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ARTICLE INFO ABSTRACT

Keywords: The serine/threonine phosphatase-2 (PP2A) controls mitogen-associated signaling and DNA replication. The
Cancer WEEL1 protein tyrosine kinase controls S phase progression and G2/M phase transition. Databases disclose that
DNA ‘_jamage. the levels of PP2A and WEE1 are associated with poor prognosis of leukemic patients (p = 0,0017/0,025;
PDII;;gA Interaction n = 54-163). We applied advanced, clinically used drugs that block PP2A and WEE1 to human cultured leukemia
Primaries cells, primary pre-leukemic and chronic myeloid leukemia cells, and pancreatic ductal adenocarcinoma cells.

WEE1 Combined application of the drugs depleted cells in all cell cycle phases, synergistically triggered apoptosis, and
evoked the induction of DNA stress foci and mitotic catastrophe. In 93 lymphoid, 40 myeloid, and 47 pancreatic
cancer cells, genetic depletion of PP2A-Co and WEEL stalls the proliferation of most cells. Unlike cancer cells,
normal human immune cells are not killed upon inhibition of PP2A and WEEL1. This is linked to higher expression
of PP2A and WEEL in chronic myeloid (n = 274), acute myeloid (n = 1858) and acute lymphoblastic leukemia
cells (n = 1817) than in normal blood cells. These data suggest that pharmacological modulators of serine/
threonine and tyrosine signaling allow targeted chemotherapy.

1. Introduction consists of the catalytically active subunit PP2A-C that forms complexes

with the scaffolding subunit PP2A-A and regulatory PP2A-B-type sub-

Protein phosphorylation modulates key physiological processes and
is frequently dysregulated in tumors [1]. Kinases and phosphatases
control protein phosphorylation antagonistically. Kinases consume ATP
and phosphatases cleave phosphate groups hydrolytically. Kinases are
the best characterized anti-cancer targets and phosphatases increasingly
turn in the focus of cancer research [2]. There are several protein
phosphatase families. The serine/threonine phosphatase-2A (PP2A)
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units. The diverse, regulatory subunits determine the substrate speci-
ficity and the localization of catalytically active PP2A-A/C complexes in
vivo [3-5]. PP2A complexes regulate multiple cellular processes
including DNA repair, RNA splicing, apoptosis, autophagy, protein ag-
gregation, and cell proliferation in healthy and transformed cells [2,
6-9]. Accordingly, dysregulation of PP2A and its various subunits is
associated with severe diseases, such as Alzheimer disease,
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autoimmunity, and cancer. PP2A has tumor suppressive as well as
oncogenic functions [2,7]. Therefore, clarifying the exact functions of
PP2A complexes in specific biological systems may offer attractive tar-
gets for precise targeted therapies.

In phase I/1I clinical trials, the small molecule ATP-competitive PP2A
inhibitor LB-100 has produced benefits in patients with various solid and
hematopoietic cancers, including lung cancer, glioblastoma, myelodys-
plastic syndrome (MDS), pancreatic adenocarcinoma (PDAC), and
further, primary and relapsed tumors [10,11]. Recent data suggest that
the small molecule PP2A inhibitor phendione promotes pro-proliferative
extracellular kinase (ERK) signaling and DNA damage signaling without
detectable DNA damage and without the induction of quiescence that
dampens chemosensitivity in melanoma cells. In a direct comparison
with LB100, this study further showed that phendione was more specific
and active at lower concentrations [8]. In colon cancer cells, it was
confirmed that LB100 activates pro-proliferative kinase cascades. This
hyperactivation of oncogenic signaling pathways can render cells sus-
ceptible to a concomitant inhibition of the tyrosine kinase WEE1 [6].
WEELI controls DNA replication origin firing, the supply of ANTP levels
in S phase, and the activity of the mitotic CDK1/cyclin B complex that
promotes G2/M phase progression [12-14]. The ATP-competitive WEE1
inhibitor adavosertib is currently the most advanced WEE1 inhibitor.
Adavosertib is used in clinical studies in combination with chemother-
apeutics and/or radiotherapy to eradicate various tumors. Although
such treatments produced promising results, issues with toxicity limit
the applicability of such therapies. More biomarkers for the usefulness
and efficacy of adavosertib and its combinations remain to be identified
[15,16].

We set out to define how phendione affected the survival and cell
cycle progression of cultured and primary leukemic cells and PDAC cells,
if additional inhibition of WEE1l augmented anti-tumor effects of
phendione, and if this was specific for tumor cells.

2. Results

2.1. Phendione induces apoptosis that is linked to PP2A inhibition in
leukemia cells

Using public data resources, we first estimated if the levels of PP2A
were associated with the survival of leukemia patients and whether
leukemia cell proliferation was dependent on PP2A. The GEPIA2 data-
base illustrates that higher expression levels of PP2A in 54 patients with
acute myeloid leukemia (AML) correlate with worse patient prognosis
(Fig. 1A; p = 0,00017). A CRISPR-Cas9-based dataset in the cancer cell
Dependency Map (DepMap) portal shows that out of 93 lymphoid and
42 myeloid cancer cell types over 80% rely on the PP2A catalytic subunit
a (PP2CA) for their proliferation. The average dependency values for
both leukemia cell groups are between —0.4 and —0.7 and several cell
types display an absolute dependency (values at or below —1 indicate a
necessary gene) (Fig. 1B). The cells though seem to grow independently
of the PP2A catalytic subunit p (supplemental Fig. 1A).

This encouraged us to evaluate the responses of cultured human
leukemia cells to a pharmacological inhibition of PP2A. We incubated
AML cells (MV4-11), acute lymphatic leukemia cells (ALL, RS4-11),
Burkitt lymphoma cells (Ramos), erythroleukemic cells (HEL), and
chronic myeloid leukemia cells (CML, K562) with 0.1-1 uM phendione
for 24 h. Treatment with 1 uM phendione increased the apoptotic cell
fractions to 83.9% in MV4-11 cells, to 64.1% in RS4-11 cells, to 37.6%
in Ramos cells, and to 49.4% in HEL cells. These values were statistically
significant for early and late apoptosis induction in MV4-11, RS4-11,
and Ramos cells (Fig. 1C). Therefore, we used these cells for further
analyses.

We treated MV4-11, RS4-11, and Ramos cells with 100-300 nM
phendione for 72 h. After 24 h, 100 nM phendione did not induce
apoptosis significantly in these cell types (Fig. 1C). However, a signifi-
cant number of cells accumulated in RS4-11 and Ramos cell cultures in
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early and late apoptosis upon treatment with 100 nM phendione for
72 h. These effects increased dose-dependently. In MV4-11 cells,
300 nM phendione caused apoptosis significantly. Total apoptosis at
300 nM dosing of phendione reached 73.6% in MV4-11 cells, 87.3% in
RS4-11 cells, and 98.4% in Ramos cells (Fig. 1D).

Next, we used human CD34-positive MLL-ENL+ pre-leukemic cells
as primary in vitro model. These were transduced human CD34 + cells
from healthy donors with the t(11;19) MLL-ENL oncogene. We treated
them with ethanol as solvent control, 100 nM, 500 nM, or 1 uM phen-
dione for 24-48 h. These cells were counted and stained for annexin-V/
PI to determine apoptosis and cell proliferation. We found that 500 nM
phendione stalled their proliferation and that 1 uM phendione sup-
pressed their growth significantly (Fig. 1E). Flow cytometry revealed
that this anti-proliferative effect of phendione was due to apoptosis in-
duction up to 63.8% after treatment with 1 uM phendione for 48 h
(Fig. 1F).

We then assessed how phendione affected patient-derived mono-
nuclear cells that we collected upon an unfavorable transition of CML
into leukemic blast crisis (Fig. 1G). We treated this clinical specimen
with 500 nM phendione for 24 h and 48 h. Flow cytometry demon-
strated that phendione induced apoptosis significantly up to 83% in
patient-derived CD34 + leukemic cells after 24 h and 48 h ex vivo
(Fig. 1H).

To strengthen the causal relationship between phendione, PP2A on
target activity, and subsequent apoptotic responses, we treated MV4-11
and RS4-11 cells with 1 uM phendione for 1 h and 3 h. We chose such
early treatment periods to avoid the detection of the above-shown cell
death-associated processes and altered proteasomal activities [9] and
focused on the detection of well-established PP2A target proteins [3].
Flow cytometry confirmed that no apoptosis was evident in both cell
types when they were exposed to 1 uM phendione for up to 3 h (Fig. 1I).
Immunoblot analysis revealed an accumulation of phosphorylated levels
of the kinases p38 and AKT1 and of the DNA replication stress-induced
signaling molecules CHK1 and KRAB-associated protein-1 (KAP1) upon
inhibition of PP2A. These processes occurred early and preceded any
apoptotic event, as evidenced by stable levels of PARP1. Likewise,
PR130 remained stable (Fig. 1J), which disfavors altered protein sta-
bility after such short treatment periods.

These data illustrate that PP2A is a druggable vulnerability in leu-
kemia cells from various hematopoietic origins.

2.2. Adavosertib causes apoptosis in leukemia cells

The PP2A inhibitor LB100 and adavosertib combine favorably
against colon cancer cells [6]. We analyzed the relevance of WEE1 with
databases on leukemic patient survival and with experiments in cell
lines. The GEPIA2 database shows that higher expression levels of WEE1
are linked to worse patient prognosis in 163 AML patients (Fig. 2A;
p = 0,025). The DepMap portal indicates that 93 lymphoid and 42
myeloid cell types depend on WEE1. The average dependency values for
both leukemia cell groups are between —2 and —3 (Fig. 2B).

We previously found that 500 nM adavosertib shut down WEE1
signaling [17]. Therefore, we incubated 500 nM adavosertib for 24 h
and 48 h. We found that 500 nM adavosertib induced 60-80% apoptosis
time-dependently in patient-derived CD34 + leukemic blasts ex vivo
(Figs. 2C,2D).

These findings demonstrate that leukemia cells require WEE1 ac-
tivity to grow and survive.

2.3. The combination of phendione and adavosertib causes apoptosis in
leukemia cells

To elucidate if inhibitors of PP2A and WEEI] interact against leuke-
mia cells, we determined BLISS and HSA synergy score analyses. We
treated MV4-11 AML cells and RS4-11 ALL cells with a dose matrix of
0.1-1 uM phendione along with 0.1-1 uM adavosertib for 24 h and
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Fig. 1. Phendione induces apoptosis-associated DNA fragmentation in leukemic cells. (A) Database analyses show a link between PP2A expression levels in AML cells
and disease progression of patients (cutoff 25% low and 75% high; GEPIA2 contains the TCGA and GTEx database information; GEPIA 2 (cancer-pku.cn)). (B) The
DepMap database informs how a CRISPR-Cas9-based depletion of the protein phosphatase 2 catalytic subunit alpha (PPP2CA/PP2Cq) is a dependency factor in the
shown leukemia cell types. The graph shows the dependency of all analyzed cell types (https://depmap.org/portal/gene). (C) The indicated cell lines were treated with
0.1-1 uM phendione (PD) for 24 h. Annexin-V/PI-stained cells were analyzed by flow cytometry. (D) MV4-11, RS4-11, and Ramos cells were treated with 100 nM,
200 nM and 300 nM and incubated for a further 72 h. The cells were then harvested, stained with annexin-V and PI, and subjected to flow cytometry. (E) Human
CD34/MLL-ENL-positive cells were treated as indicated. The proliferation of viable cells was followed up to 48 h; adjusted p-value ethanol vs. 1 uM after 48 h
= 0,0435; n = 3. (F) Such cells were harvested at 24 h and stained with annexin-V to determine cell death by flow cytometry. (G) Schematic diagram for the
collection of primary CML cells and showing their treatment with phendione ex vivo. Mononuclear cells are collected from the arm crook, isolated by centrifugation,
cultured, and treated with 500 nM phendione. (H) Primary CD34 + CML cells were treated with 500 nM phendione for 24 h and 48 h. Flow cytometry was performed
to measure annexin-V/PI-positive cells; n = 3. (I) MV4-11 and RS4-11 cells were treated with 1 uM phendione for 1 h, 3 h, or 24 h, harvested, stained with annexin
V/PI, and analyzed for cell death by flow cytometry; n = 3. (J) MV4-11 and RS4-11 cells were treated with 1 uM for 1 h and 3 h, harvested, lysed, and immunoblot
was performed to detect the levels as well as the posttranslational modifications of indicated proteins. Data represents three independent experiments. Data are
means + SD; n = 3-4; statistical analyses were done using analysis of variance (two-way ANOVA) (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001);
numbers below blots are densitometric values divided by signals for loading control.
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Fig. 2. WEE1 inhibition kills leukemic cells. (A) Database analyses show a link between WEE1 expression levels in AML cells and disease progression of patients
(cutoff 25% low and 75% high; UALCAN database: an update to the integrated cancer data analysis platform that contains the TCGA, MET500, CPTAC and CBTTC,
and GTEx database information; (https://ualcan.path.uab.edu/analysis.html)). (B) The DepMap database informs how a CRISPR-Cas9-based depletion of WEEL1 is a
dependency factor in the shown cell types. The graph shows the dependency of all analyzed cell types (https://depmap.org/portal/gene). (C) Schematic diagram for
the collection of primary CML cells and showing their treatment with adavosertib (MK-1775) ex vivo. Mononuclear cells were isolated, cultured, and treated with
500 nM adavosertib. (D) Primary CD34 + CML cells were treated with 500 nM adavosertib (MK) for 24 h and 48 h. Cells were harvested, stained with annexin-V/PI,
and analyzed for cell death by flow cytometry; n = 3; statistical analyses were done using analysis of variance (two-way ANOVA) (** p < 0.01, *** p < 0.001).

measured early and late apoptosis. In these cells, simultaneous inhibi-
tion of PP2A and WEEI induced apoptosis synergistically, within a range
between 5.052 and 12.907 (Fig. 3A-D).

Based on this evidence, we treated MV4-11 and RS4-11 cells with
500 nM phendione and 500 nM adavosertib. Consistent with Fig. 1C,
adavosertib induced apoptosis significantly in MV4-11 cells and both
phendione and adavosertib induced apoptosis significantly in RS4-11
cells. In both leukemia cell types, 500 nM phendione plus 500 nM
adavosertib increased the fractions of cells in early apoptosis and late
apoptosis/necrosis significantly. Independent of the effects of the single
agents, apoptosis was potentiated when these compounds were applied
together (Fig. 3E).

As WEEL is a key cell cycle regulator, we consequently analyzed with
flow cytometry how adavosertib and phendione affected cell cycle phase
distributions of MV4-11 and RS4-11 cells after 24 h. In both cell types,
adavosertib reduced the number of cells in G1 phase significantly.
Phendione plus adavosertib decreased the G2/M phase fractions
significantly. Phendione increased the numbers of cells in the G1 phase
and reduced the G2/M phase population of RS4-11 cells. Adavosertib
plus phendione increased G1 phase cells and reduced the S phase cells in
RS4-11 cell cultures and reduced G2/M phase populations in both cell
types. Both adavosertib and adavosertib plus phendione significantly
caused apoptosis-associated DNA fragmentation in MV4-11 and RS4-11
cell cultures (measured as cells with fragmented DNA in subG1 phase)
(Fig. 3F).

We then applied lower doses of phendione and adavosertib to these
cells. In RS4-11 cells, 200 nM phendione plus 200 nM adavosertib
promoted apoptosis significantly (supplemental Fig. S1B). An inhibition
of WEE1 with 100-200 nM adavosertib + phendione evoked a

significant accumulation of RS4-11 cells in G1 phase (supplemental
Fig. S1C).

Immunoblot analyses verified the apoptosis measurements that are
shown in Figs. 3E,3F. We detected cleavage and consequent reduction of
the caspase-3 target and DNA repair protein PARP1 in phendione plus
adavosertib-treated cells (Fig. 3G). This verifies the activation of the
ultimate apoptosis executioner enzyme caspase-3. We assessed if this
accumulation of apoptosis markers is linked to DNA replication stress/
DNA damage. We probed for the phosphorylation of KAP1 at S824, of
histone H2AX at S139 (termed yH2AX), and of the DNA replication
stress/DNA damage-inducible phosphorylation of the transcription fac-
tor p53 at S15. The accumulation of YH2AX corresponded to the extent
of apoptosis induction in MV4-11 cells and the accumulation of phos-
phorylated KAP1 was only evident in the combination scheme. In
RS4-11 cells the levels of p-KAP1 correlated with apoptosis but there
was no induction of yYH2AX. The phosphorylation and levels of p53 were
changed hardly by both agents. Detection of the phosphorylation of the
WEEL1 substrate p-CDK1 revealed the full inhibition of WEE1 by the
chosen adavosertib dose in both leukemia cell types (Fig. 3G).

These data illustrate that apoptosis induction in leukemia cells is a
main consequence of biochemically verified combined inhibition of
PP2A and WEEI].

2.4. Phendione and adavosertib kill preleukemic cells, but produce no
cytotoxic effects in peripheral blood mononuclear cells (PBMCs)

Next, we evaluated in the HEMAP database if the sensitivities of
CML, AML, and ALL cells to PP2A and WEE] inhibitors are associated
with higher expression levels of the mRNAs encoding PP2CA and WEE1
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Fig. 3. Phendione and adavosertib synergize to kill leukemic cells. (A-D) Synergy heatmaps visualizing synergistic and antagonistic dose regions in red and green
using BLISS and HSA methods, respectively. The white-framed boxes of the maps represent the most synergistic dose combinations. MV4-11 (A,B) and RS4-11 (C,D)
cells were treated with the indicated doses of phendione (PD) and adavosertib (MK) for 24 h, harvested, stained with annexin V/PI, and analyzed for cell death by
flow cytometry using annexin-V/PI. Synergy scores were analyzed and visualized by the free web-based tool SynergyFinder 3.0 (https://synergyfinder.fimm.fi). (E-F)
Cell death determination (E) and cell cycle analysis (F) were performed in MV4-11 and RS4-11 cells. These were treated for 24 h with 500 nM phendione and 500 nM
adavosertib. Data are from flow cytometric analyses; n = 3 each; expressed as means + SD; statistical analyses using analysis of variance (two-way ANOVA; *
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (G) Immunoblot was conducted to reveal the levels of the indicated proteins/posttranslational modifications.
MV4-11 and RS4-11 cells were treated as mentioned, lysed, and processed; numbers below blots are densitometric values divided by signals for the loading control.

in such cells compared to normal blood cells. There are higher levels of
the PP2CA and WEE1 mRNAs in CML and ALL cells than in normal
myeloid and T-cells. AML cells had higher levels of WEE1 than myeloid
cells (Fig. 4A).

To evaluate how phendione might affect normal blood cells, we
treated human PBMCs with 0.1-1 pM phendione for 24 h and analyzed

individual immune cell fractions. These myeloid and lymphoid leuko-
cyte populations include neutrophils, polymorphonuclear leukocytes
(PMNs, granulocytes), dendritic cells (DCs), T-cells, B-cells, and mono-
cytes. A flow cytometry-based determination of cell death showed that
phendione did not induce apoptosis in any of these cell types (Fig. 4B).

We then tested the effects of 1 uM phendione + 500 nM adavosertib
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Fig. 4. PP2A and WEEI inhibitors produce no cytotoxic effects in normal immune cells. (A) The HEMAP database (HEMAP: Blood cancer/AML maps and explo-
ration) was used to detect the mRNA levels encoding PPP2CA and WEE1 in leukemia cells compared to normal cell samples. (B) Neutrophils, PMN, DC, T cells,
monocytes, B cells, and NK cells were treated for 24 h with up to 1 uM phendione (PD). (C) These cell types were incubated with 1 uM phendione + 500 nM
adavosertib for 24 h (PD/MK). Apoptosis was measured by flow cytometry; n = 4 in each case. All data are mean values + SD; statistical analyses using analysis of
variance (two-way ANOVA) showed no statistical relevance. After harvesting, cells were stained with annexin V-FITC AND SYTOX™ AADvanced™.

for 24 h on PBMCs. Flow cytometry showed that neither adavosertib nor phendione and adavosertib than leukemia cells.
the combination adavosertib + phendione led to an induction of
apoptosis in PBMCs (Fig. 4C).

These data illustrate that PBMCs are significantly less susceptible to
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2.5. Phendione and adavosertib kill human and murine PDAC cells

Subsequently, we tried to extrapolate our data to another tumor cell
system. We chose PDAC cells for which we have recently characterized
their responses to phendione [9]. We inspected the DepMap database for
the impact of the genetic depletion of the PP2A catalytic subunits
PP2Aa/PP2CA and PP2AB/PP2CB and WEE1 in PDAC cells. The pro-
liferation of such cells was compromised by the knockouts of PP2Ax and
WEEL1 (Fig. 5A,B).

Based on our recent findings [9], we incubated human MIA PaCa-2
PDAC cells with 3 uM phendione. We applied 500 nM adavosertib
because we had used this concentration to collect the above-shown
experimental outcomes with leukemia cells. We evaluated cell cycle
progression and apoptosis by flow cytometry. After 24 h, phendione,
adavosertib, and their combination reduced the G1 phase populations in
MIA PaCa-2 cell cultures significantly. The single treatments augmented
the G2/M phase populations, but their combination did not produce this
effect. Instead, the combined treatment augmented subG1l phase pop-
ulations significantly. After 48 h, phendione and adavosertib also
increased the subG1 phase fractions significantly and this became more
evident in the cotreatment groups. The reduction of G1 phase and the
increase in G2/M phase populations by the single agents became sig-
nificant after 48 h. This was associated with significantly higher
numbers of cells in G2/M phase and in case of adavosertib with more
cells in S phase. Although phendione plus adavosertib also reduced cells
in G1 phase, the accumulation of cells in G2/M phase by the single
agents was lost when both agents were applied to MIA PaCa-2 cells
(Fig. 5Q).

Concerning apoptosis induction in MIA PaCa-2 cells, the single
agents increased the early apoptotic cell fractions. This became signifi-
cantly potentiated in the cotreatment scheme after 24 h. After 48 h,
these effects were augmented and phendione alone and combined with
adavosertib increased the late apoptosis/necrotic fractions significantly
(Fig. 5D). Immunoblot analysis for cleaved caspase-3 confirmed that
phendione plus adavosertib were more effective in inducing apoptosis
than the single drug applications (Fig. 5E).

To test if phendione acts on target in human PDAC cells, we treated
MIA PaCa-2 with 1 uM phendione at early treatment intervals (1 h and
3 h). Like in MV4-11 and RS4-11, we noted a significant accumulation
of the PP2A target proteins p-CHK1, p-AKT1, and p-KAP1 prior the onset
of detectable apoptosis after a 24-h incubation period (PARP1; annexin-
V/PI) or altered proteasomal degradation (PR130) upon PP2A inhibition
(Fig. 5F,G).

We then investigated whether phendione and adavosertib are
effective against the murine PDAC cell line S821, which is weakly sus-
ceptible to phendione-induced apoptosis [9]. We treated such cells with
3 uM phendione and 500 nM adavosertib and determined cell death
after 48 h and 72 h. Similar to MIA PaCa-2 cells (Fig. 5C), the G1 phase
was significantly reduced both in the single treatment with phendione or
adavosertib and in the combination of phendione plus adavosertib.
Adavosertib additionally led to a G2/M arrest. In contrast to the indi-
vidual treatments, the subG1 fraction increased significantly after 48 h
upon the combination treatment. After 72 h, the reduction in G1 phase
was maintained in each treatment condition. The single treatments
caused no induction of the subG1 fraction even after 72 h, whereas the
combination phendione plus adavosertib evoked this
apoptosis-associated process significantly (supplemental Fig. S2A). In
S821 cells that were treated for 48-72 h, phendione weakly induced
apoptosis. Adavosertib induced apoptosis comparably after 48 h and
72 h. The combination of phendione and adavosertib induced apoptosis
more effectively than the single treatments. At 72 h, this difference was
highly significant for early apoptosis (supplemental Fig. S2B).

From these observations we conclude that inhibitors of PP2A and
WEEI] eliminate PDAC cells through apoptosis.

PP2A and WEE1 suppress an accumulation of DNA damage
signaling markers and mitotic catastrophe

Biomedicine & Pharmacotherapy 199 (2026) 119433

Next, we investigated whether dysregulation of DNA replication
signaling is associated with apoptosis induction by phendione and
adavosertib. We treated MIA PaCa-2 cells with 3 uM phendione and
500 nM adavosertib for 24 h. The DNA damage-induced kinase ataxia
telangiectasia mutant (ATM) phosphorylates KAP1 to activate KAP1-
dependent cell cycle arrest and apoptosis genes [18]. Immunoblots
showed an induction of p-KAP1 by phendione alone and more pro-
nouncedly when applied in combination with adavosertib. Treatment
with adavosertib also induced p-KAP1 but less effectively than phen-
dione (Fig. 6A). As previously reported by us [9], phendione attenuated
PR130 after 24 h, but this effect was neither caused nor potentiated by
adavosertib (Fig. 6A). The PP2A-PR130 complex dephosphorylates
activated ATM [19]. The reduction of PR130 by phendione was linked to
an accumulation of phosphorylated ATM. Phendione was a stronger
inducer of phosphorylated ATM than adavosertib (Fig. 6A). This acti-
vation of ATM was consistent with the phosphorylation of its target
protein KAP1. The accumulation of phosphorylated ATM was not due to
its upregulation but associated with ATM species that migrated faster in
immunoblot  analyses (Fig. 6A). These correspond to
apoptosis-associated cleavage of ATM by caspases [20].

Due to the alterations in cell cycle progression (Fig. 5C) and to
ascertain WEE1 inhibitor efficacy in PDAC cells, we probed immuno-
blots for the cell cycle regulators p-CDK1, its activating binding partner
cyclin B, which promotes G2/M phase progression, WEE1, which cata-
lyzes inhibitory phosphorylation of CDK1, and the mitotic serine/thre-
onine kinase polo-like kinase-1 (PLK1). Like in leukemia cells (Fig. 3G),
adavosertib ceased the phosphorylation of CDK1 in MIA PaCa-2 cells
(Fig. 6B). Detection of p-CDK1 by immunoblot showed that adavosertib
was also an effective inhibitor of WEE1 in S821 cells. A decrease of p-
CDK1 and CHK1 was observed in adavosertib and adavosertib plus
phendione-treated cells. In addition, an increase of p-KAP1 occurred in
such cells (supplemental Fig. S2C). Moreover, adavosertib alone and
combined with phendione reduced its target WEE1 together with cyclin
B, and PLK1 in MIA PaCa-2 cells (Fig. 6B).

Tubulin-a is involved in the proper formation of microtubules for
mitosis [21]. Confocal immunofluorescence of MIA PaCa-2 cells
demonstrated that adavosertib led to significantly increased star-like
tubulin-a structures (Fig. 6C), indicating failed mitosis. Typical meta-
phase cells with normally distributed spindles are visible in untreated
MIA PaCa-2 cells. This phenomenon of star-like tubulin-o structures
occurred more frequently and significantly in cells that were incubated
with adavosertib and phendione. In such cells, we additionally noted an
increase in tubulin-a staining intensity and significantly less PLK1 foci,
than in MIA PaCa-2 control cells (Fig. 6C-E). We could confirm deformed
spindle organization, which causes defective mitotic progression, as
aberrant acetylated-tubulin (ac-tubulin) staining patterns in MIA PaCa-2
cells that are positive for the G2/M phase marker phosphorylated his-
tone H3 (pH3) (Fig. 6F,G). This finding corroborates that phendione
plus adavosertib treatment disturbs microtubule dynamics during
mitosis.

We deduce that apoptosis induction in PDAC cells that are plated
with phendione and adavosertib is linked to mitotic catastrophe.

3. Discussion

The GEPIA2 database shows that high expression levels of both the
catalytic PP2A subunit PP2CA and WEEL tie in with worse prognoses of
leukemia patients. Congruently, cultured leukemia cells are killed upon
an inhibition of these enzymes. This may also apply to PDAC patients
and cells, but we did not analyze the database concerning PDAC sam-
ples, because there are issues with PDAC tissues in the TCGA database
[22]. Although the number of samples that we analyzed do not allow
definite conclusions, our data and database analyses suggest that PP2A
is a still underappreciated target in AML and CML.

The dependence of tumor cells on WEE1 can be explained by its
critical roles for DNA replication and the timely entry of cells into G2/M
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Fig. 5. PP2A and WEE] are valid targets in PDAC cells. (A,B) The DepMap database informs how a CRISPR-Cas9-based depletion of the protein phosphatase 2

catalytic subunit alpha and beta (PPP2CA = PP2Cq) as shown in (A) or WEE1 in

(B) are a dependency factors in the indicated tumor cell types. The graph shows the

dependency of all analyzed cell types (https://depmap.org/portal/gene). (C) MIA PaCa-2 cells were treated with 3 uM phendione and 500 nM adavosertib for
24-48 h (PD/MK). Cells were fixed and analyzed for cell cycle progression by flow cytometry. (D) Same as in (C), but evaluation of early/late apoptosis/necrosis by

flow cytometry for annexin-V/PI Data from flow cytometric analyses are n = 3
way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (E) MIA
for 24 h. Lysates thereof were processed to reveal the activation of caspase-3 by

each; expressed as means + SD; statistical analyses using analysis of variance (two-
PaCa-2 cells were treated with 3 uM phendione (PD) and 500 nM adavosertib (MK)
limited proteolysis; HSP90, loading control. (F) MIA PaCa-2 cells were treated with

1 uM for 1 h, 3 h, or 24 h, harvested, stained with annexin V/PI, and analyzed for cell death by flow cytometry. (G) MIA PaCa-2 cells were treated with 1 uM for 1 h
and 3 h, harvested, lysed, and immunoblot was performed to detect the levels as well as the posttranslational modifications of indicated proteins. Results represent
three independent experiments; numbers are densitometric values divided by signals for the loading control.
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Fig. 6. Phendione and adavosertib evoke DNA damage and mitotic catastrophe. (A) MIA PaCa-2 cells were treated with 3 uM phendione (PD) and 500 nM ada-
vosertib (MK) for 24 h. Inmunoblots were performed to detect proteins that are activated upon DNA replication stress/DNA damage. Vinculin was detected to control
for equal loading; black triangles point to apoptosis-associated cleaved forms (molecular weight of full-length ATM = 350 kDa); n = 2. (B) MIA PaCa-2 cells were
treated with 3 pM phendione and 500 nM adavosertib for 24 h (PD/MK). The protein levels of p-CDK1, WEEI], cyclin B, and PLK1 were detected. HSP90 served as
loading control; n = 2). Numbers below blots are densitometric values divided by signals for the loading control. (C) MIA PaCa-2 cells were either untreated (control)
or treated with 3 uM phendione and 500 nM adavosertib for 24 h, fixed and incubated with anti-a-tubulin or anti-PLK1 antibodies. Antibodies coupled with Alexa
Fluor-488 (green, PLK1) and Cy3 (red, tubulin-a) were used for detection. TO-PRO3 was used to visualize the cell nuclei. Representative images are shown; n = 3.
PLK1 foci per cell were analyzed using ImageJ software; scale bar 10 um. (D) Quantification of PLK1 foci in MIA PaCa-2 cells that were treated with 3 uM phendione
and 500 nM adavosertib for 24 h. (E) Regular as well as aberrant tubulin-a structures indicating failed deformed spindle organization mitosis/mitotic catastrophe
were evaluated in MIA PaCa-2 cells that were exposed to 3 uM phendione and 500 nM adavosertib for 24 h. For D) and E) we analyzed at least 100 cells in three
independent experiments. (F) MIA PaCa-2 cells were treated as noted in (C), fixed, and stained with an antibody against the mitotic marker phospho-histone H3 (pH3;
Ser10; green) and an antibody against acetylated tubulin (ac-tubulin; Lys40; red). Antibodies coupled with Alexa Fluor-488 and Cy3 were used for detection; TO-
PRO3 was used to visualize the cell nuclei. Representative images are shown; n = 3. Normal and deformed ac-tubulin structures in (pH3)-positive (mitotic) cells,
indicating normal or failed deformed spindle organization mitosis/mitotic catastrophe were evaluated in MIA PaCa-2 cells. Imaging and analyses were performed in
LASX Office software; scale bar 10 um. The data is expressed as mean + SD, statistical analyses using analysis of variance (one-way ANOVA) were performed (*
p< 0.05, *** p < 0.001, **** p < 0.0001).

phase of the «cell cycle [12-14]. Tumor-promoting and 3.1.2. Cells and culture conditions

tumor-suppressive functions were reported for PP2A [2,7]. Neither HEL, erythroleukemia (AML M6), relapse after Hodgkin-lymphoma,
clinical data on the patients’ prognoses nor data on the reliance of 30-year-old male, JAK2V617F-Mutation, p53-mutant, pl6-mutant; K562,
various tumor cells on PP2A support major tumor-suppressive functions CML crisis, 53-year-old female, p53-negative; MV4-11, AML, 10-year-
of PP2A. PP2A rather appears as a valid clinical target in AML, CML, and old boy, FLT3-ITD, MLL-AFF1/MLL-AF4; Ramos, Burkitt-lymphoma, 3-
PDAC cells. This notion reflects recent data and the above data, which year-old boy, MYC overexpression; RS4-11, B-cell precursor leukemia,
demonstrate that PP2A inhibition eliminates cancer cells in culture and ALL, 32-year-old female, p53-mutant, MLL-AFF1/MLL-AF4; MIA PaCa-
in mice [6,8,9]. 2, human PDAC cell line, isolated from a 65-year-old Caucasian man in

Adavosertib is used in advanced clinical trials [15,16]. Inhibitors for 1975, KRAS-mutant, p53-mutant, p16-deletion; S821 murine PDAC cell
PP2A and WEEl may be improved by pharmaceutical approaches, line isolated from a primary pancreatic tumor, KRAS-mutant, p16-
including but not limited to the development of targeted protein de- Deletion, p53-mutant [27]. Leukemic cells were cultured in Roswell

graders of WEE1 and PP2A based on existing inhibitors [23,24]. Treat- Park Memorial Institute-1640 (RPMI-1640) (Sigma-Aldrich, Steinheim,
ing leukemia cells and PDAC cells with phendione plus adavosertib Germany) supplemented with 5-10% fetal bovine serum (FCS) (Sig-

evokes in a synergistic range over various concentrations apoptosis, a ma-Aldrich, Steinheim, Germany), 1% penicillin/streptomycin (Sig-
loss of cells in G2/M phase, biochemical signs of DNA replication ma-Aldrich, Steinheim, Germany). Adherent cell lines were maintained
stress/DNA damage, and mitotic catastrophe. Further studies are in Dulbecco’s Modified Eagle Medium (DMEM), 5-10% FCS (Sig-
necessary to clarify the exact DNA damage and DNA repair pathways in ma-Aldrich, Steinheim, Germany), 1% penicillin/streptomycin (Life
cells with blocked PP2A and WEE1, and if these pathways include Technologies, USA). All cells were maintained under standard sterile
therapeutic targets to kill cancer cells. conditions in humidified, 5% CO, atmosphere at 37°C. All cell lines were

If WEEL is active, CDK1 is phosphorylated and therefore inactive and tested negative for mycoplasma. Human cells were authenticated by
cells do not enter G2/M phase prematurely [12-14]. We observed an DNA fingerprint at the DSMZ, Braunschweig or Eurofins Genomics,
increase in tubulin-a staining intensity and the accumulation of aberrant Ebersberg, Germany.

tubulin-a staining patterns in adavosertib plus phendione-treated cells,
despite reduced cell numbers in G2/M phase and despite an accumula- 3.1.3. MLL-ENL+ pre-leukemic cells and primary CML cells

tion of DNA replication stress marker proteins. Such cellular alterations To establish a primary human AML in vitro model, human
indicate mitotic catastrophe [25]. PLK1 signaling controls the assembly CD34 + cells from healthy donors were retrovirally transduced with the
of the spindle apparatus that separates the duplicated chromosomes in t(11;19) MLL-ENL (ME) fusion gene. The outgrowth of MLL-ENL+ cells
G2 phase and the progression of mitosis. These activities of PLK1 was monitored by the increase of GFP+ cells. Fully outgrown MLL-
maintain genomic integrity and prevent apoptosis [26]. Our finding that ENL+ cells were seeded at 3 x 10° cells/mL in complete medium
mitotic catastrophe results in caspase-3 activation suggests that (IMDM medium supplemented with 20% FCS, 100 U/mL penicillin/
apoptosis induction is associated and probably results from such mitotic streptomycin, 2 mM L-glutamine, 20 ng/mL FLT3 ligand, 20 ng/mL
defects. GM-CSF, 20 ng/mL SCF, 20 ng/mL TPO, 20 ng/mL IL-6, and 10 ng/mL

Taken together, this work shows that leukemia cells from ALL and IL-3). Primary CML cells were described by us [28]. In brief, mono-
CML patients and PDAC cells undergo mitotic defects and apoptosis nuclear cells were isolated upon approval of the Ethical Committee of
upon treatment with phendione and adavosertib. Although our data is Landesarztekammer Rhineland-Palatine No.: 837.258.17 (11092) from
limited to the use of cell lines and primary cells ex vivo, we provide a a 39-year-old female with the BCR-ABL transcript b2a2 and suffering
possible framework for improved therapy of patients suffering from from chronic phase t(9;22)-positive CML. Cells were collected by Ficoll
these and further severe tumors. Hypaque gradient and cultivated in L-glutamine containing Iscove's

Modified Dulbecco's Medium (IMDM) (Thermo Fisher Scientific,
Darmstadt, Germany) supplemented with 20% fetal bovine serum, 1%

3.1. Material and methods penicillin/streptomycin, 1x MEM non-essential amino acids (Euro-
Clone), 10 ng/mL Interleukin-3, and 50 ng/mL FLT3 ligand (Pepro-

3.1.1. Drugs and chemicals Tech/Thermo Fisher Scientific, Darmstadt, Germany). All cells were
Adavosertib was purchased from Selleck Chemicals, Munich, Ger- maintained under sterile conditions at 37°C in a humidified incubator

many. Phendione (1,10-phenanthroline-5,6-dione), propidium iodide with 5% COs.

(PD), and triton X-100 were purchased from Sigma-Aldrich Chemie

GmbH, Munich, Germany; dithiothreitol (DTT) was from PanReac 3.1.4. PBMCs

AppliChem, Darmstadt, Germany; and bovine milk powder were from We have recently described this technique in [29]. PBMCs were

Carl Roth, Karlsruhe, Germany. All drugs were kept as stock solutions in isolated with Biocoll® separation solution from buffy coats. These were
DMSO at —80°C.
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from four healthy donors who were tested negative for general in-
fections. As mentioned in [29], PBMCs were washed in staining buffer
(1x PBS, 2% FCS, 0.5 mM EDTA) and incubated with human FcR
blocking reagent (No. 130-059-901, Miltenyi Biotec) to prevent anti-
body binding to Fc receptors. The samples were then incubated with
fluorescently labeled antibodies (20 min, 4 °C) and washed with 1x PBS.
Subsequently, staining with Annexin-V FITC (640906, BioLegend) was
performed for 20 min in the absence of light to determine early
apoptosis. To detect the cells in late apoptosis/necrosis, the dye
SYTOX™ AADvanced™ (S10349) was added to the samples 5 min prior
to measurements. Measurements and analyses were performed using the
AttuneTM NxT flow cytometer and the Attune NxT software (Thermo
Fisher). The cells were defined: CD3+ as T cells, CD3- CD19+ as B cells,
CD3- CD19- CD14+ as monocytes, CD3- CD19- CD1c+ as dendritic cells,
CD3- CD19- CD56+ as natural Kkiller (NK) cells, CD3- CD14- CD19-
CD56- CD11b+ CD15+ as neutrophils, and CD3- CD14- CD19- CD56-
CD11b+ as PMNs. The following antibodies were used: CD11b BV510
(101263), CD1c BV605 (331538), CD3 BV711 (344838), CD14 PE
(301850) from BioLegend; CD15 APC (17-0158-42), CD56 PE-Cy7
(25-0567-42), CD19 SuperBright436 (62-0199-42); all from Thermo
Fisher.

3.1.5. Immunoblot

Cells were harvested, lysed in NET-N buffer (100 mM NacCl, 10 mM
Tris-HCl pH 8, 1 mM EDTA, 10% glycerol, 0.5% NP-40; protease in-
hibitor cocktail tablets (Roche, Mannheim, Germany) and phosphatase
inhibitor cocktail 2 (Sigma)), sonicated (20 pulses, amplitude 40%, 0.1 s
pulse duration) and centrifuged (17,000 xg/25 min/4 °C). Protein
concentrations were estimated by Bradford assay. Proteins were
analyzed by SDS-PAGE (95-125V for 90 min) and immunoblot
(175 mA per gel for 120 min). After transfer onto nitrocellulose mem-
branes (Amersham Protran, GEHealthcare), membranes were blocked
with 5% non-fat milk for 1 h, washed in Tris-buffered saline/Tween
(TBS-T) for 5 min each, and incubated overnight with the following
primary antibodies: p-ATM (Ser1981)/ab-81292, p21/ab-109199
(Abcam, Cambridge, UK), ATM/cs-2873, CHK1/cs-2360, cleaved
caspase-3/cs-9661, cyclin B1/cs-4138, p-AKT (Ser473)/cs-9271S, p-
CDK1 (Tyrl5)/cs-4539S, p-CHK1 (S345)/cs-2348S, p-p38 (Thrl80/
Tyr182)/cs-9215, WEE1/cs-4936, yH2AX (Ser139)/cs-9718 (Cell
Signaling, Frankfurt/Main); cleaved PARP1/552596, PARP1/556362
(BD Bioscience, Heidelberg); p-actin/sc-47778, HSP90/sc-13119, p53-
DO1/sc-126, vinculin (7F9), sc-73614 (Santa Cruz, Heidelberg); p53/
NCL-p53-CM5p (Novocastra Leica Biosystems, Wetzlar); p-KAP1
(Ser824), PR130/NBP1-87233 (Novus Biologicals, Wiesbaden). Mem-
branes were afterwards incubated with secondary antibodies as follows:
IRDye® 680RD anti-rabbit 1gG/925-68071, IRDye® 680RD anti-mouse
1gG/925-68070, IRDye® 800CW anti-rabbit 1gG/925-32211, IRDye®
800CW anti-mouse IgG, 925-32210 (LI-COR Biosciences, Bad Hom-
burg); Alexa Fluor® 488 F(ab’2) anti-mouse IgG (H+L)/A11017
(Thermo Fischer, Frankfurt/Main); Cy3 anti-rabbit IgG (H+L)/
111-165-144 (Dianova, Hamburg). Proteins were analyzed using the
Infrared Imaging System Odyssey (LICOR). Data analysis was performed
using Image Studio Lite V4.0 (LICOR).

3.1.6. Flow cytometry

Annexin/PI staining: the samples were centrifuged for 5 min at
1300 rpm and room temperature. Cell pellets were washed twice with
1 mL PBS. Afterwards, cells were stained with 2.5 pL. annexin-V-FITC
(Miltenyi Biotec) and 50 pL 1x binding buffer (1 mM HEPES, 140 mM
NacCl, 0.25 mM CacCl,, pH was adjusted to 7.4 with KOH) for 20 min in
darkness. Shortly before measurement, cells were stained with 10 L PI
(50 pg/mL) and 430 uL 1x binding buffer and measured with the BD
FACS Canto II. Data analysis was carried out using FACSDiva Software
(BD Biosciences). Cells in late apoptosis or necrotic cells show both
annexin V and PI-positive staining, as the integrity of the plasma and
nuclear membrane decreases, allowing PI to enter the cell, intercalate
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into the DNA and emit fluorescence in the flow cytometer. Cells un-
dergoing early events of apoptosis are negative for PI staining.

Analysis of cell cycle phases and subGl1 fractions: cells were har-
vested and washed twice with 1x PBS and fixed with 2 mL ice-cold 80%
EtOH for 2 h. On the day of measurement, the samples were centrifuged
for 5 min at 1300 rpm. The supernatant was aspirated, and the pellets
were washed with 1x PBS. The pellets were resuspended in 333 pL 1x
PBS and 1 uL RNase A (10 mg/mL) and incubated for 1h at room
temperature. Shortly before the measurement, 165 uL PI (50 pg/mL)
were added to the samples. Cellular debris were out-gated. Intensity of
PI fluorescence signal was measured with the FACSCanto II flow
cytometry machine (BD Biosciences) and analyzed using FACSDiva
Software.

3.1.7. Synergy assessment

Synergy between drug pairs was quantified and visualized using the
web-based SynergyFinder 3.0 platform [30], based on apoptosis mea-
surements. Early and late apoptotic values were summed up and
normalized to control values. This prompt dose-response matrices for
each combination and computed synergy scores across the matrix based
on standard reference models (BLISS and HSA). For each dose combi-
nation, the observed effect was compared to the model-predicted
non-interaction effect to obtain a local synergy score, and these values
were then summarized into an overall synergy score for the full matrix to
reduce model-specific false positives. Zero, > 0 or < 0 corresponds to
additive, synergy or antagonism, respectively, whilst > 5 indicates
strong synergy [31].

3.1.8. Immunofluorescence

Immunofluorescence was performed using anti-PLK1/sc-17783
(Santa Cruz, Heidelberg) and anti-a-tubulin/ab-6560 (Abcam, Cam-
bridge, UK), anti-ac-tubulin (Lys40)/T7451 (Sigma-Aldrich, Darmstadt,
Germany), and anti-p-H3 (Ser10)/cs-9701S (Cell Signaling, Frankfurt/
Main), as previously described by us [9,17]. Imaging and data analysis
were carried out using the laser-scanning microscope LSM710 with Zen
2009 software (Carl Zeiss) or the Leica TCS SP8 inverse confocal fluo-
rescence microscope using LASX Office software. The scoring rubric for
aberrant mitoses includes cells with multipolar spindles, star-shaped
microtubules, dispersed acetylated tubulin, failed cytokinesis, and
scattered nuclear morphology. At least > 200 cells per condition were
analyzed by us unblinded and from three independent biological
replicates.

3.1.9. Database analyses

We used the databases GEPIA2 (GEPIA 2), UALCAN (https://ualcan.
path.uab.edu/analysis.html): an update to the integrated cancer data
analysis platform that contains information from the TCGA, MET500,
CPTAC and CBTTC, and GTEx databases, DepMap (DepMap: The Cancer
Dependency Map Project at Broad Institute), and HEMAP (http://h
emap.uta.fi/hemap/index.html).
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