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Background and Purpose: Activation of Protein Phosphatase 2A (PP2A), via genetic
and pharmacologic modulation of SET, has recently being identified as a promising
strategy to therapeutically target acute myeloid leukaemia (AML) carrying KMT2A
(MLL) chromosomal translocations (KMT2A-r AML).

Experimental Approach: In this study, we investigated the expression of PP2A sub-
units and the therapeutic potential of forskolin, a cyclic adenosine monophosphate
(cAMP) elevating natural compound that has been reported as a PP2A activator.

Key Results: Our data show that PPP2CA encoding protein phosphatase 2 catalytic
subunit « is abundantly expressed in KMT2A-r AML cells. Treatment with forskolin
arrests proliferation; induces cell death; represses the expression of MYC, HOXA9 and
HOXA10; stimulates PP2A activity; and attenuates the activity of ERK1/2 in KMT2A-r
AML cells. Forskolin increases sensitivity to standard-of-care daunorubicin in KMT2A-
AML cell lines and PDX. Silencing PPP2CA partially rescues the cytotoxic effect of
forskolin, stimulates ERK1/2, inhibits GSK3p, and abolishes the forskolin-mediated
repression of c-MYC and HOXA10, but it did not affect the potentiation of response
to daunorubicin. This effect was also not dependent on increase of cAMP, but it was
because of increase in the intracellular accumulation of daunorubicin, through inhibi-
tion of drug efflux pump P-glycoprotein 1 (multidrug resistance protein).

Conclusions and Implications: In conclusion, our findings highlight a novel mecha-
nism of action for forskolin and support a potential role of this natural compound in
combination with current conventional agent daunorubicin in the treatment of
KMT2A-r AML.

Abbreviations: AML, acute myeloid leukaemia; Cryo-EM, Cryo electron miscroscopy; eGFP, enhanced green fluorescence protein; FBS, fetal bovine serum; GFP, green fluorescence protein;
KMT2A, Histone-lysine N-methyltransferase 2A; MDR, multi-drug resistance protein; OA, okadaic acid; PDX, patient-derived xenotransplant; pGP, p-glycoprotein 1; pNPP, para-
Nitrophenylphosphate; RPMI-1640 medium, Roswell park memorial institute-1640 medium; TBS, TRIS buffer saline.
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1 | INTRODUCTION

Acute myeloid leukaemia (AML) is a heterogeneous disease charac-
terised by blocked differentiation and increased proliferation of
haematopoietic progenitors sustained by leukaemia stem cells (LSC)
that, like haematopoietic stem cells (HSC) in the development of
blood cells, maintain and regenerate leukaemia owing to their ability
of unlimited self-renewal. The heterogeneity of AML can be attrib-
uted to diverse driver genetic mutations that may be present in
combination with epigenetic abnormalities (Tazi et al., 2022). Among
these, 11923 chromosomal translocations affecting the gene
KMT2A, encoding for Histone 3 lysine 4 methyltransferase, repre-
sent a potent driver mutation, associated with resistance to chemo-
therapy and very poor prognosis (M. Esposito, 2019; Meyer
et al., 2023; Winters & Bernt, 2017). Therapies targeting the genetic
drivers have improved the outcomes of some AML patients' sub-
sets; however, these therapeutic strategies are limited to patients
with a clear actionable driver mutation or chromosomal rearrange-
ment (Dohner et al, 2021). Proteomic and phospho-proteomic
approaches have complemented the genomic studies, elucidating
deregulated signalling networks and identifying protein kinases as
key druggable drivers of AML (Aasebo et al, 2020; Casado
et al., 2023; Gosline et al., 2022; Kramer et al., 2022). Accordingly,
small molecules kinase inhibitors have been developed and tested in
AML models (Takahashi, 2023). However, most of these inhibitors
have a toxicity which is clinically prohibitive; others, when tested in
clinical trials, only resulted in non-sustained responses, suggesting
the existence of redundancy mechanisms (Takahashi, 2023). Novel
therapies are being designed to target multiple kinase pathways at
the same time. However, the toxicity of the most promising kinase
inhibitors hampers the clinical feasibility and success of this multi-
targeting approach. Therefore, alternative therapeutic approaches
are needed. Whereas kinases have been at the heart of cancer drug
discovery projects, protein phosphatases are less studied. Among
these, serine/threonine phosphatase PP2A has emerged as a critical
tumour suppressor regulating a vast portion of the phospho-
proteome, whose inactivation contributes to the development of
cancer (Kauko & Westermarck, 2018). Somatic mutations and dele-
tions of the PPP2CA gene, encoding the catalytic subunit a isoform
of PP2A, have been found in several solid tumours and in myelo-
dysplastic syndrome; however, they have never been reported in
leukaemia (Kandoth et al., 2013). Nevertheless, PP2A is functionally
inactivated in over 70% of AML cases (Cristobal et al., 2011), as a
result of over-expression of endogenous inhibitors as well as aber-

rant expression of structural and regulatory subunits (Ramaswamy

What is already known?

e PP2A has been identified as a therapeutic target for acute
myeloid leukaemia (AML).

e Forskolin, a putative PP2A activator, has anti-cancer
effects.

What does this study add?

o The study identifies a cytostatic and cytotoxic effect of
forskolin on KMT2A-r leukaemic cells.

e Forskolin shows unanticipated, PP2A-independent, sensi-
tising activity to daunorubicin.

What is the clinical significance?

e PP2A re-activation via forskolin is a therapeutic strategy
for KMT2A-r AML.

e Forskolin could be employed to improve the therapeutic
index and tolerability of daunorubicin.

et al., 2015). We and others have shown that the PP2A activator
FTY720 has therapeutic efficacy in pre-clinical models of AML, in par-
ticular in KMT2A-r AML; however, the immunosuppressive nature of
FTY720 precludes its clinical translation (Di Mambro et al., 2023; Di
Mambro & Esposito, 2022; Goswami et al., 2022). Here, we investi-
gated the expression of PP2A subunits in AML and the therapeutic
activity of a natural diterpene, the adenylate cyclase agonist forskolin,
as a PP2A activator. Our results indicate that forskolin has a cytostatic
effect, and it potentiates the response to standard-of-care
daunorubicin in KMT2A-r AML. We elucidate forskolin's mechanisms
of action as both dependent and independent of PP2A.

2 | METHODS

The report of the material and methods described in this paper com-
ply to the guidelines set out by Izzo et al. (2020). The experimental
design and analysis of data comply with guidelines set out by Curtis
et al. (2025).


https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=871&objId=2688#2688
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=1092&objId=3263#3263
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2407
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5190
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7063
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21 | Celllines

The cells lines used for this study and their culture conditions are
described in Arroyo-Berdugo et al. (2023) and Di Mambro et al. (2023)
and Table S1. The cell lines K562 (DSMZ AAC10, RRID: CVCL_0004),
MV4-11 (DSMZ ACC102, RRID CVCL_0064) and THP1 (DSMZ ACC16,
CVCL_0006) were grown in Roswell Park Memorial Institute medium
(RPMI-1640) (Sigma-Merck, Haverill, UK) supplemented with 10% of
fetal bovine serum (FBS) and 100 U mI~! penicillin and 100 pg ml~*
streptomycin; Kasumil (DSMZ ACC220, RRID: CVCL_0589) were
grown in RPMI-1640, 25 mM HEPES-modified and supplemented with
20% of FBS and 100 U ml~? penicillin and 100 pg mi~? streptomycin;
and HS5 were grown in DMEM and supplemented with 10% of FBS
and 100 U mI~? penicillin and 100 pg ml~? streptomycin. All the cell
lines were maintained in culture at 37°C in a 5% CO,, by routine pas-
sage every 2-3 days and regularly tested for mycoplasma contamination
using PCR Mycoplasma detection kit from Applied Biological Materials
(Abm). These cell lines were further tested for authenticity by STR profil-
ing (Eurofin Genomics, London UK) in July 2023.

The leukaemic cell lines used for drug treatment were stably trans-
duced with a lentivirus vector expressing the enhanced green fluores-
cent protein (eGFP). The stromal cell line HS5 (ATCC CRL-3611, RRID:
CVCL_3720) was stably transduced with a lentivirus vector expressing
the monomer cherry (mcherry) (Arroyo-Berdugo et al., 2023).

2.2 | Primary cells

Primary samples, described in Di Mambro et al. (2023) and Tables S2
and S3, were obtained from the Cancer Tissue Bank at the Barts
Cancer Institute (London, UK) under ethical approval (REC reference:
17/WM/0428).

23 |
samples

Patient-derived xenotransplant (PDX)

The KMT2A-PDX, described in Di Mambro et al. (2023), were a gener-
ous gift of Professor Owen Williams. The sample identified as 1547
was an AML sample carrying t(9;11) and isolated in Rotterdam (NE).
The sample 270418A was an AML sample carrying t(11;19) and iso-
lated at GOSH (London, UK). These cells were grown in MethoCult
H4435 (Stem Cell Technologies, Cambridge UK) with addition of
10 ng mI~! human TPO1 and human FLt3 ligand (Stem Cell Technolo-
gies, Cambridge UK).

24 | Virus production and cell transduction
Knock-down of PPP2CA was conducted in vitro using the lentiviral
viruses purchased from Sigma-Merck (Haverill, UK), as described in Di
Mambro et al. (2023). The sequence of the hairpin is described in
Table S4.
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2.5 | Cell proliferation and cell death analysis

Cell proliferation and cell death were monitored by GFP fluorescence
and by measuring the percentage of GFP negative cells, respectively,
as described in Arroyo-Berdugo et al. (2023) and Di Mambro et al.
(2023).

2.6 | Western blot

After harvest, cells were spun down for 5 min at 500 g, 4°C, washed
with cold 1X TRIS buffer saline (TBS) and spun down again for 5 min
at 500 g, 4°C. The pellets were lysed by sonication in radio-
immunoprecipitation assay buffer (RIPA) buffer supplemented with
protease inhibitors (10 ug ml~! of aprotinin, leupeptin, antipain, soy-
bean inhibitor and 1 mM phenylmehylsulfony fluoride [PMSF]) and
phosphatase inhibitors (50 mM sodium fluoride, 1 mM sodium ortho-
vanadate) (Protease inhibitors are from Sigma-Merck). The lysate was
centrifuged at 2000 g for 5 min at 4°C to remove the insoluble mate-
rial. The extract was collected and assayed in triplicate for protein
quantification using the bicinchoninic acid (BCA) kit (Bio-Rad). The
protein concentration was then determined by interpolation on a nine
serial dilutions bovine serum albumin (BSA) standard curve generated
in the same radioimmunoprecipitation assay buffer (RIPA) buffer
within the concentration range of 0.1 to 2 mg ml~1. Lysates were
heated to 95°C in sodium dodecyl sulphate (SDS) sample buffer sup-
plemented with 100 mM dTT for 5 min, separated by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to PVDF membranes 0.2 um pore size (Amersham™). Mem-
branes were blocked in 5% non-fat dry milk in TBS + 0.1% Tween-20
probed with the indicated antibodies (Tables S5 and Sé), and reactive
bands were visualised using ECL Prime (Pierce), according to the man-
ufacturer's instructions. Band densities detection was obtained using
Odyssey ® Fc Imaging System, LI-COR Biosciences. The Immuno-
related procedures used comply with the recommendations made by
the British Journal of Pharmacology (Alexander et al., 2018).

27 | RT-qPCR

RNA extraction and quantitative real-time polymerase chain reaction
(RT-gPCR) were performed using the kit from Bioline and specific
primers from Sigma-Merck (Haverill, UK), listed in Table S7. RT-gPCR
was carried out using SensiFAST™ SYBR® No-ROX Kit (Bioline) (Bioline
was distributed by SLS, Scientific Laboratory Supplies, Fairham, Not-
tingham UK), using the primers at a final concentration of 0.4 uM. The
final concentration of cDNA used for each experiment was 20 ng. The
reaction was conducted in The StepOnePlus™ Real Time System instru-
ment (Applied Biosystem) with initial holding stage at 95 °C for 2 min,
followed by 40 amplification cycles at 95°C (denaturation) for 30s,
60°C (annealing) for 10 s and at 72°C (extension) for 20 s, with a single
fluorescence measurement, and a final dissociation step (95°C for 30s,
65°C for 30's, 95°C for 30 s) and cooling holding at 4°C. To optimise
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the RT-PCR conditions, the efficiency of the primers was determined
using standard curve, generated from 1:10 dilution series of cDNA,
from a calibrator cell line sample. glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as housekeeping control for gene normalisa-

tion. The data were analysed by the Pfaffl equation.

2.8 | PP2A activity assay

PP2A activity was measured using the kit #17-313 from Sigma-Merck
(Haverill, UK). Briefly, the cells were treated with okadaic acid, forskolin
or combination and collected at specific timepoints, as described in the
results. Cells were spun down at 500 g for 5 min at 4°C; pellets washed
once with cold TBS 1x and centrifuged again for 5 min. The pellets
were then lysed in PP2A activity lysis buffer (20 mM imidazole-HClI,
2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM ethylene glycol
tetraacetic acid (EGTA) pH 7.0 with 10 ug mI~* each of aprotinin, leu-
peptin, soybean trypsin inhibitor, antipain, 1 mM benzamidine and
1 mM phenylmethylsulfonyl fluoride [PMSF]) and sonicated for 20 s.
The lysates were then centrifuged at 2000 g for 5 min at 4°C. The con-
centration of proteins in the supernatants were determined by bicinch-
oninic acid (BCA) assay (Bio-Rad). For each assay, 200 ug of proteins
was immunoprecipitated over night at 4°C with 4 pg of mouse anti-
PP2A-c antibody (PP2A-c Merck 05-421, RRID AB_309726) or mouse
anti PP2R2A antibody (Cell Signaling Technology #5689 RRID: AB_
10827877) and 40 pg of protein A agarose in pNPP buffer in a final
volume of 500 pl. The day after, the immunoprecipitates were washed
three times with 700 ul of cold TBS 1x, followed by one wash with
500 pl pNPP buffer. The immunoprecipitates were centrifuged at
6000 rpm for 1 min at 4°C between each wash. After the last wash,
the immunoprecipitated lysates was incubated with 20 ul pNPP buffer
and 60 pl threonine phosphopeptide in agitation at 100 rpm for 20 min
at 30°C. After the incubation period, the immunoprecipitated lysates
were centrifuged at 6000 rpm for 1 min at 4°C. Twenty-five microlitres
were transferred to a 96-well microtitre plate and incubated with
100 pl malachite AB solution. The absorbance was read at 650 nm, and
the results were expressed as picomoles phosphate per microgram of

protein used in the assay through a phosphate standard curve.

2.9 | Bioinformatic analysis

The gene expression profile of AML patients was obtained from Leu-
cegene (GSE62190, GSE66917, GSE67039) (Lavallee et al., 2015).
The data were analysed as described in Di Mambro et al. (2023).

2.10 | Analysis of intracellular daunorubicin by
liquid chromatography-mass spectrometry (LC-MS)

Intracellular daunorubicin was measured on a Water TQSu mass spec-
trometer, coupled to a Waters Acquity Ultra-High Performance Liquid
Chromatography (UPLC) system. The UPLC was equipped with a

Waters HSS T3 100A 1.8 um, 21 x 100 mm reverse phase column.
Chromatographic separation was achieved using a binary gradient with
solvent A water + 0.1% formic acid (v/v) and solvent B acetonitrile +
0.1% formic acid (v/v). The conditions were 1% B to 1 min, change to
40% B at 2 min, 60% B at 3 min and 95% B at 3.5 min, followed by re-
equilibration at 1% for 1.5 min. Parameters for daunorubicin were opti-
mised using direct injection, and daunorubicin was quantified by electro-
spray ionisation in positive mode using multiple reaction monitoring
with transitions of 528 > 321 and 528 > 382, cone voltages of 15 V and
collision energies of 21 and 8 eV, respectively. Data were quantified
using a modified in-house work-flow based on Behrends et al. (2011).

211 | Molecular docking
System preparation: Cryo-EM structures of the human multidrug trans-
porter, ABCB1, also known as P-glycoprotein (P-gp) or MDR1, were
downloaded from the Protein Data Bank (https://www.rcsb.org/) (PDB
IDs: 7A69 [ABCB1 with vincristine, resolution 3.20 A] and 7A6F
[ABCB1 with zosuquidar, resolution 3.50 A]). The protein preparation
tool in ‘Flare v7.2, Cresset software’ (https://www.cresset-group.com/
software/flare/) (Flare, 2024) was utilised to correct any structural
inconsistencies in the downloaded proteins and to optimise the hydro-
gen bonding network. Protonation states of amino acid residues were
adjusted to reflect the physiological pH before the docking experiments.
A selection of three ligands targeting ABCB1 were sourced and
downloaded from the PubChem database (https://pubchem.ncbi.nim.
nih.gov). The ligands are distinguished as either substrates (daunorubi-
cin), compounds that are transported by P-gp across the cell mem-
brane and released extracellularly, or modulators (1,9-dideoxyforskolin,
forskolin), compounds that block the transport of substrates by com-
petitive or noncompetitive binding to P-gp (Choi, 2005; Kim, 2002;
Morris et al., 1991; Y. H. Wang et al., 2005; Zeino et al., 2014). Each
compound was prepared using Flare's integrated ligand preparation
tool (Flare, 2024) to achieve stable conformations and apply appropri-
ate charges.

212 | Docking protocol

Molecular docking was performed using Flare (2024) for the three
compounds bound to the two P-gp structures. The generated grid for
the binding site was defined by the resolved ligand in each protein,
vincristine (P-gp,) and zosuquidar (P-gp,) (Figure 6). Re-docking was
performed to validate the molecular docking protocol using the ‘Very
accurate but slow’ mode. Subsequently, all three compounds were
docked in P-gp, and P-gp,.

2.13 | Molecular dynamics (MD) simulations

The CHARMM-GUI (Jo et al, 2008; Jo et al., 2009) membrane
builder module was used to construct two protein complexes: P-gp,


https://scicrunch.org/resolver/RRID:%20AB_10827877
https://scicrunch.org/resolver/RRID:%20AB_10827877
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=768
https://www.rcsb.org/
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=11788
https://www.cresset-group.com/software/flare/
https://www.cresset-group.com/software/flare/
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6785
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with daunorubicin and forskolin and P-gp, with daunorubicin and
1,9-dideoxyforskolin in a biologically relevant membrane system. Each
protein complex was placed in a POPC:cholesterol (70:30) bilayer
which has been explored previously (Thangapandian et al., 2020)
(Figure 6). Each system was solvated neutralised with K™ and CI~ ions
to achieve a net ionic concentration of 150 mM. Each system con-
tained ~340,000 atoms with dimensions of 150 x 150 x 180 A3
before any simulations. A multistep equilibration protocol was per-
formed with the NAMD software, version 2.14 (Phillips et al., 2005),
to remove close contacts in the structure. The backbones were ini-
tially fixed and then harmonically constrained, and water was
restrained by small forces from penetrating the protein-lipid interface.
The constraints on the protein were released gradually in three steps
of 300 ps each, changing the force constants from 1 to 0.5 and
0.1 kcal/(mol A2), respectively, with a time step of 1 fs. This was then
followed by an unbiased MD simulation performed with a 2 fs integra-
tion time step and under constant temperature (310 K) maintained
with Langevin dynamics, and 1 atmosphere constant pressure
achieved by using the hybrid Nosé-Hoover Langevin piston method

on a flexible periodic cell to capture long-range effects.

2.14 | Statistical analysis

The data and statistical analysis reported in this study comply with
the recommendations set by the British Journal of Pharmacology on
experimental design and analysis (Curtis et al, 2025). Data are
expressed as mean = standard deviation (SD) obtained from the indi-
cated number (n) of individual samples and experiments. The data pre-
sent the results of at least three independent experiments using
group of similar size; for each experiment, we performed technical
replicates (two or three technical replicates per experiment). Outliers
were included in the data analysis and presentation. For some experi-
ments, we were unable to repeat the experiments five times, which
might represent a limitation of our study. Statistical analysis was car-
ried out only where n was equal to or greater than 5. Randomisation
and blinded analyses were conducted for some experiments to verify
the validity of our results. This approach was not possible for all the
experiments, and it might represent a limitation of our study. Statisti-
cal analyses were conducted using GraphPad Prism 10.2 (GraphPad
software, CA). Statistical significance was considered at a P-value less
than 0.05 for all the statistical tests used in the study, in compliance
with Curtis et al. (2025). One asterisk appears in the figures where the
results indicate statistical significance. Statistical significance was
determined by using different statistical tests. When comparing
means from more than two groups, two-way analysis of variance
(ANOVA) was performed. Multiple comparison tests (post hoc) ana-
lyses were performed only if F was significant (P < 0.05), and there
was no variance inhomogeneity for the groups. The data were normal-
ised for controlling unwanted sources of variation, setting controls as
100% or 1 for comparison purposes and data analysed by non-
parametric statistics, including two tailed student's t-test and one-way
ANOVA.
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2.15 | Nomenclature of targets and ligands

Key protein targets and ligands are hyperlinked to corresponding
entries in http://www.guidetopharmacology.org and are archived
in the Concise Guide to Pharmacology 2021/2022 (Alexander
et al,, 2023a3,2023b).

3 | REAGENTS

Forskolin and Daunorubicin were purchased from Selleckchem
(distributed by Stratech, Ely, UK). PKA inhibitors KT5720 and 1,9
dideoxyforskolin were purchased from Sigma-Merck (Haverill, UK).
The antibodies used in this study are listed in Tables S5 and Sé.

4 | RESULTS
4.1 | PP2A catalytic subunits are expressed in
KMT2A-r AML cell lines and patients' cells

We analysed the expression of genes encoding for PP2A catalytic
(PPP2CA and PPP2CB), structural (PPP2R1A and PPP2R1B) and regula-
tory subunits (PPP2R2A, PPP2R2B, PPP2R2C, PPP2R2D PPP2R3A,
PPP2R3B, PPP2R5A, PPP2R5B, PPP2R5C, PPP2R5D, PPP2R5E, STRN,
STRN3 and STRN4) in a large RNA-seq dataset comprising KMT2A-r
and KMT2A-wt- AML patients (Lavallee et al., 2015) (Figures 1a and
S1). For PPP2CA, encoding for the catalytic subunit a (PP2A-Ca), the
lowest expression of PPP2CA was found in complex karyotype AML
and the highest expression in t(8;21)-AML (KMT2A-r vs AML with
complex karyotype log 2 fold change = 0.419856; padj = 0.00216)
(KMT2A-r vs AML with complex t (8;21) log 2 fold change = —0.4180;
padj = 0.042641). For PPP2CB, encoding for PP2A-CB, the highest
expression was found in trisomy/tetrasomy 8-AML, followed by t
(15;17)-AML and complex karyotype AML (KMT2A-r vs AML with
complex karyotype log 2 fold change = —0.53551; padj = 6.93E-06),
(KMT2A-r vs AML with trisomy/tetrasomy of chromosome 8 log 2 fold
change = —0.72147; padj = 0.000244) (KMT2A-r vs AML with t
[15;17] log 2 fold change = —0.71338; padj = 0.000101). We then
investigated the expression of PPP2CA and PPP2CB by RT-gPCR in
KMT2A-r primary samples (P), KMT2A-r cell lines, KMT2A-wt cell lines
and mononuclear cells isolated from bone marrow (BM) or peripheral
blood (PB) isolated from healthy adult volunteers. We found no signif-
icant difference in PPP2CA expression between KMT2A-r primary
samples and BM or PB controls (Figure 1b), whereas PPP2CB expres-
sion lower in KMT2A-r primary samples than in BM controls
(Figure 1c). PPP2CA expression was higher in KMT2A-wt and KMT2A-r
human cell lines than in the BM controls (Figure 1d), whereas there
was no difference in the mRNA expression level of PPP2CB
(Figure 1e). We then investigated the expression of PP2A-C in the
same samples by Western blot (PP2A-c Merck 05-421, RRID: AB_
309726; GAPDH Cell Signaling Technology 2118; RRID: AB_561053).
The results revealed no differences among the KMT2A-r primary
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FIGURE 1 PP2A network gene expression in acute myeloid leukaemia (AML). (a) Heatmap of PP2A network mRNA in a large AML- RNA-seq
dataset (n = 384) comprising 31 samples from patients carrying rearrangements of KMT2A. Meta-analyses of RNA-seq data from Leucegene
(GSE62190, GSE66917, GSE67039). 1: complex karyotype, 2: EVI-r; 3: intermediate; 4: inversion 16; 5: KMT2A-r; 6: monosomy 5; 7 normal
karyotype; 8: t(15:17); 9: t(8;21); 10 trisomy-tetrasomy 8. (b-e) gRT-PCR showing the expression of PPP2CA (b,d) and PPP2CB (c,e) in KMT2A-r
patients (P) (h = 5), bone marrow isolated from health volunteers (BM) (n = 3), mononuclear cells isolated from peripheral blood of healthy
volunteers (PB) (n = 3), KMT2A wild type (wt) (n = 4) and KMT2A rearranged (KMT2A-r) (n = 9) leukaemic cell lines. Gene expression was
normalised to GAPDH control and analysed by Pfaffl equation. Values are expressed relative to BM controls. Data represent mean + SD. As n was
<5 for these experiments, statistical analysis was not carried out, and results should be regarded as preliminary.(f) Immunoblot of PP2A catalytic
subunit (PP2Ac) in KMT2A-r AML cell lines (ML2, MOLM13, MV411, THP1), KMT2A-r ALL cell lines (HB11;19, KOPNS8, RS4;11, SEM), KMT2A-r
primary samples (P) and six independent healthy bone marrow (BM) controls. The data also present the expression of PP2Ac in four KMT2A-wt
cell lines K562 (BCR::ABL (t19;22) erythroleukaemia cell line), Kasumil (AML1:ETO, t8;21 AML cell line) REH (TEL:AML1 [t12;21] ALL cell line) and

U937 (CALM::AF10, AML cell line). GAPDH was used as a loading control. Densitometry analysis was conducted by LI-COR Image Studio
software (g) Quantification of the densitometry analysis of PP2A. Values are expressed relative to BM controls.

samples or cell lines and the BM controls (Figure 1f-g). This result
was consistent among several independent BM controls analysed.
Collectively, these data indicate that the PP2A catalytic subunit is
abundantly expressed in KMT2A-r AML patients and healthy BM

controls.
4.2 | Forskolin arrests the proliferation and
induces apoptosis in AML cells

Forskolin is a natural diterpene produced by the roots of the Indian

plant Coleus forskohlii used for centuries in traditional medicine (Kanne

et al, 2015; Sapio et al., 2017) and reported as a PP2A activator
(Cristobal et al., 2011; Cristobal et al., 2014; Feschenko et al., 2002;
Neviani et al., 2005). We tested the effect of forskolin on the prolifer-
ation of four independent human leukaemic cell lines: two KMT2A-wt
cell lines, Kasumi1l and K562, and two KMT2A-r AML cell lines, THP1
and MV411. As in our model, the cells stably express enhanced green
fluorescent protein (eGFP) and the GFP fluorescence is proportional
to the number of cells (Arroyo-Berdugo et al., 2023; Di Mambro
et al., 2023); this biomarker was used as a reporter of cell viability. In
eGFP-K562, forskolin had a detrimental effect on proliferation only at
concentrations above 80 uM (P < 0.0001) (Figure 2a), whereas in the
AML cell line eGFP-Kasumil, this effect was observed at lower
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concentrations (40 uM) (P < 0.0001) (Figure 2b). The cytostatic effect
was even stronger in the KMT2A-r AML cell lines eGFP-THP1 and
eGFP-MV411, as their proliferation was inhibited with a concentra-
tion of forskolin of 10 uM (P < 0.0001) (Figure 2c,d). We then investi-
gated whether forskolin induced apoptosis by analysing, by flow
cytometry, the percentage of GFP negative (GFP—) cells (Arroyo-
Berdugo et al., 2023; Di Mambro et al., 2023). Forskolin induced an
increase in the percentage of apoptotic cells only at concentrations
above 150 uM in eGFP-K562 (Figure 2e) and above 80 uM in eGFP-
Kasumil (Figure 2f). In the KMT2A-r AML cell lines, the effect was
concentration dependent with a increase in the percentage of apopto-
tic cells with concentrations above 40 uM (Figures 2g and h and S2).
These data indicate that forskolin has a cytostatic and cytotoxic effect
on leukaemic cell lines.

4.3 | Forskolin increases the response of KMT2A-r
cells to daunorubicin

Previous studies have reported that forskolin increases the response
of cancer cells to chemotherapeutic agents (Cristobal et al., 2011;
llliano, Sapio, et al., 2018). We therefore investigated whether forsko-
lin could enhance daunorubicin-induced cytotoxicity in AML cells. To

(b)
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Proliferation curve
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this aim, we tested 40 uM forskolin, a concentration that had been
shown to activate PP2A in vitro with no cytotoxic effects on healthy
BM mononuclear cells (Neviani et al., 2005), in combination with
10 nM daunorubicin, a concentration that had very little effect on
proliferation and viability of KMT2A-wt and KMT2A-r AML cells
(Figure S3). Whereas the combination of forskolin and daunorubicin
did not induce a statistically significant effect in eGFP-Kasumil
(Figure 3b), forskolin significantly increased the response to daunoru-
bicin in eGFP-K562 and in the KMT2A-r cell lines (Figures 3a-d and
S4). As the
chemotherapy (Arroyo-Berdugo et al., 2023), we evaluated the effect
of the individual drugs and of their combination on KMT2A-r cell lines
co-cultured with the human bone marrow stromal cell (BMSC) line
HS5. The stroma decreased the response of eGFP-MV411 to forsko-
lin, whereas the effect was not significant for eGFP-THP1 (Figure 3e
and f). For the combination treatment, the results showed a decrease
in the cytotoxic effect for both KMT2A-r cell lines when they were
co-cultured with HS5 (Figures 3e and f and S5). To evaluate the
potential impact of such a combination regimen in KMT2A-r leukae-
mia, we tested it in two KMT2A-r patient-derived xenograft (PDX)

models by in vitro colony assay. Whereas the single treatment with

BM microenvironment mediates resistance to

either daunorubicin or forskolin had a modest impact, the combination

treatment impaired the formation of colonies (Figure 3g and h). These

_—
(2]
-

Proliferation curve Proliferation curve

5 - =) N i = eGFP-THP1 = eGFP-MV411
2 12000 eGFP-K562 2 6000- eGFP-Kasumi1 > 4000 =)
4 4
2 o
' 40001 £ 3000
S =1
3 8 2000
@ 20004 5
@ 2 1000
o o
.S o . .S o . . . . .
4L 0 1 2 3 4 0 1 2 3 4 4
time (days) time (days) time (days) time (days)
— vehicle  --- Forskolin 10 yM  ---- Forskolin 40 uyM --= Forskolin 80 yM

---- Forskolin 120 yM

()

Cell death eGFP-K562 Cell death eGFP-Kasumi

— Forskolin 150 yM

(9)

Cell death eGFP-THP1

(h)

Cell death eGFP-MV411

&71.0 * &7140 . * g1.0 . *
L]
O o8 * Qos * Qos o
@ @ @ .
go.ﬁ . gos * L) go.e *
*
5 04 504 °y* 504
s 5 o S P
£ o g i ET o
[0 @ [0
i oolls AL A FoollA L AL L1 11 11, ool ALl
FSTITIT S FSTITSTSS FSTITSTSS
TSNS M MR RONRS M MR MR

FIGURE 2

Forskolin has a cytostatic and cytotoxic effect on leukaemic cells. (a-d) Proliferation curve of eGFP-K562, eGFP-Kasumil, eGFP-

THP1 and eGFP-MV411 upon treatment with forskolin for 3 days. GFP expression was used as quantitative reporter of cell proliferation. For
each cell line, the same number of cells was plated at tO, and the GFP signal was measured with a fluorescent microplate reader every 2 days.
Data show mean + SD of triplicate wells and three independent experiments. (e-h) Fraction of GFP-cells undergoing cell death upon forskolin
treatment for 72 hours. Data show mean + SD of triplicate wells and three independent experiments. As n was <5 for these experiments, results

should be regarded as preliminary.
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FIGURE 3 Combination of forskolin with daunorubicin in KMT2A-r leukaemic cells. (a-d) Analysis of cell death. Cells were treated with

40 uM forskolin, 10 nM daunorubicin or combination for 72 h. The GFP signal was used as quantitative reporter of alive, non-dead cells and
measured by flow cytometry. Data show mean + SD of triplicate wells for six (a, c, d) and five (b) independent experiments. Two-way ANOVA
Tukey's multiple comparison test. (e-f) Effect of bone marrow stroma on forskolin-daunorubicin cytotoxicity. Cells were grown with or without
stroma and treated with 40 uM forskolin, 10 nM daunorubicin or combination for 72 h. GFP signal was used as quantitative reporter of alive,
non-dead cells and measured by flow cytometry. Data show mean + SD of triplicate wells for four independent experiments. (g) Effect of 40 uM
forskolin, 10 nM daunorubicin or combination on colony-forming unit ability of KMT2A-r patient-derived xenotransplant (PDX) samples. Data
show the percentage of colonies in comparison to vehicle treated cells and the mean + SD of duplicate wells and are representative of two
independent samples. Where n <5, statistical analysis was not carried out, and results should be regarded as preliminary. (h) Colony morphology
of KMT2A-r PDX. Cells were treated with the drugs in MethoCult for 14 days. Digital microscope images were captured using Evos FL digital

inverted fluorescence microscope (magnification 40X).

data indicated that forskolin increases the response of KMT2A-r AML
cells and PDX to daunorubicin and that stromal cells mediate resis-

tance to this treatment.

4.4 | Forskolin activates PP2A, inhibits ERK1/2
and decreases the expression of c-MYC

To investigate whether the observed effects of forskolin were
because of the activation of PP2A, we first analysed the phosphoryla-
tion of PP2A targeted pathways by Western blot, 48 h after treat-
ment with forskolin (phosphor ERK1/2 Cell Signaling Technology
9101, RRID: AB_331646; ERK1/2 Santacruz sc514302, RRID: AB_
2571739; phosphoAKT-Ser 473 Cell Signaling Technology 5060,
RRID: AB_2315049; pan-AKT Cell Signaling Technology 4691; RRID:

915783; phosphoGSK3p Ser9 Cell Signaling Technology 5558; RRID:
AB_10013750; GSK3p Cell Signaling technology 9832 RRID: AB_
10839406). We observed a statistically significant decrease in the
levels of phospho-ERK1/2 (Thr202/Tyr204) in all the cell lines ana-
lysed, whereas we did not observe statistically significant changes in
phospho-AKT1 (Ser473) and phospho-GSK3g (Ser9) (Figure 4a-d). As
c-MYC is a critical substrate of PP2A complex in cancer (Di Mambro
2023; Goswami et al.,, 2022; Pippa & Odero, 2020; Yeh
2004) and a critical mediator of proliferative metabolism in
KMT2A-r leukaemia (Miyamoto et al., 2021), we evaluated the effect
of forskolin on the expression of c-MYC (Cell Signaling Technology
9402S RRID:AB_2151827). We observed a decrease in ¢-MYC in
KMT2A-r AML lines upon forskolin treatment (Figure 4a and e). To
investigate whether this effect was because of repression of tran-
scriptional expression, we evaluated the expression of c-MYC by RT-

et al,
et al,
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Effect of forskolin on PP2A downstream signalling pathways. (a) Immunoblot for phospho-AKT1/2 (Ser473) (60 KDa), AKT1/2

(pan)(60 KDa), phosphoGSK3 (Ser9) (46 KDa), GSK3p (46 KDa), phosphoERK1/2 (Thr202/Tyr204) (42-44 KDa), ERK1/2 (42-44 KDa), MYC
(60 KDa) and GAPDH (37 KDa) in K562, Kasumil, THP1 and MV411 upon 40 uM forskolin treatment for 48 h. Densitometry analysis was
conducted by LI-COR Image Studio software. GAPDH was used as a loading control. (b-e) Quantification of the densitometry analysis of
pERK1/2, normalised by ERK1/2, pAKT1/2, normalised by Akt1/2, pGS3Kp, normalised by GSK3p and c-MYC, normalised by GAPDH. Data
represent mean + SD; values are expressed relative to vehicle controls. For the graph B, the data represent the results of four to five experiments
and two technical replicas. For the graph C, the data represent the results of four experiments and two technical replicas. For the graph D, the
data represent the results of three experiments and two technical replicas. For the graph E, the data represent the results of four to five
independent experiments and two technical replicas. The data were analysed by non-parametric Wilcoxon matched pairs signed rank test. (f-h)
RT-gPCR showing the expression of c-MYC, HOXA? and HOXA10 in leukaemic cell lines upon forskolin treatment for 48 h. Gene expression was
normalised against GAPDH control and analysed by Pfaffl equation. Values are expressed relative to vehicle controls. Data represent mean + SD
of three technical replicas and four to five independent experiments. The data were analysed by non-parametric Wilcoxon matched pairs signed
rank test. Wherever n was <5, statistical analysis was not carried out, and results should be regarded as preliminary.

gPCR. The data indicated that forskolin had a repressive effect on the
expression of c-MYC in all the cell lines analysed (Figure 4f). In addi-
tion, in the KMT2A-r cell line MV411, forskolin decreased the KMT2A
target genes HOXA9 and HOXA10, whereas it increased their expres-
sion in AML KMT2A-wt cell line Kasumil (Figure 4g and h). HOXA9
and HOXA10 were not detected in K562.

To understand whether the cytotoxic effect of forskolin on
KMT2A-r cells was dependent on PP2A activation, we determined
the activity of PP2A in cell treated with forskolin alone or pre-
treated with the phosphatase inhibitor okadaic acid (OA) for 4 h,
prior to forskolin. OA is an inhibitor of PP2A (IC50 0.1 nM) and

PP1 (IC50 10-15 nM) (Xing et al., 2006); for the combination exper-
iments, we used 2.5 nM OA, a concentration that inhibits preferen-
tially PP2A, as determined by analysis of PP2A activity and by
analysis of PP2A phospho-targets (Figures 5a and S6A-E). These
results were not affected by the level of PP2A-C that did not
change upon OA treatment (Figure S6B). We then determined the
impact of forskolin alone, or after pre-treatment with 2.5 nM OA
for 4 h, on the enzymatic activity of PP2A. Forskolin increased the
activity of PP2A (Figure S6F), despite the levels of PP2A-C were
decreased upon forskolin treatment (Figure 5b and c). We normal-
ised the activity of PP2A for the expression of PP2A-C; the results
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MV411 treated with okadaic acid for 4 h. Data show mean * SD of three technical replicas and three to four independent experiments. Two-way
ANOVA Sidak's multiple comparison test. (b) Immunoblot for phosphoERK1/2 (Thr202/Tyr204) (42-44 KDa), ERK1/2 (42-44KDa), PP2A-c
(36 KDa), PP2R2A (55 KDa) and GAPDH (37 KDa) in MV411 pre-treated for 4 h with okadaic acid 2.5 nM, followed by forskolin 40 uM for

additional 48 h. Densitometry analysis was conducted by LI-COR Image
of the densitometry analysis of PP2A-c, normalised by the levels of GAP
independent experiments. (d) PP2A enzymatic activity assay analysed in

Studio software. GAPDH was used as a loading control. (c) Quantification
DH. The data show mean + SD of two technical replicas of three to four
MV411 pre-treated with okadaic acid 2.5 nM for 4 h, followed by

forskolin 40 uM for 48 h. Data show mean + SD of three technical replicas of three to four independent experiments. (e) Quantification of the
densitometry analysis of pERK1/2, normalised by the levels of ERK1/2. The data show mean * SD of three to four independent experiments. (f-i)
Analysis of cell death upon forskolin treatment. Cells were pre-treated with 2.5 nM okadaic acid for 4 h and then treated with 40 uM forskolin
for 72 h. GFP signal was used as quantitative reporter of alive, non-dead cells and measured by flow cytometry. Data show mean + SD of three

technical replicas and three independent experiments.. (j) PP2A enzymati

ic activity assay analysed in MV411 treated with forskolin or 1;9

dideoxyforskolin 40 uM for 48 h. Data show mean + SD of three technical replicas for three independent experiments. (k) Immunoblot for
phosphoERK1/2 (Thr202/Tyr204) (42-44 KDa), ERK1/2 (42-44 KDa), PP2A-C (36 KDa), PP2R2A (55KDa) and GAPDH (37 KDa) in MV411

treated with forskolin or 1;9 dideoxyforskolin 40 uM for 48 h. Densitom
was used as a loading control. (I-m) gRT-PCR showing the expression of

etry analysis was conducted by LI-COR Image Studio software. GAPDH
¢c-MYC and HOXA10 in eGFP-MV411 upon forskolin and 1;9

diseoxyforskolin treatment for 48 h. Gene expression was normalised by GAPDH control and analysed by Pfaffl equation. Values are expressed

relative to vehicle controls. Data represent mean + SD of triplicate wells
statistical analysis was not carried out, and results should be regarded as

confirmed that forskolin increased the activity of PP2A (Figure 5d);
these results were also confirmed when PP2A activity was mea-
sured in protein lysates immunoprecipitated with a distinct antibody
against the regulatory subunit PPP2R2A, and the data normalised
by PPP2R2A expression (Figure S6G and H). Notably, the activity of
PP2A in cells pre-treated with OA, prior to forskolin treatment, was

and four independent experiments. As n was <5 for these experiments,
preliminary.

lower than in those treated with forskolin alone (Figure 5d). Despite
this difference, there was no significant difference in pERK/ERK1/2
ratio between the cells treated with forskolin alone and those pre-
treated with okadaic acid prior to forskolin (Figure 5b and e). Con-
sistent with these data, both forskolin and the combination of for-

skolin and OA increased the percentage of dead cells, with no
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statistically significant difference between the cellular outcomes in
these conditions (Figures 5f,i and S7). These data demonstrate that
forskolin activates PP2A and also suggest that forskolin might stim-
ulate other phosphatases implicated in the dephosphorylation of
residues Thr202/Tyr204 on ERK1/2.

Forskolin is a potent activator of adenylate cyclase, which stimu-
lates the production of cAMP (Sapio et al., 2017). To understand the
role of the stimulation of adenylate cyclase and cAMP in forskolin-
mediated PP2A activation, we analysed the effect of 1,9-dideoxy-
forskolin, a forskolin analogue that lacks adenylate cyclase activating
function, on PP2A activity. Our results showed that 1,9-dideoxy-
forskolin was not as potent as forskolin in stimulating PP2A activity
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underlying forskolin-mediated PP2A activation could be dependent
on stimulation of adenylate cyclase and cAMP. As our data pointed to
a repression of ¢-MYC and HOXA10 transcription, we evaluated the
effect of 1,9-dideoxy-forskolin on c-MYC and HOXA10 by RT-gPCR in
KMT2A-r cell line MV411. The data showed that both forskolin and
1,9-dideoxy-forskolin decreased the expression of these genes
(Figure 51 and m). We also discovered that both forskolin and
1,9-dideoxy-forskolin had a suppressive effect on PPP2CA expression
(Figure S6K). Overall, the data indicate that forskolin activates PP2A,
stimulates dephosphorylation of ERK1/2; and represses the expres-
sion c-MYC, HOXA10 and PPP2CA. These effects are not fully depen-
dent on stimulation of adenylate cyclase and point to a non-canonical

(Figures 5j,k and Sé 1,J), suggesting that the molecular mechanism mechanism.
(a) (b) (c) * (d)
—
3 * _ \e
c 1.0 pases m‘o
e . o PPP2CA e T % sx\so‘ashPPklg‘a
! i
g%f 2] *e " = PPP2CB S «PP2R a8 08 ™ PERK1/2 wee @ 1> 44
g . KDa < 5
°% | PP2A-C (0 and B) e ses Q549
) - 3 =
=5 (andf) 3% QS04 ERK1/2 wmw s 42-44
T < ®©
& &L & Eood PP2AC w
e olb*d . GAPDH s o 37 az? + c 36
shScramble shPP2A L 0.0 : :
GAPDH |~ = s 37
(/)
(e) ® & &
* (9) &S
5 67 5 197 * c S E— é‘%
=] GSK3B ==
xg ; X g o é 25 _— P ‘ 46
o L] »n © 10 =
% 5 4 1) 8 IQE g 2.0 ® « GSK3B = o 46
° 2 2 c 5 15{ =
xS n e S PP2Ac | we= = . 35
w o 24 QO T 54 3@ 10
Q£ Q€ =5 GAPDH == === 37
- e =% o5
kS 2 S
0- 0- = 0.0 r x . .
el VehicleForskolinVehicle Forskoli
@ - @ qy‘ ‘ehicleForskolin Vehicle Forskolin
& LY & R
S L S L shScramble  shPP2A
N ON
& @ .
e (h) . (i)
- ns
20 * 25 u
15 2.0 "

ns ns

il

1.5

HOXA10/GAPDH
fold matched control mean
5

L]
1.0 ol®
05
0.0~

PPP2CAIGAPDH
fold matched control mean

VehicleForskolin Vehicle Forskolin

VehicleForskolin Vehicle Forskolin

shScramble shPP2A

FIGURE 6

shScramble

shPP2A

Effect of PPP2CA gene silencing on response to forskolin. (a) RT-gPCR showing the expression of PPP2CA and PPP2CB in eGFP-

MV411 shPP2A. Gene expression was normalised by GAPDH control and analysed by Pfaffl equation. Values are expressed relative to
shScramble controls. Data represent mean + SD of triplicate wells and four independent experiments. (b) Immunoblot for PP2A-c (36 KDa) and
GAPDH (37 KDa) in eGFP-MV411 transfected with either shScramble or shPP2A. GAPDH was used as a loading control. (c) Quantification of the
densitometry analysis of PP2A-c, normalised by the levels of GAPDH. The data show mean + SD of five independent experiments. Non-
parametric Mann-Whitney test. (d) Immunoblot for phosphoGSK3p (Ser9) (42 KDa), GSK3p (42 KDa), phosphoERK1/2 (Thr202/Tyr204) (42-
44 KDa), ERK1/2 (42-44 KDa) and GAPDH (37 KDa) in eGFP-MV411 transfected with either shScramble or shPP2A. GAPDH was used as a
loading control. (e-f) Quantification of the densitometry analysis of pERK1/2 and pGSK3p normalised by the levels of GAPDH. The data show
mean = SD of five and four independent experiments. (g, h and i) RT-gPCR showing the expression of c-MYC, HOXA10 and PPP2CA in eGFP-
MV411 shScramble and shPP2A upon forskolin treatment for 48 h. Gene expression was normalised by GAPDH control and analysed by Pfaffl
equation. Values are expressed relative to shScramble vehicle controls. Data represent mean + SD of three technical replicates of five, four and
three independent experiments. Wherever n was <5, statistical analysis was not carried out, and results should be regarded as preliminary.
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4.5 | The inhibitory effect of forskolin on c-MYC was silenced by RNA interference (Di Mambro et al., 2023). We con-
expression is dependent on PP2A expression firmed the knockdown (KD) of PPP2CA in this cell line by RT-qPCR

and Western blot (Figure 6a-c). Whereas the antibody used for the
To further investigate the role of PP2A in the molecular mechanism Western blot is unable to distinguish the o and B subunits of

of forskolin, we generated an eMV411-GFP cell line where PPP2CA PP2A-C, the RT-qPCR enabled us to confirm the specific KD of
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FIGURE 7 Effect of adenylate cyclase stimulation and PKA inhibition on forskolin-mediated daunorubicin potentisation. (a) Analysis of cell
death of eGFP-MV411 shScramble and shPP2A upon forskolin treatment for 3 days. GFP signal was used as quantitative reporter of alive,
non-apoptotic cells and measured by flow cytometry. Data show mean + SD of triplicate wells and four independent experiments. (b) Analysis
of proliferation of eGFP-MV411 shScramble and shPP2A upon forskolin treatment for 3 days. GFP expression was used as quantitative
reporter of cell proliferation. For each cell line, the same number of cells was plated at tO, and the GFP signal was measured with a
fluorescent microplate reader every 2 days. Data show mean + SD of triplicate wells and four independent experiments. (c) Analysis of cell
death in eGFP-MV411 shScramble and shPP2A upon forskolin and daunorubicin treatment. Cells were treated with 40 uM forskolin, 10 nM
daunorubicin or combination for 72 h. GFP signal was used as quantitative reporter of alive, non-dead cells and measured by flow cytometry.
Data show mean + SD of triplicate wells and five independent experiments. Two-way ANOVA Sidak's multiple comparison test. (d and e)
Effect of PKA inhibition on response to daunorubicin and forskolin. Analysis of cell death in eGFP-MV411 and THP1 upon forskolin and
daunorubicin treatment. Cells were pre-treated with 10 uM PKA inhibitor or DMSO for 1-h prior incubation with 40 uM forskolin, 10 nM
daunorubicin or combination for 72 h. GFP signal was used as quantitative reporter of alive, non-dead cells and measured by flow cytometry.
Data show mean + SD of triplicate wells and three independent experiments. (f) Immunoblot for phosphoCREB (Ser133) (43 KDa), CREB1
(43 KDa), pGSK3p (Ser9) (46 KDa), GSK3p (46 KDa) and GAPDH (37 KDa) in eGFP-MV411 pre-treated for 1 h with PKAi 10 puM, followed by
forskolin 40 uM for 1 h. GAPDH was used as a loading control. (g) Quantification of the densitometry analysis of pCREB1, normalised by the
levels of CREB1. The data show mean + SD of technical duplicates of three independent experiments. (h) Quantification of the densitometry
analysis of pGSK3p, normalised by the levels of GSK3p. The data show mean + SD of three independent experiments. (i-k) Analysis is of cell
death in eGFP- THP1, MV411 and Kasumil upon forskolin or 1;9 dideoxy forskolin treatment in combination with daunorubicin. Cells were
treated with either 40 uM of forskolin or 1;9 dideoxyforskolin, 10 nM daunorubicin or combination for 72 h. GFP signal was used as
quantitative reporter of alive, non-dead cells and measured by flow cytometry. Data show mean + SD of triplicate wells and five independent
experiments. Two-way ANOVA Tukey's multiple comparison test. Wherever n was <5, statistical analysis was not carried out, and results
should be regarded as preliminary.
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PPP2CA with no effect on PPP2CB expression. To characterise the
impact of PPP2CA knockdown, we evaluated by Western blot the
levels of phosphorylation of two PP2A targets, phospho-ERK1
(Thr202/Tyr204) and phospho-GSK3Bp (Ser9). The data show that
upon PPP2CA knockdown there is a statistically significant increase
in the levels of phospho-ERK1 (Thr202/Tyr204) and phospho-
GSK3Bp (Ser9) (Figure 6d-f), highlighting the impact of PP2A on the
phosphorylation of these residues, as reported in PhosphositePlus.
We then evaluated the effect of forskolin on the expression of
c-MYC, HOXA10 and PPP2CA on this cell line. Whereas forskolin
decreased the expression of c-MYC, HOXA10 and PPP2CA in the
parental scramble cell line, forskolin increased the expression of c-
MYC and PPP2CA in the PPP2CA KD cell line (Figure 6g and h); there
was no statistically significant difference in HOXA10 expression
between the PPP2CA KD cell line treated with vehicle and with for-
skolin (Figure 6a and h). Overall, these data indicated that the
repressive effect of forskolin on ¢-MYC and HOXA10 expression is
dependent on PP2A expression/activation.

4.6 | The effect induced by combining forskolin
and daunorubicin is not dependent on PP2A activation
nor on adenylate cyclase stimulation

We then evaluated the impact of PP2A knockdown on the cytotoxic
and cytostatic effects of forskolin. The data indicate no difference in
the ICso and in the percentage of dead cells between shScramble and
shPP2A cells treated with increasing concentrations of forskolin
(Figures 7a and S8). Concentrations of forskolin higher than 40 pM
affected the proliferation of the two cell lines (shScramble and
shPPP2CA) equally (Figures 7b and S8). To understand whether PP2A
activation mediates the cytotoxic effect of the combination between
forskolin and daunorubicin, we investigated the effect of this drug
combination in eGFP-MV411-shPP2A. The results indicated no signif-
icant differences between shScramble and shPPP2CA cells (Figures 7c
and S9), suggesting that the effect of the combination between for-
skolin and daunorubicin on KMT2A-r cells is not dependent on PP2A
expression/activation.

We then investigated whether the observed cytotoxic effect of
forskolin in combination with daunorubicin was dependent on stimu-
lation of adenylate cyclase and activation of cAMP-dependent
Protein Kinase A (PKA). Pre-treatment with the 10-uM PKA inhibitor
(PKAI) for 1 h prior forskolin and daunorubicin treatment did not res-
cue the leukaemic cells from the cytotoxic effect of forskolin, suggest-
ing that the cytotoxic effect was not dependent on PKA activation
(Figures 7d,e and S10). Pre-treatment with PKAI prior to forskolin did
not affect the levels of phosphorylated CREB1 (Ser 133), a
downstream target of PKA, whereas it decreased the levels of phos-
phorylated GSK3p (Ser9), another target of PKA (Fang et al., 2000)
(phosphoCREB1 Ser133 Santacruz sc81486 RRID: AB_1125727;
CREB1 Cell Signalling Technology 9197, RRID: AB_331277)
(Figure 7f-h). These results indicate that PKAi antagonises the
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phosphorylation of GSK3p on Ser9 but does not affect the phosphor-
ylation of CREB1 on Ser133, suggesting that additional kinases could
contribute to the sustained levels of pCREB1 (Ser133) upon forskolin
treatment. It is important to highlight that the antibody against
pCREB1 (Ser133) also recognises pATF1 (Ser63), hence the two bands
shown in the Western blot. We then analysed the effect of combining
daunorubicin with 1,9-dideoxy-forskolin. Our results showed that
1,9-dideoxy-forskolin had a cytotoxic effect similar to forskolin and
that there was no statistically significant difference in the outcome of
these two drugs (Figures 7h,j and S11). 1,9-dideoxy-forskolin
increased the response of KMT2A-r AML cells to daunorubicin, albeit
it was less potent than forskolin, as indicated by the statistical analysis
between the outcomes of forskolin + daunorubicin and 1,9-dideoxy-
forskolin + daunorubicin. Overall, the data indicate that the ability of
forskolin to potentiate the response to daunorubicin is not dependent
on PP2A activation, nor stimulation of adenylate cyclase and cAMP

increase.

4.7 | Forskolin potentiates the response to
daunorubicin by inhibiting P-glycoprotein

Previous studies have suggested that forskolin and other diterpenes
can bind and inhibit P-glycoprotein (P-gp), also known as ATP-
dependent translocase ABCB1 or multidrug resistance protein (MDR),
an energy dependent plasma membrane efflux pump that mediates
the elimination of daunorubicin and other xenobiotics out of the cells
(Morris et al., 1991; Morris et al., 1994; Safa, 2004). We therefore
tested the effect of forskolin on efflux of daunorubicin by measuring
the intracellular levels of daunorubicin by LC-MS. The data indicate
that 1 h after treatment, there is a higher level of daunorubicin in
MV411 cells treated with daunorubicin and forskolin than with
daunorubicin alone (Figure 8a). These differences are non-significant
at later time points (4 and 24h). We docked forskolin,
1,9-dideoxyforskolin and daunorubicin (Figure 8b) to the structure of
P-gp (Figure 8c) to uncover potential simultaneous occupancy and
binding mechanisms. Our findings show a significant overlap in the
binding site residues of forskolin or 1,9-dideoxyforskolin, indicating
that both compounds bind to the same binding pocket of P-gp
(Figure 8d). Moreover, there is a significant overlap for daunorubicin
in both complexes, suggesting a shared interaction landscape that
facilitates the concurrent accommodation of daunorubicin and forsko-
lin (or 1,9-dideoxyforskolin) without steric hindrance (Figure 8d). Addi-
tionally, we extended the comparative analysis to a known substrate
with established anti-cancer properties, vincristine, also characterised
by electron microscopy (EM), bound to P-gp, (PDB ID: 7A69) (Nosol
et al., 2020). Despite its larger and more globular structure, this sub-
strate occupies the same binding site, underscoring the site's versatile
accommodation capacity (Figure S12).

Collectively, these data indicate that forskolin increases the intra-
cellular accumulation of daunorubicin and that this mechanism might

be mediated by exerting an inhibitory effect on P-glycoprotein.
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FIGURE 8 Effect of forskolin on P-glycoprotein -mediated daunorubicin export. (a) Analysis of intracellular daunorubicin. MV411 were
treated with 40 uM forskolin, 10 nM daunorubicin or combination for 1, 4 and 24 h. The amount of intracellular daunorubicin was measured by
LC-MS. Data show mean + SD of three independent experiments. (b) Molecular structures of the three compounds/drugs docked to
P-glycoprotein forskolin, 1,9-dideoxyforskolin and daunorubicin. (c) Cross-sectional illustration of the P-glycoprotein/drug complexes. Cartoon
ribbons (in green) embedded in the physiological membrane used in this study. The water box and ionisable salts (grey and orange spheres) are
also included in this representation. Here, the binding pocket is occupied with forskolin and daunorubicin. Figures were produced with Maestro
2D sketcher (Schrédinger release 2024-1: Maestro, Schrédinger, LLC, New York, NY) and VMD. (d) lllustration of the comparative binding site of
P-glycoprotein. (left) Ribbon depiction of the P-gp binding site with forskolin (purple) and daunorubicin (yellow), superimposed on the P-gp
binding site with 1,9-dideoxyforskolin (pink) and daunorubicin (orange). (right) a detailed view of the P-gp binding site with forskolin (purple) and
daunorubicin (yellow), with crucial residues displayed in light green and labelled accordingly. Corresponding residues in the P-gp binding site with

1,9-dideoxyforskolin (pink) and daunorubicin (orange) are indicated in dark green. Figures were produced with VMD.

5 | DISCUSSION

AML is a heterogenous disease with varying oncogenic drivers that
determine distinct outcomes. Given the widespread inactivation of
PP2A in AML, its role in regulating signalling pathways fundamental
for leukaemogenesis (Goswami et al., 2022), stem cell self-renewal
and drug resistance (M. Esposito, 2019; M. T. Esposito et al., 2015;
Yeung et al., 2010) and the recent discovery of SET-PP2A pathway as
a therapeutic target for KMT2A-r leukaemia (Di Mambro et al., 2023),
we investigated the expression of PP2A and reasoned that pharmaco-
logical strategies aimed at activating PP2A may suppress the leukae-
mogenesis at multiple nodes. To this aim, we used forskolin, a
diterpene produced by the roots of the Indian plant Coleus forskohlii
(Sapio et al., 2017), reported as PP2A activator (Cristobal et al., 2011;
Cristobal et al., 2014; Neviani et al., 2005). The analysis of PP2A-Ca
and PP2A-CB at transcriptional and protein level indicated that PP2A-

Ca is abundantly expressed in primary KMT2A-r samples and leukae-
mic cell lines. PPP2CA is located on chromosome 5, whereas PPP2CB
is located on chromosome 8. Therefore, it is likely that the higher
expression of PPP2CA in KMT2A-r primary samples than in those with
monosomy of chromosome 5 and complex karyotype is because of
the loss of one PPP2CA allele in these two subtypes. Likewise, the
higher mRNA expression of PPP2CB in patients with trisomy/
tetrasomy 8 and complex karyotype might be because of gene
duplication.

Forskolin had a cytostatic and cytotoxic effect on AML leukaemic
cells and led to a statistically significant decrease in phospho-ERK1/2
(Tyr202/Thr204), indicating an overall inhibition of ERK1/2 activity, in
agreement with another study (llliano, Sapio, et al., 2018). Forskolin
decreased c-MYC protein levels, an effect reported with other PP2A
activators, such as OSU-2S (Goswami et al., 2022) and FTY720
(Di 2023). Notably, induced

Mambro et al, forskolin also
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transcriptional repression of ¢-MYC and, in the KMT2A-r cell line
MV411, it decreased the expression of KMT2A target genes HOXA9
and HOXA10. By using RNA interference, our data provide evidence
that some of the effects of forskolin on KMT2A-r leukaemic cells are
dependent on PP2A. Indeed, upon PPP2CA knockdown combined
with forskolin, the repressive effect of forskolin on c-MYC was lost,
suggesting that PP2A expression regulates forskolin-mediated tran-
scriptional repression of c-MYC and HOXA10 in KMT2A-r leukaemic
cells. These effects on ¢-MYC could be the result of the PP2A-
mediated inhibition of ERK1/2 (Letourneux et al., 2006) (Figure 9) that
stimulate c-MYC transcription via phosphorylation-dependent recruit-
ment of the ETS transcription factors ELK1, ELK3 and ELK4 and via
phosphorylation-independent recruitment of cyclin-dependent kinase
CDK9 on the promoter of c-MYC (Agudo-lbanez et al., 2023; Vervoort
et al., 2021). In addition, this effect could be because of the PP2A-
mediated inhibition of WNT signalling that regulates c-MYC transcrip-
tion through B-catenin (Wagstaff et al., 2022) (Figure 9). As a negative
regulator of WNT signalling, PP2A dephosphorylates Axin and APC
that are part of § catenin destruction complex (Hsu et al., 1999). In
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this complex Axin and APC bring B-catenin in close proximity to
GSK3p that phosphorylates p-catenin on Ser33, Ser37 and Thr41, tag-
ging p-catenin for proteasomal degradation. PP2A also regulates
GSK3p phosphorylation on Ser9, but it is important to highlight that
B-catenin phosphorylation by GS3Kp is impervious to the GSK3p Ser9
phosphorylation mechanism (Ng et al., 2009). It is interesting to high-
light that forskolin was previously reported to regulate the expression
of ¢c-MYC in non-Hodgkin's lymphomas and to increase the stability of
Axin (H. Wang et al., 2019). Whether these effects are dependent on
PP2A-mediated dephosphorylation of Axin was not determined;
therefore, this warrants further investigation.

Overall, our data point to a PP2A-dependent mechanism of regu-
lation of ¢-MYC in KMT2A-r cells which is distinct from the current
knowledge indicating PP2A mainly as a regulator of MYC protein sta-
bility (Goswami et al., 2022; Pippa & Odero, 2020).

The transcriptional repression of HOXA9 and HOXA10 by forskolin
is a novel and very interesting finding. A previous study showed that
phosphorylation mutants of the transcription factor CREB1 at Ser
133 and Ser 129 and GSK3 inhibitors disrupt the interaction between
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FIGURE 9 Molecular mechanisms underlying forskolin effects in KMT2A-r leukaemic cells. The schematic cartoon represents PP2A-
dependent and PP2A-independent effects of forskolin in KMT2A-r leukaemia. (right) PP2A-dependent mechanisms: Forskolin rescues the activity
of PP2A that targets the phosphorylation of phospho-ERK1/2 (Tyr202/Thr204) and the ubiquitination of f-catenin. The dephosphorylation on
ERK1/2 marks the kinase as inactive and leads to transcriptional repression of c-MYC in KMT2A-r AML cells. The expression c-MYC is also under
the control of p-catenin, whose ubiquitination is regulated by the p-catenin destruction complex, modulated by PP2A. Unidentified PP2A-
dependent targets regulate the expression of HOXA9 and HOXA10. (left): PP2A-independent mechanisms: forskolin binds the poly-specific drug-
binding pocket of the P-glycoprotein (P-gp), a transmembrane ATP-dependent efflux pump. In combination treatment with standard-care
daunorubicin, forskolin inhibits the switch from the inward (1) to the outward-facing conformation (2) of P-gp, interfering with active export of
daunorubicin n out of the KMT2A-r AML cells. This leads to accumulation of daunorubicin inside the KMT2A-r AML cells where it intercalates
between the DNA strands and prevents the progression of topoisomerase Il, thereby halting DNA replication and inducing replication stress

and DSBs.
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CREB1 and its coactivators CBP and TORC with MEIS1, suppressing
HOX-mediated transcription (Z. Wang et al., 2010), a mechanism con-
sistent with the distinct efficacy of GSK3p inhibitors in KMT2A-r leu-
kaemia (Z. Wang et al., 2008; Yeung et al., 2010). However, GSK3p
inhibition did not directly impact the expression of HOXA9 and
HOXA10 (Z. Wang et al., 2010), as, instead, we observed with forskolin;
therefore, the precise molecular mechanisms and pathways involved in
forskolin-mediated transcriptional control of HOXA9 and HOXA10 and
the role of PP2A in this context warrant further investigation (Figure 9).

As forskolin is a stimulator of adenylate cyclase, we tested
whether an analogue of forskolin, 1,9-dideoxy-forskolin, lacking adeny-
late cyclase activating function, had similar cellular outcomes. Our data
indicated that both compounds repress the transcriptional expression
of c-MYC and HOXA10 and have similar cytotoxic effects, suggesting
that these effects are not dependent on stimulation of adenylate
cyclase activation. This is in agreement with a study, published during
the revision of this paper, that reported a cAMP-independent repres-
sive effect of forskolin diporate, a water-soluble analogue of forskolin,
on ¢-MYC expression in ovarian cancer cells (Knarr et al., 2024). This
study and our data highlight that some of the anti-cancer effects of
forskolin in ovarian cancer cells and in leukaemic cells are non-
canonical and independent of adenylate cyclase activation. In addition,
our data provide evidence that forskolin, despite decreasing PPP2CA
expression, increases the activity of PP2A, although the underlying
molecular mechanisms are still not completely elucidated. Two inde-
pendent groups showed that forskolin is able to activate PP2A by
decreasing the inhibitory phosphorylation of PP2A on Tyr307
(Cristobal et al., 2011; Cristobal et al., 2014; Neviani et al., 2005), a
post-translational modification mediated by the Src family of protein
tyrosine kinases (Chen et al., 1994) and JAK2 (Yokoyama et al., 2003).
However, the antibodies used to detect phospho-PP2A (Tyr307) have
been recently objects of scrutiny (Frohner, Mudrak, Schuchner,
et al., 2020; Ogris et al., 2018). A more recent study has identified by
MS other putative PP2A-C phosphorylations on Tyr127 and Tyr284 in
response to Src and Fyn, respectively (Sontag et al., 2022). Phosphory-
lation on Tyr284 alters the specificity of PP2A holoenzyme by promot-
ing the dissociation of the PP2A regulatory Ba subunit (B55a, encoded
by PPP2R2A) with an overall activating effect on PP2A downstream
targets Tau and Erk1/2 (Sontag et al., 2022). It is yet to be determined
whether forskolin affects this phospho-site, and whether this mecha-
nism could explain some of its PP2A-dependent anti-cancer effects.
Forskolin has also been shown to decrease the phosphorylation of
19 e/a-endosulfine (ENSA) at Ser67, opposing the effect of Greatwall
kinase (MASL) and the conversion of ENSA into a PP2A endogenous
inhibitor (Kumm et al., 2020). In addition, forskolin can also stimulate
PP2A through two cAMP-dependent mechanisms, reviewed in Leslie
and Nairn (2019). One pathway is through the PKA and PKG-mediated
phosphorylation of the PP2A B56 subunit (Ahn et al., 2007; Feschenko
et al,, 2002; Yu & Ahn, 2010); the second pathway is through disinhibi-
tion of PP2A by PKA-mediated phosphorylation of ARPP-16 (Musante
et al.,, 2017).

We would like to acknowledge that, to measure PP2A activity in
cellular  extracts, we available

employed a commercially

immunoprecipitation-based kit used in several studies. A study by
Frohner et al. reported that the antibody provided in this kit, against
PP2A-C, does not bind non-methylated forms of PP2A-C and sug-
gested that immunoprecipitation with an antibody against PPP2R2A
would be a better option to consider the methylation of PP2A-C. We
performed our enzymatic activity assays with both antibodies, and the
results confirm a stimulatory effect of forskolin on PP2A. Given that
both PP2A-C and PP2R2A were repressed by forskolin, the data must
be interpreted taking in consideration the limitation of this tool
(Frohner, Mudrak, Kronlachner, et al., 2020).

In a few studies, the anti-proliferative effect of forskolin has been
shown to be dependent on cAMP (llliano, Conte, et al., 2018; llliano,
Sapio, et al., 2018). It is not clear whether the anti-proliferative effect
reported in these studies depends on PP2A activation.

Consistent with its anti-proliferative effect, forskolin treatment is
synergistic with cytotoxic chemotherapeutic agents (Cristobal
et al.,, 2011; Cristébal et al., 2014; Follin-Arbelet et al., 2015; llliano,
Conte, et al., 2018; llliano, Sapio, et al., 2018). We therefore tested
forskolin in combination with daunorubicin, used in induction and
consolidation treatment for AML patients. Our results show that for-
skolin sensitises KMT2A-r cells to daunorubicin. Moreover, a cyto-
toxic effect was also observed, although attenuated, in the presence
of BMSCs, which confer drug-resistance mechanisms (Arroyo-
Berdugo et al., 2023). Other groups have reported contradictory
results. Naderi et al. demonstrated that forskolin inhibits the action of
ionising radiation, anthracyclines, alkylating agents and platinum com-
pounds through cAMP (E. Naderi et al., 2009; S. Naderi et al., 2005).
Likewise, cCAMP elevation has been shown to confer drug resistance
via PKA-dependent phosphorylation of Bad and CREB1 (Gausdal
et al., 2013; Xiao & Kan, 2017). Our data indicate that forskolin
increases the sensitivity of KMT2A-r leukaemic cells to daunorubicin,
but, in contrast to the data reported by llliano, Sapio, et al. (2018) in
triple negative breast cancer cells, this effect is not dependent on
cAMP and PKA activation, because, in our experiments, 1,9-dideoxy-
forskolin, similar to forskolin, was able to sensitise the KMT2A-r cells
to daunorubicin and because pre-incubation with a PKA inhibitor did
not decrease the cytotoxic effect of the combination forskolin-dau-
norubicin. Furthermore, this effect is not dependent on PP2A-Ca as
the knockdown of PPP2CA did not decrease the cytotoxic effect of
the combination forskolin-daunorubicin. As daunorubicin efflux is
mediated by active pumps such as P-glycoprotein, and forskolin has
been shown to interact with P-glycoprotein (Morris et al., 1991;
Morris et al., 1994; Safa, 2004), we hypothesised that forskolin might
inhibit P-glycoprotein, retaining daunorubicin and other xenobiotics
in the cells (Figure 9). Utilising advanced docking protocols and MD
simulations, we successfully positioned forskolin, 1,9-dideoxyforskolin
and daunorubicin within the P-gp binding site, showing not only that
forskolin and 1,9-dideoxyforskolin share the same binding site but
also presenting a model where these molecules co-occupy the bind-
ing site with daunorubicin, suggesting a shared interaction landscape.
This also aligns with the observed experimental EM structure of the
P-gp bound to zosuquidar, (PDB ID: 7A6F), where there are two mol-
ecules of zosuquidar in the binding site (Nosol et al., 2020).


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2734
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=257
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2206
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2206
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2048
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2026
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7063
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=768
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=11788
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Additionally, by providing a comparing analysis to vincristine, a
known P-gp substrate with established anti-cancer properties, our
results highlight the binding site's adaptability and suggest a potential
for synergistic or additive effects when targeting this site with multi-

ple compounds.

6 | CONCLUSIONS

Forskolin, a natural compound with antitumour activity and with mini-
mal toxicity to normal tissues, has a PP2A-dependent cytostatic and
cytotoxic effect on KMT2A-r cells and represents a valuable therapeu-
tic strategy to target c-MYC, HOXA9 and HOXA10 and increase
response to chemotherapy. Our data indicate that the effects of for-
skolin on KMT2A-r cells, including transcriptional repression of c-MYC
and HOXA10 and sensitisation to daunorubicin, are not dependent on
stimulation of adenylate cyclase. This suggests that it might be possi-
ble to uncouple the anti-cancer effects of forskolin from its canonical
effects, allowing its use in combination with daunorubicin, to increase
the therapeutic index and tolerability of daunorubicin, decreasing
morbidity for patients while achieving equivalent clinical response.
Further studies are required to address how forskolin activates PP2A

and exerts its anti-leukaemogenic effects.
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