYBL2 in KOPT-K1 cells expressing shRNAs targeting control luciferase (sh_Luc.) or PPME1 (sh_PPME1 #1

and #2). Expression of shRNAs was induced by 3 mM doxycycline treatment for the indicated hours before protein extraction.

(F) The relative mRNA expression of genes whose inducible CRISPR-cas9 knockout causes cell cycle arrest in prometaphase yielding spindle monopolarity

(PLK1, PLK4, AURKA, KIF11, SASS6, RCC1, HAUS8, TPX2, PCNT, CENPJ and TUBG1) (McKinley and Cheeseman, 2017) was evaluated in KOPT-K1 cells after

PPME1 knockdown. KOPT-K1 cells expressing sh_Luc. or sh_PPME1 #1 or #2 were treated with 3 mM doxycycline for 24 hours. Knockdown of PPME1

significantly downregulated the expression levels of most of these genes. *p < 0.05, **p < 0.01 and ***p < 0.001 by Student’s t test, comparing the means ± SD of

three biological replicates versus controls.

(G) The purity of 6His-tagged PPP2R1A (N terminus), Streptavidin-tagged PPP2R5E (B56ε) (N terminus) and FLAG-tagged PPP2CA (N terminus) proteins pre-

pared for the experiment shown in Figures 7D and 7E was examined by Coomassie staining. The cDNA constructs of tagged subunits were subcloned into pAC8

baculovirus expression vectors for insect cell expression. pAC8-6His-PPP2R1A, pAC8-Streptavidin- PPP2R5E (B56ε) or pAC8-FLAG-PPP2CA were co-

transfected with linearized baculovirus DNA into Sf9 insect cells for baculovirus production. Collected virus was used to infect High Five insect cells for protein

expression, and the expressed subunit proteins were isolated by immunoprecipitation. The purity of the products was verified using the Coomassie stained gels.
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