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Abstract: Recent data suggest that the disease-associated microenvironment, known as the leukemic stem cell
(LSC) niche, is substantially involved in drug resistance of LSC in BCR-ABL1* chronic myeloid leukemia (CML).
Attacking the LSC niche in CML may thus be an effective approach to overcome drug resistance. We have recently
shown that osteoblasts are a major site of niche-mediated LSC resistance against second- and third-generation
tyrosine kinase inhibitors (TKI) in CML. In the present study, we screened for drugs that are capable of suppressing
the growth and viability of osteoblasts and/or other niche cells and can thereby overcome TKI resistance of CML
LSC. Proliferation was analyzed by determining *H-thymidine uptake in niche-related cells, and apoptosis was mea-
sured by Annexin-V/DAPI-staining and flow cytometry. We found that the dual PI3 kinase (PI3K) and mTOR inhibitor
BEZ235 and the selective pan-PI3K inhibitor copanlisib suppress proliferation of primary osteoblasts (BEZ235 IC,:
0.05 uM; copanlisib IC: 0.05 uM), the osteoblast cell line CAL-72 (BEZ235 IC_: 0.5 puM; copanlisib IC, : 1 M),
primary umbilical vein-derived endothelial cells (BEZ235 IC,: 0.5 pM; copanlisib IC,: 0.5 uM), and the vascular
endothelial cell line HMEC-1 (BEZ235 IC_: 1 uM; copanlisib IC_: 1 uM), whereas no comparable effects were seen
with the mTOR inhibitor rapamycin. Furthermore, we show that BEZ235 and copanlisib cooperate with nilotinib
and ponatinib in suppressing proliferation and survival of osteoblasts and endothelial cells. Finally, BEZ235 and
copanlisib were found to overcome osteoblast-mediated resistance against nilotinib and ponatinib in K562 cells,
KU812 cells and primary CD34*/CD38 CML LSC. Together, targeting osteoblastic niche cells through PI3K inhibition
may be a new effective approach to overcome niche-induced TKI resistance in CML. Whether this approach can be
translated into clinical application and can counteract drug resistance of LSC in patients with CML remains to be
determined in clinical trials.
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Introduction

Chronic myeloid leukemia (CML) is a hemato-
poietic stem cell disease characterized by
expansion of myelopoietic (progenitor) cells in
the bone marrow (BM) and blood, and the recip-
rocal chromosome translocation 1(9;22) [1].
The resulting fusion gene product, BCR-ABL1,

is a cytoplasmic 210 kDa oncoprotein that acts
as a major driver of chronic phase (CP) CML
[1-5]. In particular, BCR-ABL1 augments a num-
ber of critical downstream signaling cascades
and molecules, including the phosphoinositide-
3-kinase (PI3K), AKT, the mechanistic target of
rapamycin (mTOR), the RAS-MEK-ERK pathway,
and the signal transducer and activator of tran-
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scription 5 (STAT-5) [1-6]. These signaling mol-
ecules and pathways are considered to act
together to trigger oncogenesis and leukemic
cell growth in patients with CML.

In the past 20 years, a number of BCR-ABL1-
targeting drugs have been developed. The first
compound that led to a breakthrough in the
treatment of CML was imatinib [7-11]. In fact,
therapy with imatinib can induce major cytoge-
netic and molecular responses in a majority of
all patients with CP CML [8-10]. Therefore, ima-
tinib has long been considered as the ‘gold-
standard’ in the treatment of this disease [11-
13]. However, not all patients with CML respond
to imatinib, and others may respond initially
but later develop a relapse [10-13]. In addition,
dose-limiting side effects may occur during
treatment with imatinib [8-11]. More recently,
second- and third generation BCR-ABL1 tyro-
sine kinase inhibitors (TKI) have been devel-
oped and have successfully been translated
into clinical practice. These drugs include nilo-
tinib, dasatinib, bosutinib, ponatinib, and
asciminib [14-26].

Most patients with imatinib-resistant CML
respond to these novel BCR-ABL1-targeting
agents [11, 18-26]. However, even these BCR-
ABL1 TKI are not always able to control the dis-
ease for unlimited time periods in CML, and
toxicities produced by these agents may be
substantial [18-27]. In non-responding pa-
tients, leukemic stem cells (LSC) are often
resistant against most or all of the above men-
tioned TKI [12, 13, 28-32].

A number of different mechanisms have been
described to contribute to the resistance of
LSC against TKI in CML [28-36]. Acquired resis-
tance is a sub-clone-specific phenomenon and
is often associated with the occurrence of (sec-
ondary) BCR-ABL1 mutations [12, 13, 33,
36-38]. By contrast, intrinsic stem cell resis-
tance is a common mechanism shared by virtu-
ally all sub-clones and their LSC [13, 30-32].
One important and clinically relevant form of
LSC resistance is niche-mediated resistance
[32, 34, 35, 39-42]. However, so far, little is
known about the molecular mechanisms and
cells contributing to this form of drug resistance
in CML.

Several previous studies have suggested that
stromal cells and mesenchymal stem cells play
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a role in niche-mediated LSC resistance [39-
42]. More recently, we and others have shown
that osteoblasts can contribute to drug resis-
tance [43, 44]. In particular, osteoblasts can
mediate resistance of CML LSC against BCR-
ABL1 TKI, including nilotinib and ponatinib [43].
Other studies have shown that angiogenic fac-
tors and endothelial cells may contribute to
drug resistance in CML [45]. In addition, endo-
thelial cell growth and angiogenesis are known
to correlate with disease progression and prog-
nosis in CML [46, 47]. All in all, niche-related
cells, including osteoblasts and endothelial
cells, are considered to contribute to TKI resis-
tance in CML.

Therefore, niche cells have also been discussed
as potential therapeutic targets in the context
of CML. However, little is known about the
effects of various TKI and other drugs on osteo-
blasts and endothelial cells in CML. It also
remains unknown whether targeting of osteo-
blasts may overcome osteoblast-induced LSC
resistance in CML LSC. The aims in our current
study were to define mechanisms and signaling
pathways contributing to niche-induced resis-
tance of LSC against TKI and to examine the
effects of various signal transduction inhibitors
and other drugs on growth and survival of
niche-related cells and on niche-induced resis-
tance of CML LSC.

Materials and methods
Reagents

Imatinib and nilotinib were purchased from
Chemietek (Indianapolis, IN, USA), rapamycin
from Calbiochem (San Diego, CA, USA), and
BEZ235, copanlisib, ponatinib (AP24534) and
asciminib (ABLOO1) from Selleck Chemicals
(Houston, TX, USA). Endothelial cell growth
basal medium 2 (EBM-2), endothelial cell
growth supplement 2 (EGM-2), RPMI 1640
medium and antibiotics (penicillin, streptomy-
cin) were from Lonza (Basel, Switzerland),
amphotericin B from PAN-Biotech (Aidenbach,
Germany) and bovine serum albumin (BSA)
from Affymetrix/USB (Cleveland, OH, USA).
Dulbecco’s Modified Eagle’s medium (DMEM),
L-glutamine, MCDB 131 medium, fetal calf
serum (FCS), trypsin-EDTA, insulin-transferrin-
selenium supplement and non-essential am-
ino acids were purchased from Gibco Life
Technologies (Carlsbad, CA, USA), HEPES from

Am J Cancer Res 2021;11(12):6042-6059



Targeting PI3K in the leukemic stem cell niche

Boehringer Ingelheim (Mannheim, Germany),
EDTA from Pierce (Rockford, IL, USA), and
osteoblast growth medium and supplement
from PromoCell (Heidelberg, Germany). 3H-
thymidine was purchased from PerkinElmer
(Waltham, Massachusetts, USA), trypan blue,
4’ 6-diamidino-2-phenylindole (DAPI) and sodi-
um pyruvate from Sigma-Aldrich (St. Louis,
Missouri, USA) and Ficoll from Biochrom (Los
Altos, CA, USA). Stock solutions of drugs were
prepared by dissolving in dimethylsulfoxide
(DMSO) (Sigma-Aldrich). When tested as vehi-
cle-control, DMSO showed no inhibitory effects
on cell growth. Monoclonal antibodies (mAb)
used in this study (for flow cytometry or Western
blotting) are shown in Table S1.

Primary cells, cell lines and culture conditions

Primary leukemic cells were obtained during
routine diagnostic investigations from 12
patients with BCR-ABL1* CML. The patients’
characteristics are shown in Table S2. Sampl-
es were collected from the BM or peripheral
blood (PB) and were stored in a local biobank.
All patients gave written informed consent
before samples were collected. The study was
approved by the ethics committee of the
Medical University of Vienna and conducted in
accordance with the declaration of Helsinki.
BM cells were layered over Ficoll to isolate
mononuclear cells (MNC). These cells were
stored in a local biobank until used. Normal
healthy CD34* BM stem/progenitor cells were
purchased from Lonza and were cultured in
StemPro-34 SFM medium supplemented with
StemPro-34 nutrient supplement at 37°C and
5% CO,. The human CML cell line KU812 was
kindly provided by Dr. Kenji Kishi (Niigata
University, Niigata, Japan), and K562 were kind-
ly provided by Dr. Michael Deininger (University
of Utah, Salt Lake City, UT). Both cell lines were
cultured in RPMI 1640 medium, 10% FCS and
antibiotics at 37°C and 5% CO,. The microvas-
cular human endothelial cell line HMEC-1 [48]
was cultured in MCDB 131 medium supple-
mented with 10% FCS and antibiotics at 37°C
and 5% CO,. Human umbilical vein-derived
endothelial cells (HUVEC) were purchased from
PromoCell (Heidelberg, Germany) and cultured
in EBM-2 medium supplemented with EGM-2 at
37°C and 5% CO,. Primary human osteoblasts
were purchased from PromoCell and were cul-
tured in osteoblast growth medium with osteo-
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blast growth supplement at 37°C and 5% CO,,.
The human osteoblast-like osteosarcoma cell
line CAL-72 and the monocytic cell lines THP-1
and Mono Mac 6 were purchased from the
German collection of microorganisms and cell
culture (DSMZ, Leibniz, Germany). CAL-72 cells
were cultured in DMEM with 10% FCS, 1%
L-glutamine, 1% insulin-transferrin-selenium
supplement and antibiotics at 37°C and 5%
CO,. THP-1 cells were cultured in RPMI 1640
medium supplemented with 20% FCS and anti-
biotics at 37°C and 5% CO,. Mono Mac 6 cells
were cultured in RPMI 1640 medium with 10%
FCS, 2 mM L-glutamine, 2 mM non-essential
amino acids, 1 mM sodium pyruvate, insulin-
transferrin-selenium supplement (10 pg/ml)
and antibiotics at 37°C and 5% CO,. Macro-
phages were differentiated from blood MNC of
healthy donors using macrophage colony-stim-
ulating factor (Biolegends, San Diego, CA, USA)
and cultured in RPMI 1640 medium with 10%
FCS and antibiotics at 37°C and 5% CO, as
reported [49]. All donors (n=3) gave written
informed consent before samples were collect-
ed. The study was approved by the ethics com-
mittee of the Medical University of Vienna (EK
number #75/2014) and conducted in accor-
dance with the Declaration of Helsinki.

Measurement of 3H-thymidine uptake

To examine anti-proliferative drug effects,
HMEC-1, HUVEC, CAL-72, primary human osteo-
blasts, Mono Mac 6, THP-1 and primary human
macrophages were incubated in control medi-
um or in various concentrations of BEZ235
(0.005-5 pM), copanlisib (0.005-5 uM), rapamy-
cin (0.01-5 uM), nilotinib (0.1-5 puM), ponatinib
(0.005-2 uM), asciminib (0.01-5 uM), or ima-
tinib (0.1-10 puM) at 37°C for 48 hours.
Thereafter, 0.5 pCi 3H-thymidine was added at
37°C for 16 hours. Then, cells were harvested
on filter membranes (Packard Bioscience,
Meriden, Connecticut) in a filtermate 196 har-
vester (Packard Bioscience). Filters were air-
dried and the bound radioactivity was mea-
sured in a B-counter (TopCount NXT, Packard
Bioscience). All experiments were performed in
triplicates. In drug combination experiments,
HMEC-1 and CAL-72 cells were incubated with
BEZ235 and nilotinib, BEZ235 and ponatinib,
copanlisib and nilotinib, copanlisib and pona-
tinib, either as single agents or in combination
at a fixed ratio of drug concentrations as report-

Am J Cancer Res 2021;11(12):6042-6059



Targeting PI3K in the leukemic stem cell niche

ed [50]. Drug combination effects were classi-
fied as additive or synergistic regarding growth-
inhibition, based on calculations of combina-
tion index (Cl) values using Calcusyn software
(Calcusyn, Biosoft, Ferguson, MO, USA) as
described [50]. A Cl below 1 indicates a syner-
gistic drug interaction.

Measurement of apoptosis

To analyze drug effects on cell survival and
apoptosis, HMEC-1, HUVEC, CAL-72 cells, pri-
mary osteoblasts, Mono Mac 6, THP-1 and pri-
mary macrophages were incubated in control
medium or in various concentrations of BEZ-
235 (1-5 uM), copanlisib (1-5 uM), rapamycin
(-5 uM), nilotinib (1-5 uM), ponatinib (0.1-1
pM), asciminib (1-5 uM), or imatinib (2.5-10 uM)
at 37°C for 48 hours. Then, cells were harvest-
ed, washed, and incubated in Annexin-V-FITC
(eBioscience, Vienna, Austria) and Annexin
binding-buffer containing HEPES (10 mM, pH
7.4), NaCl (140 mM), and CaCl2 (2.5 mM)
for 15 minutes. Then, cells were washed and
DAPI (0.4 pg/mL) was added. Cells were ana-
lyzed by flow cytometry on a FACSCanto Il (BD
Biosciences, San Jose, CA, USA) as described
[51, 52]. The total fraction of apoptotic cells
was quantified by determining the percentage
of Annexin-V-positive (early apoptotic) plus
DAPI-positive (late apoptotic). In drug combina-
tion experiments, cells were incubated in vari-
ous concentrations of BEZ235 and nilotinib,
BEZ235 and ponatinib, BEZ235 and asciminib,
copanlisib and nilotinib, copanlisib and pona-
tinib, or copanlisib and asciminib, either as sin-
gle agents or in combination, before measuring
apoptosis.

Analysis of AKT and S6 phosphorylation by
Western blotting

Prior to Western blotting, HMEC-1 and CAL-72
cells were incubated in control medium or in
medium containing nilotinib (10 yM), ponatinib
(2 uM), BEZ235 (5 pM), copanlisib (5 uM), or
rapamycin (5 uM) at 37°C for 4 hours. Then,
Western blotting was performed essentially as
described [50]. In brief, cell lysates were sepa-
rated in 7.5% sodium dodecyl sulfate polyacryl-
amide gels and transferred to polyvinyliden-
fluorid membranes (GE Healthcare, Buck-
inghamshire, UK). Membranes were blocked
using 5% BSA for 30 minutes. Then, rabbit mAb
D9E against phosphorylated (p) AKT (phosphor-
ylation site: S473), rabbit mAb D57.2.2E against
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pS6 (5235/236), a polyclonal antibody against
total AKT, and a mAb against S6 (all from Cell
Signaling Technology, Danvers, MA, USA) and a
mouse mMAb (2Q1055) against human actin
from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) (Table S1) were applied according to the
manufacturers’ instructions. Equal loading was
confirmed by probing for actin expression.
Antibody reactivity was made visible with don-
key anti-rabbit 1gG or sheep anti-mouse IgG
(both from GE Healthcare) and ECL Plus
Western Blot Substrate (Thermo Scientific,
Rockford, IL, USA).

Analysis of expression of pAKT and pS6 in
niche-related cells by flow cytometry

To quantify expression of pAKT and pS6 in
KU812, K562, HMEC-1, CAL-72, Mono Mac 6,
and THP-1 cells an intracellular staining proto-
col was applied. Before staining with antibodi-
es against pAKT and pS6, HMEC-1, CAL-72,
Mono Mac 6, and THP-1 were incubated in con-
trol medium or in various concentrations of
BEZ235 (0.5-5 uM), copanlisib (0.5-5 uM), or
rapamycin (0.5-5 yM) at 37°C for 4 hours.
Thereafter, cells were harvested and fixed in
2% formaldehyde (Merck, Darmstadt, Ger-
many). Then, cells were permeabilized by meth-
anol (-20°C, 15 minutes) and incubated with a
PE-labeled mouse mAb against pAKT (phos-
phorylation site: pS473; BD Biosciences) or
with an Alexa Fluor 647-labeled mouse mAb
against pS6 (phosphorylation site: Y223; BD
Bioscience) for 30 minutes. An alexa fluor
647-labeled mouse 1gG1 mAb and a PE-label-
ed mouse IgG1 mAb (BD Biosciences) were
used as isotype-matched control antibodies.
Expression of pAKT and pS6 was quantified
by flow cytometry on a FACSCanto Il (BD
Biosciences). In a separate set of experi-
ments, co-cultured cells (CAL-72 plus KU812;
CAL-72 plus K562) were examined for viability
after incubation with BEZ235 (0.5-5 uM) or
copanlisib (0.5-5 uyM) at 37°C for 48 hours. In
these experiments, multi-color flow cytometry
was applied: CAL-72 cells were defined as
CD45/CD44* cells, KU812 cells as CD45*/
CD44* cells, and K562 as CD45*/CD44  cells.
Expression of pAKT and pS6 was quantified in
both cell types in the same way as in the sepa-
rately cultured cell lines using a FACSCanto II.

Evaluation of drug effects on survival of CML
cells in co-cultures

To analyze drug effects on osteoblast-induced
TKI resistance of CML cells, primary CML cells,
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K562 cells, and KU812 cells were co-cultured
with the osteoblast-like cell line CAL-72 essen-
tially as described [43]. In typical experiments,
co-cultured cells were incubated in medium
containing various concentrations of BEZ235
(0.5-3 pM), copanlisib (0.5-3 uM), nilotinib
(100-5000 nM), ponatinib (10-500 nM), or
asciminib (20-50 nM), either as single agents
or in combination at 37°C for 48 hours. After
incubation, cells were stained with Annexin-
V-FITC in Annexin binding-buffer containing
HEPES (10 mM, pH 7.4), NaCl (140 mM) and
CaCl, (2.5 mM). Afterwards, DAPI (0.4 pg/ml)
was added and cells were analyzed by flow
cytometry on a FACSCanto Il. The percentage
of apoptotic CD44- K562 cells and CD45*
KU812 cells was quantified by measuring
DAPI- and Annexin-V-positive cells. In primary
CML samples, drug effects on survival (apopto-
sis) of CD34*/CD38 LSC were determined
by assessing the percentage of apoptotic
(Annexin-V/DAPI-positive) cells by multicolor
flow cytometry essentially as described [51,
52]. To analyze hematologic toxicity of drug
combinations normal CD34* stem/progenitor
cells were co-cultured with the osteoblast-like
cell line CAL-72 and incubated in medium con-
taining BEZ235 (5 yM), copanlisib (5 uM), nilo-
tinib (5 uM), ponatinib (0.5 uM), or asciminib (1
uM), either as single agents or in combination
at 37°C for 48 hours. In normal CD34* stem/
progenitor cells, drug effects on survival (apop-
tosis) of CD34*/CD38" cells were determined
by assessing the percentage of apoptotic
(Annexin-V/DAPI-positive) cells by multicolor
flow cytometry.

In a separate set of experiment, CAL-72 cells
were incubated in medium containing BEZ235
(3 uM) or copanlisib (3 uyM) at 37°C for 24
hours. Then, CAL-72 cells were washed, and
KU812 and K562 cells were loaded on drug-
pre-incubated layers of CAL-72 cells in co-cul-
tures which were then incubated in medium
containing nilotinib (100-250 nM), ponatinib
(10-25 nM) or asciminib (20-50 nM) at 37°C for
48 hours. Afterwards, cells were incubated
with Annexin-V-FITC and DAPI (0.4 pg/ml), and
the percentage of apoptotic CD44- K562 cells
and CD45* KU812 cells (DAPI- and Annexin-V-
positive) was quantified on a FACSCanto Il

Quantitative real-time PCR (qPCR)

HMEC-1 and CAL-72 cells were incubated in
control medium or in medium containing vari-
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ous concentrations of BEZ235 (0.5-5 pM),
copanlisib (0.5-5 yM), or rapamycin (0.5-5 yM)
at 37°C for 48 hours. Then, RNA was isolated
using the RNeasy MinEluteCleanupKit (Qiagen,
Hilden, Germany). cDNA was synthesized using
MMLV RT and random primers (Invitrogen,
Carlsbad, CA, USA) according to the manu-
facturer’s instructions. PCR conditions were:
denaturation 15 seconds (95°C) and anneal-
ing and extension for 1 minute at 60°C. qPCR
was performed on a Quantstudio 3 Real-Time
PCR System (Thermofisher Scientific, Wal-
tham, MA, USA) using iTaq Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA).
Expression of NOXA mRNA, PUMA mRNA and
BIM mRNA levels were normalized to ABL1
MRNA expression levels. Primers used in PCR
studies are shown in Table S3.

Statistical analysis

Data were calculated as mean values from at
least 3 independent experiments with standard
deviations (S.D.). To examine the significance in
differences observed in drug-exposed and
untreated cells, the Student’s t test for inde-
pendent samples was applied. Results were
considered statistically significant when P was
<0.05.

Results

The PI3K blockers BEZ235 and copanlisib and
the BCR-ABL 1-targeting drugs nilotinib and
ponatinib inhibit proliferation of niche-related
cell lines

We screened for drugs that can substantially
suppress the proliferation of niche cells, includ-
ing endothelial cells, osteoblasts and macro-
phages. In initial screens we employed the cell
lines HMEC-1, CAL-72, Mono Mac 6 and THP-1.
We found that the dual PI3K/mTOR blocker
BEZ235 and the pan-class-l PI3K blocker
copanlisib inhibit proliferation in all 4 cell lines
(Figure 1A-D). The effects of both agents were
dose-dependent, with IC_ values of 0.5-1 uyM
obtained in HMEC-1 with both agents, 0.1-0.5
UM of BEZ235 and 0.5-1 pM of copanlisib in
CAL-72 cells, 0.1-0.5 yM of BEZ235 and 0.05-
0.5 uM of copanlisib in Mono Mac 6 cells, and
0.1-0.5 yM of BEZ235 and 0.05-0.5 uM of
copanlisib in THP-1 cells (Figure 1A-D; Table 1).
Rapamycin was found to exert only weak or no
effects in these cell lines (IC,, in HMEC-1: 3-5
uM; CAL-72: 0.5-1 yM; Mono Mac 6: 2-3 uM;
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Figure 1. Effects of BEZ235, copanlisib and rapamycin on proliferation of
endothelial and osteoblastic niche cells. HMEC-1 cells (A), CAL-72 cells (B),
Mono Mac 6 cells (C), THP-1 cells (D), HUVEC cells (E), primary osteoblasts
(F) and primary macrophages isolated from heathy donors (G) were incuba-
ted in control medium (Co) or in medium containing various concentrations
of BEZ235 (0.005-5 uM), copanlisib (0.01-5 uM) and rapamycin (0.01-5 uM)
at 37°C for 48 hours. Thereafter, *H-thymidine uptake was measured. Re-
sults show °H-thymidine uptake as percentage of control (=100%, Co) and
represent the mean = SD of three independent experiments. Asterisk (*):
P<0.05 compared to control.
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THP-1: >5.0 uM) (Figure 1A-D;
Table 1). The BCR-ABL1-tar-
geting TKI nilotinib and pona-
tinib, both of which are inter-
acting with a broad spectrum
of kinase targets [53, 54],
were also found to inhibit pro-
liferation in niche-related ce-
lls, whereas imatinib and as-
ciminib did not show compa-
rable growth-inhibitory effects
in these cells (Table 1; Figure
S1).

BEZ235, copanlisib, nilotinib

and ponatinib inhibit prolifer-

ation of primary niche-related
cells

We next examined drug eff-
ects on proliferation of prima-
ry niche-related cells. In pri-
mary endothelial cells (HUV-
EC) and primary osteoblasts,
3H-thymidine uptake was mea-
sured. In primary macroph-
ages, we were unable to deter-
mine proliferation by 3H-thy-
midine uptake for technical
reasons. We therefore mea-
sured cell counts before and
after drug exposure. BEZ235
was found to inhibit the prolif-
eration of HUVEC and primary
human osteoblasts in a dose-
dependent manner, with IC
values of 0.05-0.5 uM in
HUVEC and 0.01-0.05 uM in
primary osteoblasts (Figure
1E and 1F) whereas in pri-
mary macrophages, BEZ235
was less potent (Figure 1G).
Similar effects were seen
with copanlisib, with IC, val-
ues of 0.05-0.5 uM in HUVEC,
0.05-05 uM in primary osteo-
blasts, and 5 uM in primary
macrophages. Overall, drug
effects on growth and prolif-
eration were stronger in pri-
mary osteoblasts and primary
endothelial cells than in the
respective cell lines tested.
Rapamycin also showed some
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Table 1. Growth-inhibitory effects of PI3-kinase (PI3K) inhibitors and BCR-ABL1-targeting drugs on
endothelial cells, osteoblasts, monocytic cells and CML cell lines

Cell line IC,, (UM) IC,, (M) IC,, (UM) IC,, (M) IC,, (M) IC,, (UM) IC,, (M)
Nilotinib Ponatinib Imatinib Asciminib BEZ235 Copanlisib Rapamycin

HMEC-1 0.1-0.5 0.1-0.5 >10 >5 0.5-1 0.5-1 35
HUVEC 0.5-1 0.1-0.5 >10 255 0.05-0.5 0.05-0.5 0.5-1
CAL-72 0.1-0.5 0.1-0.5 2.55 >5 0.1-0.5 0.5-1 0.5-1
Primary osteoblasts  0.01-0.05 0.5-1 5-10 >5 0.01-0.05 0.05-05 0.5-1
THP-1 1-2 0.5-1 >10 >5 0.1-0.5 0.05-0.5 >5
Mono Mac 6 0.5-1 0.01-0.05 >10 >5 0.1-0.5 0.05-0.5 2-3
KU812 0.01-0.015  0.00005-0.001 0.25-0.3 0.0025-0.005 0.05-0.5 0.05-0.5 35
K562 0.015-0.02  0.0001-0.0005 0.4-0.5 0.02-0.05 0.05-0.5 0.5-1 3-5

Niche cells and CML cell lines were incubated in various concentrations of BEZ235, rapamycin, nilotinib, ponatinib, imatinib, asciminib or co-
panlisib at 37 °C for 48 hours. Then, proliferation was measured by determining *H-thymidine uptake. The table provides the IC,  values (ranges)
obtained from at least three independent experiments. Abbreviations: BCR-ABL1; break point cluster region-Abelson murine leukemia viral
oncogene homologl1; CML, chronic myeloid leukemia; IC,, half maximal inhibitory concentration; HMEC-1, human microvascular endothelial cell;

HUVEC, human umbilical vein endothelial cell.

growth-inhibitory effects in HUVEC and primary
osteoblasts, but the effects were weak com-
pared to BEZ235 and copanlisib (Figure 1E
and 1F). Finally, we were able to show that nilo-
tinib and ponatinib inhibit the proliferation of
HUVEC and primary osteoblasts with IC, val-
ues corresponding to those obtained in our
previous studies (Figure S1) [55]. We also test-
ed the effects of the novel BCR-ABL1 TKI
asciminib (ABLOO1) on growth and survival of
endothelial cells, osteoblasts and macro-
phages. However, unlike nilotinib or ponatinib,
asciminib did not substantially suppress growth
of niche-related cells in this study (Figure S1).

PI3K-targeting drugs induce little if any apop-
tosis in endothelial cells, osteoblasts and mac-
rophages

To study the mechanism of drug-induced
growth inhibition, we examined survival in drug-
exposed cells. As assessed by combined
Annexin-V/DAPI staining and flow cytometry,
BEZ235 and copanlisib were found to induce
some apoptosis in HMEC-1, CAL-72, Mono Mac
6 and THP-1 cells, but the concentrations
required to induce cell death were rather high
(Figure 2A-D). At high concentrations, copan-
lisib also induced apoptosis in HUVEC, primary
osteoblasts, and primary macrophages (Figure
2E-G). By contrast, BEZ235 did not induce
apoptosis in primary osteoblasts or primary
macrophages (Figure 2F and 2G). Rapamycin
induced only little if any apoptosis in endotheli-
al cells (HMEC-1, HUVEC) or macrophages
(Figure 2A, 2E and 2G). In CAL-72 cells, rapamy-
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cin produced some apoptosis whereas in pri-
mary osteoblasts, rapamcyin did not show
apoptosis-inducing effects (Figure 2F). The
BCR-ABL1-targeting TKI tested (nilotinib, pona-
tinib, asciminib, imatinib) showed weak apopto-
sis-inducing effects in primary osteoblasts
(Figure S2). We also tested the effects of the
PI3K and/or mTOR inhibitors (BEZ235, copan-
lisib, rapamycin) on BIM, NOXA and PUMA
mMRNA expression in HMEC-1 and CAL-27 cells.
However, no effects of these drugs on BIM,
NOXA or PUMA mRNA expression were found
(Figure S3). Together, the BCR-ABL1 TKI and
the PI3K-targeting drugs induced little if any
apoptosis in niche-related cells.

BEZ235 and copanlisib exert cooperative anti-
proliferative and apoptosis-inducing effects on
endothelial cells and osteoblasts when com-
bined with BCR-ABL1 TKI

Next, we analyzed the effects of various dr-
ug combinations on proliferation of HMEC-1
and CAL-72 cells. We found that the drug com-
binations ‘nilotinib+BEZ235’ and ‘ponatinib+
BEZ235’ produce cooperative growth-inhibito-
ry effects in HMEC-1 and CAL-72 cells, and
comparable effects were seen with the other
drug combinations tested: ‘nilotinib+copanlisib’
and ‘ponatinib+copanlisib’ (Figure 3). However,
most of these cooperative drug effects on cell
proliferation were additive in nature. Synergistic
growth-inhibitory effects were only seen with
the drug combination ‘nilotinib+BEZ235’ in
CAL-72 cells (Figure 3C). We also found that
the drug combinations ‘nilotinib+BEZ235,
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Figure 2. Effects of BEZ235, copanlisib and rapamycin on survival of endo-
thelial and osteoblastic niche cells. HMEC-1 cells (A), CAL-72 cells (B), Mono
Mac 6 cells (C), THP-1 cells (D), HUVEC cells (E), primary osteoblasts (F)
and macrophages isolated from healthy donors (G) were incubated in control
medium (Co) or in medium containing various concentrations of BEZ235
(1-5 uM), copanlisib (1-5 uM) and rapamycin (1-5 uM) at 37 °C for 48 hours.
Then, cells were examined by flow cytometry to determine the percentage of
apoptotic (Annexin-V/DAPI-positive) cells. Results represent the mean + SD
of three independent experiments. Asterisk (*): P<0.05 compared to control.

‘nilotinib+copanlisib’, ‘ponati-
nib+BEZ235" and ‘ponatinib+
copanlisib’ produced strong
cooperative inhibitory effects
on cell survival (induction of
apoptosis) in HMEC-1 cells
and CAL-72 cells (Figure 4).

PI3K-targeting drugs down-
regulate phosphorylation of
AKT and S6 in niche-related
cell lines

As determined by flow cytom-
etry, BEZ235 and copanlisib
suppressed the expression of
pAKT and pS6 in HMEC-1 cells
(Figure 5A). In CAL-72 cells,
BEZ235 was found to counter-
act expression of pAKT and
pS6. Copanlisib also sup-
pressed expression of pS6 in
these cells but did not sup-
press expression of pAKT
(Figure 5B). Rapamycin was
found to downregulate pS6
expression in HMEC-1 and
CAL-72 cells, but did not
decrease the expression of
pAKT in these cells (Figure
5A-D). Corresponding results
were obtained for HMEC-1
cells by Western blotting (Fi-
gure 5C and 5D). Again,
BEZ235 and copanlisib were
found to suppress the expres-
sion of pAKT and pS6 in these
cells. In CAL-72 cells we were
not able to detect pAKT
because of relatively low lev-
els which was also seen in our
flow cytometry experiments.
However, pS6 was detected in
CAL-72 cells. All three drugs,
BEZ235, copanlisib and ra-
pamycin were found to sup-
press expression of pS6 in
CAL-72 cells as determined by
Western blotting (Figure 5D).
In Mono Mac 6 cells, BEZ235
was found to downregulate
the expression of pAKT and
pS6 in our flow cytometry
experiments, whereas copan-
lisib and rapamycin were only
able to decrease pS6 expres-
sion but did not suppress

6049 Am J Cancer Res 2021;11(12):6042-6059



Targeting PI3K in the leukemic stem cell niche

A g 150 HMEC-A  — sezzs
-‘35 = Nilotinib
n=8‘ } - Combination
D r
2 100
£0
ES
2 50
£
T

0 S ——
Nilotinih[nM] 60 75 90 120 135 150
BEZ235 [nM] 0 12 15 18 24 27 30

B o 150 HMEC-1 = Copaniisib
-;‘U -=- Nilotinib
'ﬁ.%‘ -= Combination
3%100- A=
c
§U
EbB
2 50
ET
I

Nilotinib [nh1] 0 50 60 TO 80 90 100
Copanlisib [nM] 0 25 30 35 40 45 50

O

2001 -=- BEZ235
-=- Nilotinib

-=- Combination

CAL-72

g

*H-Thymidine Uptake
(% of Control)
-
g 8

0 - v - v v v
Nilotinb[nM] © 75 10 20 30 50 100
BEZ235[nM] © 38 5 10 15 25 S0

-+~ Copanlisib
-=~ Nilotinib
-~ Combination

(=)
- -
= o
= =]
y
1

*H-Thymidine Uptake
(% of Control)
o
hnd

Nilotinib [nM] 0 60 75 90 105 120 150
Copanlisib [nM] 0 20 25 30 35 40 50

o 150 HMEC-1 - BEZZ:.’S.
© -=- Ponatinib
a :o~ -= Combination
2 £ 100
£ 0
=] g ]
£ -
2 %0
FT
E2
0

Ponatinib [nM] ] 37 50 100 200 300 350
BEZ235 [nM] o 75 10 20 40 60 70
-+~ Copanlisib
==~ Ponatinib
=== Combination

2004

(% of Control)
> @
s 3

o
o

*H-Thymidine Uptake

Ponatinib[nM] © 38 40 42 44 46 50
Copanlisib [nM] 19 20 21 22 23 25

o

o 150 CAL-72 - BEZ2235

= -= Ponatinib
'g_:o‘ -= Combination
2 5100 éf—

2E

§ [&]

€%

Zx 50

<

x

0
v T T T T T J

Ponatinib [nM] 0 30 35 40 50 60
BEZ235 [nM] 0 16 25 20 33 41 50

8

o 150 CAL-72  ~ Copanlisib
x -= Ponatinib
g: == Combination
S8 100{
28
T O
£
zg
R
T
Ponatinib[nM] © 10 15 25 50 75 100

Copanlisib[nM] o0 5 7.5 125 25 37 50

Figure 3. Effects of combinations of BEZ235 or copanlisib with nilotinib or BEZ235 or copanlisib with ponatinib
on proliferation of endothelial cells and osteoblastic niche cells. HMEC-1 cells (A, B) and CAL-72 cells (C, D) were
incubated in control medium (0), in medium containing various concentrations of BEZ235 or copanlisib (light
grey line), nilotinib or ponatinib (dark grey line), or combinations of drugs (BEZ235+nilotinib, BEZ235+ponatinib,
copanlisib+nilotinib, copanlisib+ponatinib) (black lines) at fixed ratio of drug concentrations (as indicated) at 37°C
for 48 hours. Thereafter, *H-thymidine uptake was measured. Results show *H-thymidine uptake as percent of con-
trol and represent the mean + SD of triplicates from one typical experiment.

pAKT (Eigure S4A). In THP-1 cells, BEZ235,
copanlisib and rapamycin failed to modulate
phosphorylation of AKT or S6 (Figure S4B).

BEZ235 and copanlisib counteract osteoblast-
induced resistance of CML cell lines and of
primary CML LSC against TKI

We have recently shown that osteoblasts medi-
ate resistance in the BCR-ABL1* cell lines
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K562 and KU812 as well as in primary CML
LSC [43]. In the current study, we hypothesized
that the inhibition of osteoblastic cells by
BEZ235 is sufficient to overcome osteoblast-
induced resistance of CML LSC against nilo-
tinib, ponatinib or asciminib. To test this hypoth-
esis co-culture experiments were performed
using CAL-72, HMEC-1, primary CML cells, and
the CML cell lines K562 and KU812. We found
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inst TKI (Figure 6). The effects
of BEZ235 and copanlisib
were dose-dependent (Figure
S5). Corresponding results
were obtained in co-cultures
prepared with primary CD34*/
CD38 CML LSC (Figure 6C).
Again, osteoblasts (CAL-72
cells) induced LSC resistance
against BCR-ABL1 TKI, and
BEZ235 and copanlisib were
found to overcome osteoblast-
induced resistance. In normal
CD34*/CD38 stem cells, drug
combinations consisting of
BCR-ABL1 TKI and PI3K inhibi-
tors (nilotinib+copanlisib, po-
natinib+BEZ235, ponatinib+
copanlisib, asciminib+BEZ2-
35, asciminib+copanlisib) did
not induce major inhibitory
effects on survival in the pres-
ence or absence of CAL-72
cells (Figure S6). To define
whether BEZ235 and copan-
lisib overcome niche-induced
resistance of CML cells by act-
ing on niche cells directly or on
CML cells, we performed ex-
periments in which CAL-72
cells were first exposed to
BEZ235 and copanlisib and
washed before added to the
co-cultures. In these experi-
ments, both drugs were found
to overcome TKI resistance in
K562 cells and KU812 cells in

*
10 1
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*
*
*

10 1
o 1 1
*
*
10 1
o1 A1
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*
10 1
o 11

BEZ235 or copanlisib with ponatinib on survival of endothelial and osteo-

blastic niche cells. HMEC-1 cells (A) and CAL-72 cells (B) were incubated in
control medium (0), in medium containing BEZ235, copanlisib, nilotinib or
ponatinib, alone or in combinations (BEZ235+nilotinib, copanlisib+nilotinib,
BEZ235+ponatinib, copanlisib+ponatinib) as indicated at 37°C for 48
hours. Then, cells were examined by flow cytometry to determine the per-
centage of Annexin-V-positive cells. Results represent the mean + SD of
three independent experiments. Asterisk (*): P<0.05 compared to control.

that in the presence of CAL-72 cells, the effects
of nilotinib, ponatinib and asciminib on survival
of K562 and KU812 were much weaker com-
pared to control cultures (Figure 6A and 6B).
Addition of BEZ235 (3 uM) or copanlisib (3 uM)
in these cultures increased the apoptosis-
inducing effects of the TKI in the presence
of CAL-72 cells, suggesting that PI3K-inhibition
overcomes osteoblast-induced resistance aga-
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the same way as in the co-cul-
ture experiments where both
cell types were exposed to-
gether to these drugs (Figure
S7). We also asked whether
BEZ235 and copanlisib down-
regulate pAKT and pS6 levels
in osteoblasts (CAL-72), CML
cells or both cell types in our co-cultures. To
delineate the effects of BEZ235 and copanlisib
on CML cells (KU812 and K562 cells) and
osteoblasts, we performed multi-color flow
cytometry staining experiments using antibod-
ies against CD44, CD45, pAKT and pS6. As
expected, both phosphorylated targets were
detected in CAL72 cells as well as in KU812
and K562. In both CML cell lines, pS6 expres-
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Figure 5. Effects of BEZ235, copanlisib and rapamycin on expression of
phosphorylated (p) AKT and S6 in endothelial and osteoblastic niche cells.
(A, B) Flow cytometric evaluation of expression of pAKT and pS6: HMEC-1
cells (A) and CAL-72 cells (B) were incubated in control medium (Co) or in
medium containing various concentrations of BEZ235 (0.5-5 uM), copanli-
sib (0.5-5 uM) or rapamycin (0.5-5 uM) at 37 °C for 4 hours. Then, cells were
permeabilized and stained with antibodies against pAKT (S473) and pS6
(5235/236). Expression of pAKT and pS6 was determined by flow cytome-
try. Results show median fluorescence intensity (MFI) values expressed as
percent of control and represent the mean + SD from 3 independent expe-
riments. Asterisk (*): P<0.05 compared to control. (C, D) Effects of BEZ235,
copanlisib and rapamycin on expression of phosphorylated (p) AKT and S6 in
endothelial and osteoblastic niche cells as determined by Western blotting.
HMEC-1 cells (C) and CAL-72 cells (D) were incubated in control medium

or in medium containing BEZ235
(5 uM), rapamycin (5 yM), copan-
lisib (5 pM), nilotinib (10 uM), or
ponatinib (2 uM) at 37°C for 4
hours. Then, cells were subjected
to Western blot analysis as descri-
bed in text using antibodies direc-
ted against pAKT, total AKT, pS6,
total S6 or actin. The figure show
data from one typical Western
blot experiments. Corresponding
results were obtained in two other
Western blot experiments.

sion decreased upon expo-
sure to BEZ235 or copanlisib
in the absence of osteoblasts
but did not decrease in the
presence of osteoblasts, con-
firming the protective effect
of osteoblasts on CML cells
(Figure S8). However, in co-
cultured CAL-72 cells, BEZ235
and copanlisib suppressed
pS6 expression in the absen-
ce or presence of CML cells
(Figure S8). These data sug-
gest that in our co-culture sys-
tem (niche-like condition) the
primary effects of the PI3-
kinase blockers were exerted
on osteoblasts rather than
CML cells.

Finally, we asked whether
endothelial cells would also
introduce TKI resistance in
CML cells. However, HMEC-1
did not substantially block TKI
effects on growth or viability
of K562 and KU812 cells
(Figure S9). These data sug-
gest that the primary niche
cell introducing TKI resistance
in CML cells may be the
osteoblast.

Discussion

Recent data suggest that the
stem cell niche is involved in
the pathogenesis of various
hematologic neoplasms and
that niche cells can mediate
resistance against anti-neo-
plastic drugs in leukemic cells
[34, 35, 39-47, 56-61]. In
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Figure 6. Effects of BEZ235 and copanlisib on niche-induced TKI resistance of CML cells. KU812 cells (A) and
K562 cells (B) were incubated in control medium (0) or in medium containing nilotinib (100-250 nM), ponatinib
(10-25 nM), asciminib (20-50 nM), BEZ235 (3 pM) and copanlisib (3 uM) or in medium with a combination of
drugs (BEZ235+nilotinib, BEZ235+ponatinib, BEZ235+asciminib, copanlisib+nilotinib, copanlisib+ponatinib,
copanlisib+asciminib) in the absence or in presence (Co-culture) of CAL-72 cells at 37 °C for 48 hours. Then, cells
were examined by flow cytometry to determine the percentage of apoptotic (Annexin-V/DAPI-positive) cells. Results
represent the mean + SD of three independent experiments. Asterisk (*): P<0.05. Primary CML MNC (mononuclear
cells) (C) were incubated in control medium (0) or in medium containing nilotinib (5 uM), ponatinib (0.5 uM), BEZ235
(5 M) and copanlisib (5 uM) or in medium with a combination of drugs (BEZ235+nilotinib, BEZ235+ponatinib) or
(copanlisib+nilotinib, copanlisib+ponatinib) in the absence or in presence (Co-culture) of CAL-72 cells at 37 °C for
48 hours. Then, cells were examined by flow cytometry to determine the percentage of CD34*/CD38/Annexin-V-
positive cells among DAPI-negative cells. Results represent the mean + SD of twelve independent experiments.

CML, niche cells reportedly induce resistance have recently shown that osteoblasts confer
against BCR-ABL1-targeting drugs [40-43]. We resistance of CML stem cells against nilotinib
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and ponatinib [43]. Thus, targeting niche cells
may be an attractive approach to counteract
niche-mediated resistance. In the present
study, we found that the dual PISK/mTOR
blocker BEZ235 and the PI3K-targeting drug
copanlisib inhibit growth and survival of various
niche-related cells, including endothelial cells,
osteoblasts and macrophages. Moreover,
BEZ235 and copanlisib were found to counter-
act osteoblast-mediated resistance against
nilotinib, ponatinib and asciminib in CML stem
cells and in the CML-related cell lines K562 and
KU812. These observations may have clinical
implications and may pave the way for the
development of more effective anti-CML thera-
pies that may achieve disease eradication
through combined targeting of both, CML LSC
and the protective (resistance-inducing) stem
cell niche.

A number of niche cells, including endothelial
cells, osteoblasts, stromal cells and fibroblasts,
may act together to provide an optimal environ-
ment for normal and neoplastic stem cells [34,
35, 40-43, 59-62]. These niche cells regulate
survival, self-renewal and redistribution of nor-
mal stem cells and protect these cells against
various toxic conditions. Unfortunately, niche
cells also protect neoplastic (stem) cells ag-
ainst various therapies [34, 35, 40-43, 56-62].
Our initial screen aimed at identifying drugs
that can inhibit growth and survival of three
important niche cells, endothelial cells, osteo-
blasts, and macrophages. Most drugs failed to
suppress growth of these cells. Likewise,
asciminib and imatinib failed to inhibit growth
of osteoblasts at pharmacologic concentra-
tions. However, nilotinib, ponatinib and the
PI3K-targeting drugs BEZ235 and copanlisib
were found to inhibit proliferation and survival
in all three types of niche cells, including cell
lines and primary niche-related cells. For deter-
mining growth of primary macrophages, we
counted cell numbers (after drug incubation)
instead of performing 3H-thymidine uptake for
technical reasons and because macrophages
showed only a slow proliferation rate. However,
in control experiments using non-adherent
monocytic cell lines, we were able to show that
cell counting and 3H-thymidine uptake experi-
ments yielded almost the same results (data
not shown).

Recent data suggest that mTORC1 is required
for the proliferation and differentiation of osteo-
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blasts as well as regulation of osteoblast cell
function [63]. It has also been shown that the
PISK-AKT-mTOR pathway plays an important
role in the regulation of proliferation, survival
and activation of endothelial cells and macro-
phages [64, 65]. In our experiments the PI3K-
specific drug copanlisib and the dual inhibitor
BEZ235 (blocking PI3K and mTOR) induced
growth inhibition, whereas the mTOR-specific
drug rapamycin did not show comparable
effects on growth of niche cells in our experi-
ments. These data suggest that the PI3K is a
major target mediating growth and viability of
niche cells, including osteoblasts. Interestingly,
the PI3K-targeting drugs showed only strong
effects on proliferation of niche cells but weak
or no effects on niche cell survival. For exam-
ple, BEZ235 suppressed proliferation but did
not suppress the viability of primary osteo-
blasts. This may best be explained by the fact
that the PI3K and PI3K-downstream signaling
molecules, including mTOR, are contributing
primarily to mechanisms regulating cell cycle
progression, cell division and proliferation rath-
er than survival of niche cells.

We and others have recently shown that nilo-
tinib and ponatinib suppress the in vitro growth
of endothelial cells [55, 66-69]. In the present
study we confirmed these TKI effects. By con-
trast, imatinib and asciminib, two other BCR-
ABL1-targeting drugs showed no substantial
effects on proliferation of endothelial cells.
These differential effects are best explained by
the many ‘vascular’ targets of nilotinib and
ponatinib, like KDR or TEK, that are not recog-
nized by imatinib or asciminib [17, 53, 55, 70].
These target-related TKI effects have also
been associated with potential vascular toxici-
ties such as arterial occlusive disease [21, 25,
26, 55, 67-69]. Thus, our observation may be
relevant clinically: in fact, based on our obser-
vations, asciminib is not expected to induce
vascular adverse events in the same way as
ponatinib or nilotinib, which is in line with first
reports from clinical trials performed with
asciminib [23, 70].

As mentioned before, niche cells exert pro-
found effects on CML LSC and can promote the
resistance of these cells against nilotinib and
ponatinib [34, 35, 41-44]. Since the PI3K-AKT-
mTOR pathway apparently is important for the
maintenance and function of niche cells, tar-
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geting of this pathway may also alter the ability
of these cells to communicate with and to pro-
tect CML cells and thus overcomes niche-medi-
ated drug resistance. In addition, several stud-
ies have shown that PIBK-AKT-mTOR pathway is
a key player in the regulation of normal and
neoplastic stem cells and considered to play an
important role in mediating survival and resis-
tance of CML LSC [1-3, 71-74].

We therefore tested the effects of the PI3K
and/or mTOR inhibitors on LSC-niche interac-
tions. In these experiments, we combined
BEZ235 or copanlisib with nilotinib or ponatinib
and applied these combinations in a co-culture
assay containing osteoblasts (or osteoblast-
like CAL-72 cells) and CML cells, including
LSC or the CML cell lines KU812 and K562.
Whereas osteoblasts introduced resistance
against TKI in CML cells, the drug combinations
applied (BEZ235 or copanlisib with nilotinib or
ponatinib) were found to counteract niche-
induced resistance of CML LSC and CML cell
lines against both TKI. These data suggest
that the combination of a PI3K inhibitor
(BEZ235 or copanlisib) with a BCR-ABL1 TKI
(nilotinib or ponatinib) increase the sensitivity
of CML cells and their LSC against BCR-ABL1-
targeting drugs. Based on our data we hypoth-
esize that these drug combination effects can
be divided into i) a direct combinatorial effect
on CML cells and ii) an indirect effect on CML
cells by targeting niche cells and by disrupting
niche cell-CML cell interactions thereby block-
ing the protective effects of niche cells on CML
cells. With regard to direct effects of the drug
combinations on CML cells, it is worth noting
that it has been described that PI3K inhibition
sensitizes CML cells against the effects of vari-
ous TKI [74]. With regard to indirect effects via
niche cell blockage, we performed a control
experiment where osteoblasts were incubated
with PI3K-targeting drugs and washed before
CML cells and BCR-ABL1 TKI were added. In
these experiments niche mediated resistance
was suppressed in the same way as in co-cul-
tures where osteoblasts were not washed
before CML cells and TKI were added (continu-
ous exposure to PI3K blocker), suggesting that
osteoblast inhibition by PI3K-blockage is impor-
tant and contributes to improved CML cell
responsiveness against BCR-ABL1 TKI in these
experiments.
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So far, only a few concepts are based on attack-
ing niche cells in CML. In fact, whereas a num-
ber of attempts have been made to attack
angiogenesis and thus the vascular niche in
myeloid neoplasms including CML [75, 76], no
attempts have been made to specifically sup-
press niche cells and explore niche-mediated
resistance of CML (stem) cells against various
TKI. In the current study, we asked for drugs
that can suppress growth of osteoblasts and
thereby can interfere with osteoblast-mediated
resistance of LSC in CML. Furthermore, this
study is probably the first to ask for drugs
directed against osteoblast-induced resistance
of CML cells. We have identified such drugs and
effective drug combinations targeting niche
cells in CML, with the hope that these drugs
can also overcome niche-mediated resistance
in patients.

During treatment with second- or third-genera-
tion TKI in CML a number of recurrent adverse
events may cause clinical problems [21, 55,
67-69]. One major problem is the potential
occurrence of vascular (arterial) occlusive
events in patients receiving nilotinib or pona-
tinib [55, 67-69]. The mechanisms of TKI-
induced arterial events have not entirely been
deciphered. However, both TKI were found to
exert direct effects on growth and viability of
vascular endothelial cells and nilotinib also
affects expression of pro-atherogenic mole-
cules in endothelial cells [565, 66-69]. One
strategy to avoid vascular toxicity would be to
switch to other, less toxic drugs, such as
asciminib in high-risk patients. Our data would
support such strategy as asciminib did not
affect endothelial cells. Another question is
whether combined targeting of PI3K and vari-
ous targets detected by the BCR-ABL1 TKI
applied could result in major hematologic toxic-
ity. To address this question, we exposed nor-
mal CD34*/CD38" stem cells to combinations
of BCR-ABL1 TKI and PI3K inhibitors. However,
no substantial effects of these drug combina-
tions on cell survival were found.

In summary, our data show that inhibition of the
PI3K/mTOR pathway is an effective approach
to overcome niche-induced resistance of CML
cells against BCR-ABL1 TKI. Whether this con-
cept can be translated into clinical application
and can lead to the development of more effec-
tive anti-CML treatment or even LSC eradica-
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tion remains to be determined in forthcoming
studies.
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Table S1. Characterization and source of antibodies

CD Antigen clone conjugate Source/company* catalog number
CD34 HPCA-1 581 PE BD Biosciences 555822
CD38 T10 HIT2 APC BD Biosciences 555462
CDh44 HERMES 515 PE BD Biosciences 550989
CDh44 HERMES BJ18 FITC BioLegend 338804
CD45 LCA 2D1 APC-H7 BD Biosciences 560178
CD45 LCA HI30 APC-Cy7 BioLegend 304014
CD45 LCA HI30 V500 BD Biosciences 560777
n.c. pAKT M89-61 PE BD Biosciences 560378
n.c. pS6 N7-548 AlexaFluor647 BD Biosciences 560435
n.c. Actin 2Q1055 none Santa Cruz Biotechnology Sc-58673
n.c. AKT polyclonal none Cell Signaling 9272S
n.c. pAKT DOE none Cell Signaling 4060S
n.c. S6 5G10 none Cell Signaling 2217S
n.c. pS6 D57.2.2E none Cell Signaling 4858S

*Antibodies were purchased from BioLegend (San Diego, CA), BD Biosiences (San Jose, CA), Cell Signaling (Danvers, MA) and
Santa Cruz Biochtechnology (Santa Cruz, CA). Abbrevations: CD, cluster of differentiation; HPCA-1, human precursor cell anti-
gen-1; LCA, leukocyte common antigens; n.c., not (yet) clustered; APC, allophycocyanin; FITC, fluorescein; PE, phycoerythrin.

Table S2. Patients’ characteristics

Patient Gender Age Diagnosis, BCR-ABL1 BCR- White Platelet Hemoglobin Blasts Blasts Treatment

No. (#/m) (vears) Source Phase of (% by IS) ABLll Blood Cell Count (&/dl) (%) (%) befor.e
CML in PB mutations Count (G/l) (G/I) PB BM  sampling

1 m 27 PB CML-CP 56.436 n.d. 160.60 177 13.2 1 2 none

2 m 43 PB CML-CP 55.677 n.d. 73.21 153 13.9 2 4 none

3 m 43 PB CML-BP* 47.839 n.d. 44.56 769 9.0 20 25  hydroxyurea

4 f 92 PB CML-CP 44.031 n.d. 280.70 821 9.8 6 n.a. none

5 f 57 BM CML-CP 35.033 n.d. 35.24 1378 11.5 1 5 none

6 m 72 PB CML-CP 39.693 n.d. 332.48 309 8.4 1 1 none

7 m 43 BM CML-BP 18.348 n.d. 15.32 20 10.8 18 18 dasatinib

8 m 37 PB CML-CP 44,945 n.d. 339.56 683 10.4 4 1 none

9 f 61 BM CML-CP 35.736 n.d. 19.06 342 13.1 1 1 none

10 f 53 PB CML-CP 34.946 n.d. 47.20 1789 6.9 5 3-4 none

11 f 57 BM CML-CP 53.465 n.d. 39.14 150 12.1 1 1 none

12 m 59 BM CML-CP 51.975 n.d. 222.12 789 10.5 1 1-2 none

Abbreviations: No., number; f, female; m, male; PB, peripheral blood; BM, bone marrow; CML, chronic myeloid leukemia; CP, chronic phase; BP, blast phase; n.d., not
detected (BP) or not determined (CP); n.a., not available; IS, International Scale. *In this patient, a primary BP of CML was diagnosed.

Table S3. Primer sequences used for quantitative RT-PCR

Gene Sequence

NOXA 5’-CGCGCAAGAACGCTCAACC-3’ (forward)
5’-CACACTCGACTTCCAGCTCTGCT-3’ (reverse)

PUMA 5-GGATGGCGGACGACCTCAAC-3’ (forward)
5’-CCGCTGCTGCTCTTCTTGTC-3’ (reverse)

BIM 5-TGTCTGACTCTGACTCTCTGACTGA-3’ (forward)
5’-GAAGGTTGCTTTGCCATTTGGTC-3’ (reverse)

ABL1 5 -TGTATGATTTTGTGGCCAGTGGAG-3’ (forward)

5’-GCCTAAGACCCGGAGCTTTTCA-3’ (reverse)

Abbreviations: RT-PCR, real time polymerase chain reaction; NOXA, phorbol-12-myristate-13-acetate-induced protein; PUMA,
p53 upregulated modulator of apoptosis; BIM, BCL-2-like protein 11; ABL1, Abelson murine leukemia viral oncogene homolog.
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Figure S1. Effects of various tyrosine kinase inhibitors on proliferation of niche cells. HMEC-1 (A), CAL-72 (B), Mono
Mac 6 (C), THP-1 (D), HUVEC (E), primary osteoblasts (F), and primary macrophages isolated from healthy donors
(G), were incubated in control medium (Co) or in various concentrations of nilotinib (0.1-5 yM), ponatinib (0.005-2
pM), imatinib (0.1-10 uM) or asciminib (0.01-5 yM) at 37 °C for 48 hours. Then, cell counts (primary macrophages)
or 3H-thymidine uptake (all other cell types) were measured. Results show cell counts or 3H-thymidine uptake as
percentage of control and represent mean + SD of 3 independent experiments. Asterisk (*): P<0.05 compared to
control.
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Figure S2. Effects of various tyrosine kinase inhibitors on survival of niche cells. HMEC-1 cells (A), CAL-72 cells (B),
Mono Mac 6 cells (C), THP-1 cells (D), HUVEC cells (E), primary osteoblasts (F) and primary macrophages isolated
from healthy donors (G) were incubated in control medium (Co) or in medium containing various concentrations of
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nilotinib (1-5 pM), ponatinib (0.1-1 uM), imatinib (2.5-10 yM) or asciminib (1-5 uM) at 37 °C for 48 hours. Then, cells
were examined by flow cytometry to determine the percentage of apoptotic (AnnexinV/DAPI-positive) cells. Results
represent the mean + SD of 3 independent experiments. Asterisk (*): P<0.05 compared to control.
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Figure S3. Effects of PI3K inhibitors on mRNA expression of pro-apoptotic BCL2 members. HMEC-1 cells (A) and
CAL-72 cells (B) were incubated in control medium (Co) or in medium containing BEZ235 (0.5-5 pM), copanlisib
(0.5-5 uM) or rapamycin (0.5-5 uM) at 37 °C for 48 hours. Then, cells were harvested and expression of NOXA, PUMA
and BIM mRNA was determined by qPCR analysis. Relative expression levels of NOXA, PUMA and BIM mRNA were
calculated by employing ABL1 as a reference gene. NOXA, PUMA and BIM mRNA levels are expressed as percent
of ABL1 mRNA levels and represent the mean + SD from three independent experiments. Asterisk (*): P<0.05
compared to control.
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Figure S4. Effects of BEZ235, copanlisib and rapamycin on expression of phosphorylated (p) AKT and pS6 in
monocytic cell lines. Mono Mac 6 cells (A) and THP-1 cells (B) were incubated in control medium (Co) or in medium
containing various concentrations of BEZ235 (0.5-5 uM), copanlisib (0.5-5 pM) or rapamycin (0.5-5 yM) at 37 °C for
4 hours. Then, cells were permeabilized and stained with fluorochrome-labeled monoclonal antibody against pAKT
(S473) and pS6 (S235/236). Expression of pAKT and pS6 was determined by flow cytometry. Results show median
fluorescence intensity (MFI) values expressed as percent of control and represent the mean + SD from three inde-

pendent experiments. Asterisk (*): P<0.05 compared to control.
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Figure S5. Effects of BEZ235 and copanlisib on niche-induced TKI resistance of CML cells. KU812 cells (A) and K562 cells (B) were incubated in control me-
dium (Co) or in medium containing nilotinib (100-250 nM), ponatinib (10-25 nM), BEZ235 (0.5-1 uM) or copanlisib (0.5-1 yM) or in various drug combinations
(BEZ235+nilotinib, BEZ235+ponatinib, copanlisib+nilotinib, copanlisib+ponatinib) in the absence (Control) or presence (Co-culture) of CAL-72 cells at 37 °C for 48

hours. Then, cells were examined by flow cytometry to determine the percentage of apoptotic (AnnexinV/DAPI-positive) cells. Results represent the mean + SD of
three independent experiments. Asterisk (*): P<0.05.
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Figure S6. Effects of BCR-ABL1 TKI and PI3K inhibitors on normal CD34* BM cells. Normal CD34* stem/progenitor
cells (healthy bone marrow, BM) were incubated in control medium (O) or in medium containing nilotinib (5 uM),
ponatinib (0.5 uM), asciminib (1 uM), BEZ235 (5 pM), or copanlisib (5 uM), or in medium containing combinations
of these drugs (as indicated) in the absence or in presence (Co-culture) of CAL-72 cells at 37 °C for 48 hours. Then,
cells were examined by flow cytometry to determine the percentage of CD34*/CD38/Annexin-V-positive cells among
DAPI-negative cells. Results represent the mean + SD of three independent experiments.
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Figure S7. Effects of BEZ235 and copanlisib on osteoblast-induced resistance of CML cells. CAL-72 cells were
pre-treated with BEZ235 (3 uM) or copanlisib (3 uM) at 37°C for 24 hours. Afterwards, cells were washed and
co-cultured with KU812 cells (A) or K562 cells (B). These cells were incubated in control medium (0) or in medium
containing nilotinib (100-250 nM), ponatinib (10-25 nM), asciminib (20-50 nM) or in various drug combinations (as
indicated) in the absence (Control) or presence of drug-pre-treated CAL-72 cells (Co-culture). Then, CD45* KU812
cells and CD44 K562 cells were examined by multi-color flow cytometry to determine the percentage of apoptotic

(AnnexinV/DAPI-positive) cells. Results represent the mean + SD of three independent experiments. Asterisk (*):
P<0.05.
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Figure S8. Effects of BEZ235 and copanlisib on expression of phosphorylated (p) AKT and S6 in CML cells and CAL-
72 cells. KU812 (A) and K562 cells (B) were incubated in medium in the absence (Co) or presence (Co-culture) of
CAL-72 cells at 37 °C for 48 hours. KU812 cells (C) and K562 cells (D) were incubated in control medium (0) or in
medium containing BEZ235 (0.5-5 uM) or copanlisib (0.5-5 uM) in the absence (Control) or presence (Co-culture) of
CAL-72 cells at 37 °C for 48 hours. Then, cells were permeabilized and stained with antibodies against pAKT (S473)
and pS6 (S235/236). Expression of pAKT and pS6 was determined by flow cytometry. Results show median fluo-
rescence intensity (MFI) values expressed as percent of control and represent the mean + SD from 3 independent
experiments. Asterisk (*): P<0.05 compared to control.
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Figure S9. Effects of BEZ235 on vascular niche-induced TKI resistance of CML cells. KU812 cells (A) and K562 cells
(B) were incubated in control medium (Co) or in medium containing nilotinib (100-250 nM), ponatinib (10-25 nM),
BEZ235 (0.5-3 uM) or in drug combinations (BEZ235+nilotinib and BEZ235+ponatinib) in the absence (Control) or
in the presence (Co-culture) of HMEC-1 cells at 37 °C for 48 hours. Then, cells were examined by multi-color flow
cytometry to determine the percentage of apoptotic (AnnexinV/DAPI-positive) CD45* KU812 and CD44 K562 cells.
Results represent the mean + SD of three independent experiments.
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