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Abstract

Chronic myeloid leukemia (CML) is a myeloproliferative stem cell disease characterized by the
expression of BCR-ABL oncoprotein with constitutive tyrosine kinase activity. Although the
development of tyrosine kinase inhibitors (TKI) such as imatinib dramatically improved the
treatment of CML, a certain subset of patients develops resistance to TKI drugs. The most
common cause of TKI resistance are point mutations in the BCR-ABLI gene, followed by other
mutation-independent mechanisms. Survival and proliferation of CML cells in the presence of
TKI drugs are accompanied by adaptive changes in their metabolism. Drug resistance can be
maintained by extrinsic signals, among which exosomes, small vesicles released by
(drug-resistant) cells, have been shown to play an important role.

The aim of this thesis was to characterize two CML cell lines sensitive and resistant to imatinib,
as well as the exosomes derived from imatinib-resistant CML cells by proteomic approaches.
Identification of metabolic vulnerabilities in drug-resistant cells enables their targeting by
clinically available drugs, thus offering potential therapeutic targets for their selective
elimination. Analysis of exosomes derived from imatinib-resistant cells can identify specific
membrane surface proteins exploitable as clinically relevant diagnostic markers associated with
imatinib resistance.

Two imatinib resistant CML cell lines were established for this study. In imatinib-resistant
CML-T1™R cells, upregulation of Na*/H" exchanger regulatory factor 1 (NHERF1) was found,
which could influence cytosolic pH, Ca** concentration, or the WNT signaling pathway,. Testing
selective toxicity of several compounds revealed that modulators of calcium homeostasis,
calcium channel blockers, and calcium signaling inhibitors were selectively toxic to CML-T1'®
cells. In a model of imatinib-resistant K562® cells, upregulation of signal transducer and
activator of transcription 3 (STAT3) was detected. STAT3 and the insulin-like growth factor 1
receptor/insulin receptor substrate 1 (IGFIR/IRS-1) signaling pathway were suggested as
potential therapeutic targets in imatinib-resistant K562™ cells. This work also shows that
exosomes from donor K562 cells can be internalized by recipient imatinib-sensitive K562 cells
and increase their survival in imatinib. Proteomic analysis of the exosomes from K562 cells
revealed strong enrichment of three membrane proteins IFITM3, CD146, and CD36. The flow
cytometry confirmed their enrichment also on the cell surface of the donor K562™ cells. The
results suggest that proteomic analysis is a powerful tool in designing potential therapeutic targets

and clinically valuable diagnostic markers in TKI resistant CML cells.



Abstrakt

Chronickd myeloidni leukémie (CML) je myeloproliferativni onemocnéni hematopoézy
charakterizované expresi konstitutivné aktivni tyrozin kinazy BCR-ABL. Ackoli vyvoj tyrozin
kindzovych inhibitorti (TKI) jako je imatinib zdsadnim zptisobem zefektivnil 1é€bu CML, u urcité
skupiny pacienti vznika rezistence na TKI léky. Nejcastéjsi ptfi¢inou rezistence jsou bodové
mutace v genu BCR ABL 1, méné pak i dal$i na mutaci nezavislé mechanismy. Rist rezistentnich
CML bunék v ptitomnosti TKI 1ékt je disledkem adaptivnich zmén v jejich metabolismu.
Rezistence muze byt udrzovana vnéj$imi signaly, mezi nimiz sehravaji dulezitou roli exozomy,
malé membranové vezikuly uvolnované (rezistentnimi) buiikami.

Cilem této prace bylo proteomicky charakterizovat dvé bunécné linie CML (senzitivni a
rezistentni na imatinib) a také exozomy, produkované rezistentnimi buiikami. Identifikace
metabolickych drah esencidlnich pro rust rezistentnich bun¢k v prostiedi imatinibu umoziuje
zacilit jejich metabolismus klinicky dostupnymi Iéky, coz nabizi potencial pro jejich vyuziti v
(personalizované) 1é¢be. Proteomickou analyzou exozomu z rezistentnich bunck 1ze identifikovat
specifické povrchové membranové proteiny vyuzitelné jako klinicky relevantni diagnostické
markery rezistence na imatinib.

Pro tyto ucely byly vyvinuty a analyzovany dvé bunééné linie CML, senzitivni a rezistentni na
imatinib. U bunék CML-T1™® rezistentnich na imatinib byla zjiiténa zvySend exprese regula¢niho
faktoru 1 Na"/H" vyméniku (NHERF1), ktery miZe ovliviiovat pH cytosolu, vnitrobunéénou
redistribuci Ca®" nebo WNT signalni drahu. Testovéni selektivni toxicity odhalilo, Ze modulatory
Ca®" homeostazy, blokatory kalciovych kanali a inhibitory intracelularni Ca** dependentni
signalizace byly vice toxické pro CML-T1™ bufiky rezistentni na imatinib. Na dal§im modelu
bunék rezistentnich na imatinib (K562'%) byla prokazana silné zvySena exprese transkripéniho
faktoru STAT3. Signalizace zprostfedkovana STAT3, signdlni drdha ristového faktoru IGF1 a
adptorového proteinu IRS-1 byly navrzeny jako potenciadlni terapeutické cile. Bylo také
prokazéano, ze exosomy produkované imatinib rezistentnimi K562™ bufikami jsou
internalizovany bunikami K562 citlivymi na imatinib a navodit jejich néasledné ptezivani v
imatinibu. Proteomicka analyza odhalila silné¢ nabohaceni tfi membranovych proteini IFITM3,
CD146 a CD36 v exozomech produkovanych K562™® butikami. Priitokova cytometrie potvrdila
nabohaceni téchto proteinii i na povrchu rezistentnich K562 bunék. Tyto vysledky naznacuji,
ze proteomickd analyza je efektivnim ndstrojem pro navrhovani potencidlnich terapeutickych

cilti a klinicky cennych diagnostickych markert v buitkach CML rezistentnich na TKI.
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1. Introduction

1.1.  Chronic myeloid leukemia (CML)

Chronic myeloid leukemia is a myeloproliferative stem cell disease. In 1960, Peter Nowell and
David Hungerford discovered an abnormal “minute chromosome” in patients with chronic
granulocytic leukemia (Nowell 1962). This chromosome later became called the “Philadelphia
(Ph) chromosome”. In 1973, Janet Rowley found that the Ph chromosome is a result of reciprocal
translocation between chromosomes 9 and 22 (Rowley, 1973). This translocation was detected
in Ph-positive patients only and it was the first discovery of chromosomal abnormality as being
firmly associated with cancer (Bartram et al., 1983). Another work revealed that ABL
proto-oncogene 1 (4BL1) localizes in the region of chromosome 9 translocated to chromosome
22 (Heisterkamp et al., 1983). Chromosomal breakpoints are located into small region on
chromosome 22 later named “breakpoint cluster region” (BCR) (Groffen et al., 1984). The most
common breakpoints in CML pathology are fusions of exons 13 or 14 of BCR with ABL1 exon
2 (called b2a2 or b3a2) (Jain et al., 2016). Fusion of BCR gene with ABL1 gene results in chimeric
BCR-ABL1 mRNA, which is present in patients with CML (Shtivelman et al., 1985; Stam et al.,
1985). Later, it has been shown that BCR-ABL1 fusion transcript results in production of P210
BCR-ABL, which is able to transform hematopoietic cells (Ben-Neriah et al., 1986b; Daley and
Baltimore, 1988). This was proven by murine bone marrow transfection with a retrovirus
encoding P210 BCR-ABL protein which resulted in the development of CML-like
myeloproliferative syndrome in mice (Daley et al., 1990). In addition to major isoform P210
BCR-ABL, which is a hallmark of CML, P190 BCR-ABL isoform is present in a minority of

CML patients and is associated with inferior response to imatinib (Adnan-Awad et al., 2021).

1.1.1. Structure and functions of Ber and Abl proteins

The BCR gene encodes a 160 kilo Dalton (kDa) BCR protein (Maru and Witte, 1991). The
N-terminus of the BCR protein contains a coiled-coil oligomerization domain, followed by a
serine/threonine kinase domain, which overlaps with at least two Src homology 2 binding
domains (SH2-binding domains) (Maru and Witte, 1991; Pendergast et al., 1991). The coiled-
coil oligomerization domain is crucial for BCR-ABL tetramerization and for the enzymatic
activation of BCR-ABL tyrosine kinase activity (McWhirter et al., 1993). One of the two
SH2-binding domains of the BCR protein binds the ABL protein tyrosine kinase, while the other
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SH2-binding domain binds to an adaptor protein, the growth factor receptor-bound protein 2
(GRB2) (Pendergast et al., 1991, 1993). In the central part of the BCR protein, guanine nucleotide
exchange factor (GEF) and pleckstrin homology (PH) domains are located (Ron et al., 1991;
Chuang et al., 1995). Finally, GTPase-activating protein (GAP) domain resides at the C-terminus
of the Ber protein (Diekmann et al., 1991) (Figure 1).

The ABLI gene is a proto-oncogene and the human homolog of Abelson Murine Leukemia Viral
Oncogene Homolog 1 (Abelson and Rabstein, 1970). The ABLI gene encodes the 145 kDa ABL
protein. The ABL protein has two isoforms la and 1b, which differ at their N-termini due to
alternative splicing (Ben-Neriah et al., 1986a; Shtivelman et al., 1986). The form 1b is
myristoylated on the N-terminus and is thus directed to the plasma membrane (Sefton et al., 1982;
Ben-Neriah et al., 1986a; Jackson and Baltimore, 1989). Myristoyl modification of the
N--terminus is important for autoinhibition of ABL kinase (Pluk et al., 2002; Nagar et al., 2003).
The N-terminus is followed by SH3, SH2, and tyrosine kinase domains (Wang et al., 1984;
McWhirter and Wang, 1991). The SH3 domain is rich in the amino acid proline and binds adaptor
protein Crk-like proto-oncogene (CRKL) (Senechal et al., 1996). The C-terminal half of ABL
contains binding elements for SH3 domains, nuclear localization and export signals, DNA
binding domain, and actin binding domain (McWhirter and Wang, 1991; Kipreos and Wang,
1992; Miao and Wang, 1996; Taagepera et al., 1998) (Figure 1).

ABL
1b
myristoyl group
COOH
NH2 > SH3 — SH2 — kinase domain — NLS —-—bmg
la
BCR
NH2 coled coll - kinase domain —— Rho/GEF —  PH —[m ‘ COOH
BCR-ABL
colled coll __| | | - . || actin COOH
NH2 ‘domain kinase domain — Rho/GEF —  PH SH3 —— SH2 — kinase domain — NLS — binding

Figure 1. Schematic representation of ABL, BCR, and BCR-ABL protein domains. Created in BioRender.com
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1.1.2. Constitutive activation of the BCR-ABL tyrosine kinase

When the ABL protein kinase is not fused with the BCR part, its activity is tightly regulated.
ABL overexpression did not result in transformation of hematopoietic cells or fibroblasts (Van

Etten et al., 1989).

Deregulation of ABL kinase activity by the fusion with N-terminal BCR sequences has been
intensively studied. BCR-ABL exists in an inactive state consisting of monomeric and
unphosphorylated form (Smith et al., 2003). The N-terminal coiled-coil domain of BCR causes
association of two monomers of BCR-ABL into antiparallel dimers which further associate to
form tetramer (McWhirter et al., 1993; Tauchi et al., 1996; Smith et al., 2003). Oligomer
formation is followed by intramolecular autophosphorylation at Tyr1294 in the activation loop
of BCR-ABL kinase. This phosphorylation may also lead to secondary phosphorylation events
(Smith et al., 2003). For example, phosphorylation of Tyr1127 in the region between SH2 and
kinase domains (SH2-CD linker) results in disruption of autoinhibitory interaction due to
displacement of SH3 domain from the SH2-CD linker (Brasher and Van Etten, 2000; Smith et
al., 2003). BCR-ABL oligomerization through coiled-coil domain and phosphorylation at two
regulatory sites (Tyr1294 and Tyr1127) are crucial for catalytic activity of BCR-ABL kinase
(McWhirter et al., 1993; Tauchi et al., 1996; Smith et al., 2003). Other phosphorylation site
contributing to leukemogenesis is Tyrl77 (Million and Van Etten, 2000). Tyrl77
phosphorylation is important for the induction of CML-like disease in mice (Million and Van
Etten, 2000).

1.2. Characteristics of CML

CML is a malignant blood disease characterized by uncontrolled growth of myeloid cells at
different stages of maturation and by inhibition of erythropoiesis, thrombopoiesis, and
lymphopoiesis in the bone marrow (BM) by the pathological clone. There are three phases of the
disease: chronic (CML-CP), accelerated (CML-AP), and blast phase or blast crisis (CML-BP).
CML is frequently diagnosed incidentally by a routine complete blood count test performed for
unrelated reasons because patients with CML-CP may remain asymptomatic (Quintas-Cardama
and Cortes, 2006). Symptoms are related to expansion of CML cells and include leukocytosis,
malaise, splenomegaly, fatigue, and weight loss (Gomez et al., 1981; Quintas-Cardama and
Cortes, 2006). Upon CML diagnosis, bone marrow aspiration is performed for cytogenetics and

for morphology to determine the disease phase. A molecular diagnostic technique - the
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quantitative real-time polymerase chain reaction (RT-PCR), performed from peripheral blood
samples, is also used at the diagnosis of CML to identify the type of BCR-ABLI transcripts, and
later to monitor response to the therapy by tyrosine kinase inhibitors (TKI) (reviewed in chapter
1.4.1) (Frazer et al., 2007; Hochhaus et al., 2020). Untreated patients progress to CML-BP after
a median of 3 to 5 years. CML-AP is diagnosed with 10-19% of blasts in the peripheral blood or
in the bone marrow, following with more than 20% of blasts are present in CML-BP. The
symptoms of CML in AP and BP include fatigue, hepatomegaly, bone pain, anemia, bleeding,
and recurrent infections (Gomez et al., 1981; Frazer et al., 2007). Prognosis varies among CML-
CP and advanced phases (CML-AP, CML-BP) but also among patients within the same phase of
the disease (Quintas-Cardama and Cortes, 2006). Early treatment with TKI upon diagnosis is
crucial because patients treated with TKI (imatinib) within four years of diagnosis have a better

prognosis and lower incidence of mutations in the BCR-ABLI gene (Frazer et al., 2007).

The incidence of CML is 1-2 cases per 100 000 adults per year, and it increases with age. CML

accounts for approximately 15% of new cases of leukemia in adults (Hoffmann et al., 2015).

1.3. CML specific signaling

BCR-ABL" cells exhibit altered adhesion to stromal cells and extracellular matrix, which
positively supports their proliferation. BCR-ABL kinase also activates and dysregulates
downstream signaling pathways including rat sarcoma virus/mitogen-activated protein kinase
(RAS/MAPK), phosphoinositide 3-kinase/thymomas of AKR mice kinase (PI3K/AKT), and
Janus kinase/signal transducer and activator of transcription (JAK/STAT) leading to increased
leukemia cells survival, proliferation, inhibition of apoptosis, and acquisition of self-renewal

capacity (Figure 2).

1.3.1. Altered cellular adhesion

Adhesion to stromal cells negatively regulates proliferation of cells. CML progenitor cells escape
from this regulation by reduced adhesion to stromal cells and extracellular matrix (Gordon et al.,
1987). This disturbed adherence may also explain the pathological presence of immature cells in
the blood (Gordon et al., 1987). Lack of adherent molecules on the surface of CML progenitor
cells, such as P-selectin and intercellular adhesion molecule-1 (ICAM-1) or structural and

functional abnormalities of beta-integrins are mostly responsible for reduced adhesion of CML
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progenitor cells to stromal cells (Verfaillie et al., 1997; Pelletier et al., 2004). However, there is
no correlation between the data from CML primary cells obtained from patients and the data
obtained from cell lines where enhanced integrin function was described (Krdamer et al., 1999).
Moreover, adhesion to fibronectin stimulates proliferation of cells transfected with BCR-ABL1

(Kramer et al., 1999).

Alterations in cellular adhesion of BCR-ABL" cells are mainly due to contribution of the CRKL
protein (Uemura et al., 1999). CRKL is one of the major tyrosine phosphoproteins in primary
leukemic neutrophils from patients with CML (Nichols et al., 1994). This phosphoprotein is
involved in regulation of cellular motility and integrin-mediated adhesion by its association with
focal adhesion sites (contacts between the cell and extracellular matrix) (Uemura et al., 1999).
These contacts are provided by proteins such as paxillin, Casitas B-cell lymphoma (CBL) proto-
oncogene, human enhancer of filamentation (HEF1), and Crk-associated substrate p130 (CAS)
which binds to focal adhesion kinase (FAK) (Polte and Hanks, 1995; Salgia et al., 1995a, 1995b,
1996a, 1996b; Sattler et al., 1997).

BCR-ABL also influences the cytoskeleton by direct association with actin filaments and affects
main cell adhesion regulators called small GTPases, such as RHO, RAC, and CDCA42
(McWhirter and Wang, 1991; Renshaw et al., 1996; Skorski et al., 1998; Harnois et al., 2003).
P210 BCR-ABL forms complex with RAC1, RAC2, RHOA, and CDC42. GEF domain of BCR-
ABL may directly activate these GTPases (Harnois et al., 2003).

BCR-ABL increases expression of adhesion molecules such as a5bl type of integrins, integrin
a6 and CD44; it also stimulates very late activation antigen -4 and -5 (VLA-4 and VLA-5)
integrin function (Bazzoni et al., 1996; Krimer et al., 1999; Deininger et al., 2000; Krause et al.,
2006). Inversely, it was found that ABL kinase activity and localization are regulated by integrins
(Lewis et al., 1996). BCR-ABL kinase probably interferes with integrin signal transduction in
CML (Lewis et al., 1996).

1.3.2. RAS/MAPK signaling pathway

BCR-ABL protein kinase binds directly to proteins activating the small GTPase RAS, which is
a critical regulator of cell growth and differentiation (Puil et al., 1994). Autophosphorylation of
Tyr177 in BCR-ABL creates a binding site for GRB2 protein (Pendergast et al., 1993), which
associates with Son of Sevenless (SOS) protein stimulating the conversion of inactive RAS-GDP
to the active form RAS-GTP (Pendergast et al., 1993; Puil et al., 1994). RAS is also activated by
SHC-transforming protein 1 (SHC) and CRKL protein, which are substrates of BCR-ABL (Puil
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et al.,, 1994; Senechal et al., 1996). RAS protein is required for BCR-ABL-induced
transformation (Sawyers et al., 1995). BCR-ABLI gene mutations which abolished binding to
GRB2 or CRKL protein resulted in decreased fibroblast transforming activity (Pendergast et al.,
1993; Senechal et al., 1996). GRB2 recruits the adapter protein GRB2-associated-binding protein
2 (GAB2), which is then phosphorylated by BCR-ABL kinase and activates PI3K/AKT and
RAS/MAPK signaling pathways (Sattler et al. 2002). BCR-ABL activates different types of
mitogen-activated protein kinases including rapidly accelerated fibrosarcoma kinase/mitogen-
activated  protein  kinase/ERK  kinase/extracellular  signal-regulated  kinase  1/2
(RAF/MEK/ERK1/2), stress-activated protein kinases/c-Jun N-terminal kinases (SAPK/JNK)
and inhibits p38 kinase (Raitano et al., 1995; Cortez et al., 1997; Wong et al., 2003).

BCR-ABL kinase activates RAF/MEK/ERK signaling pathway important for cell proliferation
by direct regulation of RAF activity (Skorski et al., 1995b; Cortez et al., 1997). Activation of
transcription factor c-Jun by BCR-ABL is mediated through SAPK/JNK signaling pathway and
it was shown that c-Jun is required for BCR-ABL transforming activity (Raitano et al., 1995). In
contrast, p38 MAPK pathway is inhibited by BCR-ABL kinase in embryonic stem cell-derived
hematopoietic progenitors (Wong et al., 2003).

1.3.3. PI3K/AKT Kkinase signaling pathway

PI3K signaling pathway mediates proliferation of BCR-ABL" cell lines and primary CML-BP
cells (Skorski et al., 1995a). BCR-ABL activates PI3K pathway by forming a complex consisting
of tyrosine phosphorylated CBL proto-oncogene, GRB2, and p85a subunit of PI3K (Jain et al.,
1997). Activated PI3K stimulates AKT kinase in BCR-ABL" cells, which further influences
downstream targets leading to downregulation of cyclin-dependent kinase inhibitor and thus
accelerating the entry of the cells into the S phase of the cell cycle (Jonuleit et al., 2000; Komatsu
et al., 2003). Inhibition of the regulatory p85 or catalytic p110 subunits of PI3K has negative
effect on proliferation of BCR-ABL" cell lines and primary CML-BP cells (Skorski et al., 1995a).
Activated AKT kinase also shows an antiapoptotic function by phosphorylating the BCL2-
associated agonist of cell death (BAD) protein (del Peso et al., 1997). In BCR-ABL expressing
cells, BAD is constitutively phosphorylated. (Neshat et al., 2000). Conversely, other work
suggests that BCR-ABL resistance to apoptosis is independent of PI3K activity because PI3K
inhibition does not interfere with BCR-ABL-mediated resistance to apoptosis (Amarante-

Mendes et al., 1997). BCR-ABL can also block apoptosis by preventing the accumulation of
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cytochrome c in the cytoplasm and inhibiting the activation of caspase 3 (Amarante-Mendes et

al., 1998).

1.34. JAK/STAT signaling pathway

Phosphorylation of STATs was reported in BCR-ABL" cell lines (Carlesso et al., 1996; Ilaria
and Van Etten, 1996). STATS, and to lesser degree STAT1 and STAT3 were constitutively
activated by BCR-ABL kinase (Ilaria and Van Etten, 1996). JAKs (normally activating STATS)
were not consistently phosphorylated in BCR-ABL expressing cells and two dominant JAK
negative mutants did not block activation of STATS5 suggesting BCR-ABL activates STAT
family members directly (Carlesso et al., 1996; Ilaria and Van Etten, 1996). STATS activation
contributes to malignant transformation of K562 cells (de Groot et al., 1999). Activated STATS
is important for BCR-ABL" cell viability and growth (Nosaka et al., 1999; Sillaber et al., 2000).
Transcription of B-cell lymphoma-extra large (BCL-xL) gene can also be stimulated by STATS,
which points out to its antiapoptotic activity (Gesbert and Griffin, 2000; Horita et al., 2000).

It was shown that BCR-ABL forms complex with other proteins: JAK2, heat shock protein (HSP)
90, tyrosine protein kinase Lyn (LYN), AKT, STAT3, glycogen synthase kinase-3-beta
(GSK3p), and ERK (Samanta et al., 2010). Destabilization of this complex by JAK2/ABL kinase
inhibitor ON044580 induces apoptosis of imatinib-sensitive and imatinib-resistant BCR-ABL"
cells (Samanta et al., 2010).
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Figure 2. BCR-ABL kinase activated signaling. BCR-ABL activates multiple downstream signaling pathways including
JAK/STAT, RAF/MEK/ERK, and PI3K/AKT, which contribute to the growth and survival of BCR-ABL" cells. (Modified from
O’Hareetal., 2011).

1.4. CML therapy

Besides radiotherapy of the spleen, which reverses the splenomegaly, early treatments of CML
consisted of busulfan, an alkylating agent, hydroxyurea, an inhibitor of ribonucleotide reductase,
and interferon (IFN)-a (Kennedy, 1972; Morstyn et al., 1981; Hukku et al., 1983; Talpaz et al.,
1986; Yoffe et al., 1987). IFN-a was the first drug, which increased hematological remission and
induced partial or complete cytogenetic response, leading to longer survival of low-risk patients
(Bonifazi et al., 2001; Kantarjian et al., 2003). Later, hematopoietic stem cell transplantation
(HSCT) successfully eliminated Ph* cells in cases, when the donor cells were taken from
identical twin or from human leukocyte antigen (HLA)-matched siblings (Fefer et al., 1979;
McGlave et al., 1982). Although HSCT is the only curative CML treatment, this procedure is not
suitable for all patients and carries a risk of transplantation-related mortality (Silver et al., 1999).
CML was a lethal disorder until the introduction of HSCT. Later, the introduction of the first TKI
targeting BCR-ABL, imatinib, has revolutionized therapy of CML. Targeted therapy using
imatinib and other TKI dramatically improved survival and quality of life of patients with CML.
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1.4.1. TKI treatment
1.4.1.1. Imatinib

Introduction of the compound CPG57148 of the 2-phenyl-aminopyrimidine class, called also
STI-571, later imatinib mesylate (brand name Gleevec) represented a breakthrough in the
treatment of CML (Buchdunger et al., 1996; Druker et al., 1996; Deininger et al., 1997). The
evidence that BCR-ABL kinase is found exclusively in CML cells and represents the molecule
responsible for disease progression provided an ideal target for pharmacologic inhibition. In the
case of imatinib, an initial lead compound was identified by testing large libraries of compounds
for inhibition of the protein kinase C (PKC) a (Capdeville et al., 2002). The activity of 2-phenyl-
aminopyrimidine molecules was further optimized for inhibition of ABL and platelet-derived
growth factor receptor (PDGFR) (Buchdunger et al., 1996). Imatinib selectively inhibited growth
of BCR-ABL" cells (Druker et al., 1996). Studies showed important implications for BCR-ABL
inhibition by imatinib (Schindler et al., 2000). Crystal structures of the catalytic domain of ABL
showed that imatinib preferentially binds to and inhibits unphosphorylated ABL form (Schindler
et al., 2000). Imatinib binds to the ATP binding site of the kinase domain and traps the kinase
domain in an inactive conformation (Schindler et al., 2000; Nagar et al., 2002) (Figure 3).
Inactive conformation of the ABL activation loop captured by imatinib mimics binding of peptide
substrate (Nagar et al., 2002). The inactive conformation of the ABL activation loop is distinct
from the inactive form of SRC kinases, which are closely related to the ABL kinase in sequence
(Nagar et al., 2002). The major inactivating switch within the ABL kinase domain consists of a
conformational change at the base of activation loop, a mechanism that differs from inactivation
of the SRC kinase or the hematopoietic cell kinase (HCK). This conformation change flips the
positions of aspartate (Asp) and phenylalanine (Phe) side chains in the conserved Asp-Phe-Gly
(DFG) motif, which is incompatible with Mg?* binding and catalysis (“DFG-out” or “DFG-
flipped”). This phenomenon explains why imatinib does not inhibit the SRC kinase, where the
kinase domain is in a closed position when the aspartate residue of the DFG motif is oriented
toward the active site (“DFG-in” conformation) (Nagar et al., 2002). Imatinib makes six
hydrogen bonds (M318, T315, E286, D381, H361, 1360) and numerous van der Waals
interactions with the BCR-ABL kinase (Nagar et al., 2002). In addition to BCR-ABL, imatinib
was also found to inhibit kinase activity of PDGFR and the receptor tyrosine kinase c-KIT

(Buchdunger et al., 1996, 2000; Carroll et al., 1997).

Imatinib was subjected to dose-escalating phase I study in 1998 and orally administrated to

patients with CML-CP in whom treatment by IFN-a had failed (Druker et al., 2001). The results
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from this study showed that imatinib has minimal adverse effects and is well tolerated (Druker
et al., 2001). The study provided evidence for the important role of BCR-ABL tyrosine kinase
activity in CML and established a proof of concept for the development of drugs targeting
specific molecular abnormalities in cancer cells (Druker et al., 2001). Phase II study was
performed with 400 mg of daily imatinib oral administration to patients with late chronic phase
in whom previous IFN-a therapy had failed (Kantarjian et al., 2002). It was shown that imatinib
induced major cytogenetic and hematologic responses in CML-CP patients (Kantarjian et al.,
2002). In the phase III study, the combination of recombinant IFN-a and low dose cytarabine
was compared with imatinib treatment of newly diagnosed CML-CP patients (O’Brien et al.,
2003). The results showed that imatinib was better in comparison with IFN-o combined with a
low dose of established cytostatic drug cytarabine, as a first line therapy in newly diagnosed
CML-CP patients in terms of tolerability, cytogenetic and hematologic responses, and likelihood

of progression to CML-BP (O’Brien et al., 2003).

Figure 3. ABL kinase with imatinib (yellow). The positions of mutations are highlighted, activation loop (green), phosphate
binding loop (red), and catalytic loop (orange), region interacting with phosphate binding loop (cyan). a helices are lettered and
P strands are numbered according to the nomenclature used for insulin receptor tyrosine kinase. (Modified from (Gambacorti-
Passerini et al., 2003a).

1.4.1.2.  Nilotinib and dasatinib
Although imatinib streamlined the CML therapy, cases of drug resistance in CML patients began
to emerge. It was revealed that loss of response to imatinib in CML patients was mainly due to
occurrence of point mutations in imatinib binding sites in the tyrosine kinase domain of the BCR-

ABL oncoprotein (reviewed in chapter 1.6.1). Therefore, a demand for more potent inhibition of
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BCR-ABL kinase activity which overcomes imatinib resistance led to development of novel next
generation inhibitors (Cilloni and Saglio, 2012). These inhibitors include nilotinib and dasatinib

(Lombardo et al., 2004; Weisberg et al., 2005; Cilloni and Saglio, 2012).

Nilotinib (AMN107)

Nilotinib (brand name Tasigna) was introduced as a novel highly selective and potent inhibitor
of the BCR-ABL kinase (Weisberg et al., 2005). Nilotinib binds to an inactive BCR-ABL
conformation similarly to imatinib (Weisberg et al., 2005). Greater affinity of nilotinib results
from a better topological fit to the BCR-ABL (Weisberg et al., 2005). Nilotinib is a more potent
BCR-ABL inhibitor than imatinib in killing wild-type BCR-ABL expressing cells (Golemovic
et al., 2005; Weisberg et al., 2005). Nilotinib inhibited wild-type BCR-ABL kinase in CML
derived and transfected cells, and also prolonged the survival of mice injected with BCR-ABL
transformed hematopoietic cell lines or with primary bone marrow cells (Golemovic et al., 2005;
Weisberg et al., 2005). A key advantage of nilotinib over imatinib is the ability to inhibit some
BCR-ABL forms with imatinib-resistant mutations (O’Hare et al., 2005; Weisberg et al., 2005).
In addition, nilotinib was shown to prolong survival of mice with imatinib-resistant CML
(Weisberg et al., 2005). However, BCR-ABL 1 harboring T315] mutation remains insensitive to
nilotinib binding due to loss of a hydroxyl side chain and creation of a steric clash as it was
described for imatinib (Schindler et al., 2000; O’Hare et al., 2005). Nilotinib also inhibits the
c-KIT and PDGFR kinases (Weisberg et al., 2005). In dose escalating phase I study, patients with
imatinib-resistant CML or acute lymphoblastic leukemia (ALL) received nilotinib orally at
different doses once daily or twice daily. It was revealed that 600 mg twice daily is the maximum
tolerated dose and 400 mg twice daily was selected to phase II trials (Kantarjian et al., 2006).
Dose 400 mg twice daily was administrated to patients in CML-CP after imatinib failure or
intolerance (Kantarjian et al., 2007a). Nilotinib safety, hematologic and cytogenetic responses,
and overall survival of patients were evaluated (Kantarjian et al., 2007a). Nilotinib was effective
in patients with imatinib resistant-mutations (except T3151) and in patients who developed
mutation-independent mechanisms of resistance. The conclusion from this study is that nilotinib
1s safe and highly active in patients with CML-CP after imatinib failure or intolerance (Kantarjian
et al., 2007a). The phase III study concluded that nilotinib was superior to imatinib in newly

diagnosed patients with CML-CP (Saglio et al., 2010).

Dasatinib
Dasatinib (BMS-354825, brand name Sprycel) is based on the pyrido-[2,3-d]pyrimidine series
of compounds. It is a potent dual biochemical inhibitor of SRC kinases and the BCR-ABL kinase
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(Lombardo et al., 2004). A three dimensional structure of ABL interaction with dasatinib
revealed that dasatinib binds to the ABL kinase when activation loop of ABL is in an active
conformation (Lombardo et al., 2004). Oral administration of dasatinib in a xenograft mouse
model of CML with subcutaneously implanted K562 cells resulted in tumor regression
(Lombardo et al., 2004). Similar results were obtained with severe combined immunodeficiency
(SCID) mice injected intravenously with Ba/F3 cells expressing BCR-ABLI with different
mutations (Shah et al., 2004). Dasatinib treatment prolonged the survival of mice (Shah et al.,
2004). However, mice harboring BCR-ABLI T3151 mutation did not respond to dasatinib
significantly (Shah et al., 2004). Dasatinib also inhibited growth of bone marrow progenitor cells
isolated from CML patients responsive or nonresponsive to imatinib therapy. The results suggest
that dasatinib is highly selective for leukemic cells compared to normal hematopoietic cells (Shah
et al., 2004). In phase I study in 2006, patients with CML or Ph" ALL who were intolerant or
resistant to imatinib were treated with different doses of dasatinib once or twice daily and
tolerability and safety of dasatinib were evaluated (Talpaz et al., 2006). Hematologic and
cytogenetic responses were observed in all patients except those with T3151 mutation, which
confer cross-resistance to all three TKI (Schindler et al., 2000; Shah et al., 2004; O’Hare et al.,
2005; Talpaz et al., 2006). Phase II studies included four single arm studies START-A,
START-B, START-L, START-C and one randomized study (Hochhaus et al., 2007, 2008;
Kantarjian et al., 2007b; Cortes et al., 2008; Apperley et al., 2009). In phase Il randomized study,
dasatinib was compared to high doses of imatinib after therapy failure with usual imatinib doses.
It was shown that dasatinib is safe and effective in patients with CML-CP resistant to imatinib.
Cytogenetic and molecular response rates as well as progression-free survival of patients also
improved compared to imatinib (Kantarjian et al., 2007b). Phase III study revealed that one 100
mg dasatinib daily dose is the best risk/benefit profile in comparison with 70 mg twice daily

dose (Shah et al., 2008).

1.4.1.3. Bosutinib and Ponatinib
Bosutinib
Similarly to dasatinib, bosutinib (formerly SKI-606, 4-anilino-3-quinolinecarbonitrile) is a dual
SRC/ABL kinase inhibitor, which inhibits SRC and BCR-ABL kinases in nanomolar
concentrations (Boschelli et al., 2001; Golas et al., 2003). Bosutinib binds both active and
inactive conformations of the BCR-ABL kinase domain (Puttini et al., 2006; Levinson and

Boxer, 2012). Experiments using CML cell lines KU812, K562, and MEG-01 revealed that
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bosutinib inhibits their proliferation and survival (Golas et al., 2003). Bosutinib was shown to
have higher antiproliferative effect than imatinib encountering inhibition of imatinib-resistant
BCR-ABLI kinase domain mutations (except the cross-resistant T315I) (Puttini et al., 2006). Oral
bosutinib treatment of K562 mice xenograft models in vivo resulted in regression of the tumors
(Golas et al., 2003). Similarly, bosutinib was active against xenograft mouse models injected

with Ba/F3 cells expressing point mutations in BCR-ABL1 except T315I (Puttini et al., 2006).

In the clinical studies, bosutinib was administered to imatinib-intolerant and imatinib-resistant
CML patients as well as to patients after nilotinib or dasatinib failure to determine optimal dose
(phase I) and to evaluate efficacy and safety of dosing (phase II) (Cortes et al., 2011; Khoury et
al., 2012). From dose escalation phase I, 500 mg daily dose was chosen for the phase II study
(Cortes et al., 2011; Khoury et al., 2012). Bosutinib is effective and tolerable in patients with
chronic phase of imatinib-resistant or imatinib-intolerant CML (Cortes et al., 2011). Bosutinib
was also studied as frontline therapy in newly diagnosed CML-CP patients in two phases I1I
clinical trials. The first trial (BELA, Bosutinib Efficacy and Safety in Newly Diagnosed Chronic
Myeloid Leukemia) compared 500 mg bosutinib once daily to 400 mg imatinib (Cortes et al.,
2012b). However, bosutinib did not show superior rates of cytogenetic response so the primary
endpoint of this study was not met (Cortes et al., 2012b; Briimmendorf et al., 2015). In the
follow-up phase III study (BFORE, Bosutinib Trial in First-Line Chronic myelogenous
Leukemia Treatment), a lower dose of bosutinib (400 mg daily) was compared to imatinib in
newly diagnosed patients (Cortes et al., 2018). In this lower dose study, bosutinib provided higher
rates of cytogenetic responses in a shorter time compared to imatinib (Cortes et al., 2018). In
addition, bosutinib showed an effective balance between efficacy and toxicity (Cortes et al.,

2018).

Ponatinib

Ponatinib was designed to overcome the cross-resistant gatekeeper T3151 mutation, which
confers resistance to imatinib, nilotinib, dasatinib, and bosutinib (Schindler et al., 2000; O’Hare
et al., 2005, 2009). The crystallographic analysis of ponatinib in complex with ABL kinase with
T3151 mutation showed that ponatinib binds to ABL in the DFG-out (inactive) mode (O’Hare et
al., 2009). Ponatinib inhibits growth of Ba/F3 cells expressing wild-type BCR-ABLI and
BCR-ABLI kinase domain mutants and also inhibits proliferation of primary CML cells
harboring wild-type BCR-ABL or BCR-ABL1 T3151 mutation (O’Hare et al., 2009). Ponatinib
also inhibits SRC, vascular endothelial growth factor (VEGFR), fibroblast growth factor receptor
(FGFR), and PDGFR kinases (O’Hare et al., 2009).
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In phase I clinical trial, ponatinib was administered to patients with Ph* leukemias who were
resistant to TKI including patients with BCR-ABLI T3151 mutation to determine tolerated or
recommended oral daily dose (Cortes et al., 2012a). In phase II trial in patients with CML or Ph*
ALL, ponatinib was administered once daily at an initial dose of 45 mg (Cortes et al., 2013).
However, additional follow-up from these ponatinib trials revealed higher frequency of serious
adverse events, which led to abrupt withdrawal from the market in October 2013 (Gainor and
Chabner, 2015). In addition, phase III trial comparing ponatinib and imatinib as the first-line
treatment in CML was closed due to high rates of reported myocardial infarction, stroke, and
peripheral vascular disease (Gainor and Chabner, 2015; Lipton et al., 2016). In January 2014, the
marketing of ponatinib was resumed with new safety measures. Ponatinib is currently used in the
second line therapy for T3151 mutations (Pophali and Patnaik, 2016). Several studies evaluating

efficacy/risk profile of lower doses of ponatinib in TKI resistant patients are currently underway.

1.4.2. Other therapeutic options for CML

Despite the success in clinical use of imatinib as well as other TKI, CML therapy remains
associated with limited rates of molecular response and development of TKI resistant mutations.
To overcome these obstacles, novel approaches to avoid complications associated with point
mutations in the BCR-ABLI kinase emerge. For example, non-ATP competitive BCR-ABL
inhibitors with distinct mechanisms of action are developed and undergoing preclinical and early

clinical trials.

Non-ATP competitive and substrate competitive inhibitors

GNF-2 is a novel compound (4,6-disubstituted pyrimidine class) developed by cytotoxicity
screen (Adrian et al., 2006). GNF-2 selectively inhibits proliferation and induces apoptosis of
Ba/F3 cells expressing wild-type BCR-ABL as well as BCR-ABLI harboring E255V mutation
(Adriéan et al., 2006). GNF-2 also inhibits STAT5 phosphorylation but has no activity against
other kinases (Adrian et al., 2006). GNF-2 binds to the myristoyl pocket located in the C lobe of
the BCR-ABLkinase (Adrian et al., 2006).

Asciminib (ABLO001) binds to the myristoyl pocket of BCR-ABL and induces an inactive
BCR-ABL conformation (Wylie et al., 2017). Such distinct binding retains the activity against
BCR-ABL1 mutations insensitive to other TKI. It also offers a great possibility for dual targeting
of the BCR-ABL kinase by combination with TKI (Wylie et al., 2017). Preclinical experiments
have led to asciminib testing in clinical trials, which are still underway. Recent data from phase

I clinical study showed asciminib activity in TKI resistant or intolerant patients (Hughes et al.,
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2019). The first data from asciminib treatment in clinical practice revealed that asciminib is a

safe and effective CML drug (Garcia-Gutiérrez et al., 2021).

ON12380 is a small molecule inhibitor, which competes with natural substrates of the BCR-ABL
kinase, such as CRKL protein, and works synergistically with imatinib in inhibition of the
wild-type BCR-ABL kinase (Gumireddy et al., 2005). ON12380 induced apoptosis of all
imatinib-resistant mutants in vitro and caused regression of leukemia induced by intravenous

injection of murine myeloid cells 32Dcl3 expressing T3 151 mutation (Gumireddy et al., 2005).

Vaccines for CML

It was shown that vaccines developed against antigens expressed in CML cells evoked immune
responses. One such antigen is proteinase 3, expressed in myeloid cells, samples from acute
myeloid leukemia (AML) and in CML patients (Dengler et al., 1995). CML cells were shown to
present PR1 nanopeptide derived from proteinase 3 via HLA-A2.1 on their surface and cytotoxic
T lymphocytes preferentially lysed these CML cells in vitro (Molldrem et al., 1996). PR1 vaccine
was evaluated for safety, immunogenicity and clinical activity in phase I/II study in patients with

AML, CML, or myelodysplastic syndrome (MDS) (Qazilbash et al., 2017).

Other vaccines are developed against junctional region of the BCR-ABL I b3a2 molecule, which
represents a leukemia-specific antigen recognizable by cytotoxic T lymphocytes (Yotnda et al.,
1998). In CML cell lines and primary cells, BCR-ABL protein can be processed by the
proteasome and breakpoint peptides are presented by HLA class I antigen on the cell surface
(Clark et al., 2001). Specific cytotoxic T lymphocytes were found in some patients which
indicates that spontaneous immunization occurs in vivo (Yotnda et al., 1998). However,
BCR-ABL antigen presentation and cytotoxic T lymphocyte response do not work optimally in
vivo, otherwise CML would never receive medical attention (Clark et al., 2001). Preliminary data
suggest that vaccination of patients with a peptide vaccine derived from b3a2 BCR-ABLI1
sequence (CMLVAX100) improved patients” cytogenetic responses and seven patients achieved

complete cytogenetic response post-vaccination (Bocchia et al., 2005).

Vaccines are also developed from patients” malignant cells containing HSP70 (L1 et al., 2005)
and from peptides of the Wilm's tumor (WT-1) transcription factor, which is overexpressed in
CML, AML, or ALL leukemia cells (Inoue et al., 1997). Another vaccine is derived from CML
cell line K562 expressing several CML-associated antigens and engineered to produce

granulocyte-macrophage colony-stimulating factor (GM-SCF) (Smith et al., 2010). These
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vaccines in combination with imatinib induced immunogenic and clinical responses in patients

(Li et al., 2005; Narita et al., 2010; Smith et al., 2010).

1.4.3. Treatment free remission and leukemic stem cells

The life expectancy of CML patients treated with TKI is approaching the life expectancy of the
general population today (Bower et al., 2016). However, treatment of CML by TKI is expensive
and complicated by adverse events and toxicities (Faden et al., 2009; Efficace et al., 2011;
Yamamoto et al., 2019; Lyman and Henk, 2020). Therefore, clinicians and scientists explore the
possibility of discontinuing TKI treatment in patients who achieved a deep molecular remission
(Mahon et al., 2010; Ross et al., 2013; Yamamoto et al., 2019). Treatment withdrawal can be a
risk because there is a population of leukemia stem cells (LSC) persisting in patients after TKI
treatment (Bocchia et al., 2018). LSCs do not rely on BCR-ABL activity and targeting of
BCR-ABL does not eliminate them from the patient’s body (Corbin et al., 2011). Regarding the
impressive results obtained from the current CML treatment strategies, there are only few
approaches that can optimize treatment of CML. One such is targeting the mutated BCR-ABL
kinase including the gatekeeper T3151 mutation insensitive to all inhibitors except ponatinib
(Schindler et al., 2000; Shah et al., 2004; O’Hare et al., 2005, 2009; Puttini et al., 2006). Another

approach investigates possible metabolic targets for eradication of leukemic stem cells.

1.5. Mechanisms and biological pathways exploited by LSC

LSC are defined as the source of malignant proliferation inducing leukemia when transplanted
into immunodeficient mice (Bonnet and Dick, 1997). LCS are of CD34"CD38 origin and sit at
the peak of a hierarchy similar to the hierarchy in normal hematopoiesis (Bonnet and Dick, 1997).
Different subgroups of LSC exist and expression of certain markers distinguishes CML LSC
from their normal hematopoietic counterpart (Giustacchini et al., 2017). For example, CD36 is
expressed on the surface of primitive CML cells and CML-BP cells, which have been observed
to be less sensitive to imatinib and in more quiescent state (Ye et al., 2016; Landberg et al., 2018).
LSC show increased expression of proteins involved in self-renewal and drug resistance. One of
them is B-catenin. B-catenin activation in CML granulocyte-macrophage progenitors from
patients in CML-AP or CML-BP enhances self-renewal of these cells (Jamieson et al., 2004).
[ -catenin is essential for the survival of murine LSC despite BCR-ABL inhibition by imatinib
(Hu et al., 2009). Another protein involved in LSC expansion is the Smoothened (Smo) protein
from the Hedgehog signaling pathway (Dierks et al., 2008; Zhao et al., 2009). Proteomic and
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transcriptomic analysis of LSC from CML patients showed that a set of transcripts, which are
aberrantly expressed in these cells, is regulated by p53 and the Myc proto-oncogene protein
(c-MYC) (Abraham et al., 2016). Simultaneous activation of p53 and inhibition of c-MYC
caused reduction of LSC viability, enhancement of apoptosis, and induction of cell differentiation
(Abraham et al., 2016). Additionally, the Kriippel-like factor 4 (KLF4) transcription factor
maintains low levels of the dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 2
(DYRK?2), which is a key regulator of c-MYC and p53. DYRK2 may thus represent a single
target to eliminate LSC (Park et al., 2019).

Recently, it was shown that LSC, which reside with HSC in the BM, rely more on upregulated
oxidative phosphorylation via mitochondrial respiration for their survival. This fact can be
exploited for their selective elimination. For example, combined treatment with imatinib and
tigecycline, an antibiotic inhibiting mitochondrial protein translation, selectively eradicated LSC
both in vitro and in vivo in immunocompromised mice transplanted with CD34" human CML
cells (Kuntz et al., 2017). Other LSC specific metabolic features involve utilization of gonadal
adipose tissue as a niche, which protects LSC from chemotherapy as it was shown in
subpopulation of LSC in mouse CML-BP (Ye et al., 2016). This subpopulation of LSC exhibited
upregulation of inflammatory cytokines and factors which promoted lipolysis by adipocytes. Free
fatty acids generated by lipolysis drive fatty acid oxidation in LSC expressing the fatty acid
transporter CD36 (Ye et al., 2016).

Targeting LSC is ineffective in CML because quiescent fraction of LSC is insensitive to TKI
drug imatinib (Graham et al., 2002). This is supported by single-cell analysis of CML stem cells
from patients treated by TKI, which identified LSC population enriched for quiescent and TKI
resistant cells (Giustacchini et al., 2017). Another study suggests that LSC do not require
BCR-ABL kinase activity for survival and thus inhibiting the BCR-ABL kinase does not
eliminate LSC (Corbin et al., 2011).

Imatinib treatment is known to induce autophagy in numerous malignant hematopoietic cells
including the BCR-ABL" cell lines, CML-BP cells, primary CML cells, cells carrying partially
imatinib-resistant BCR-4ABLI mutation (M351T), and CML stem cells. Inhibition of autophagy
by pharmacological inhibitors or knockdown of autophagy genes, autophagy-related 5 homolog
(ATGS) and autophagy-related 7 homolog (ATG7), potentiates imatinib-induced cell death in
CML cell lines, primary CML cells, and CML stem cells (Bellodi et al., 2009).
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1.6. Resistance to TKI

Approximately 20% of patients develop imatinib resistance (Quintids-Cardama et al., 2009).
Targeted TKI therapy dramatically improved CML treatment and life quality of patients with
CML. However, complications in the form of primary and secondary, BCR-ABL dependent or
BCR-ABL independent mechanisms of resistance evolve. Resistance to imatinib can be
classified as primary, in patients who exhibit lack of TKI efficiency from the start of therapy,
and secondary (acquired), in patients who respond to imatinib treatment at the beginning and
develop resistance later. Secondary resistance is precisely characterized by loss of major
cytogenetic response and complete hematologic response. Resistance to imatinib can also be
divided into other three categories: hematologic - lack of peripheral blood counts normalization,
cytogenetic - persistence of the Ph chromosome, and molecular - persistence of BCR-ABLI

mRNA. Consequences of acquired resistance are indeed a clinical failure of therapy.

1.6.1. BCR-ABL dependent mechanisms of resistance
BCR-ABL1 gene mutations

Point mutations in the kinase domain of the BCR-ABLI gene are the most common mechanism
of resistance to imatinib (and other TKI drugs) in CML therapy (Gorre et al., 2001; Hochhaus et
al., 2002; Shah et al., 2002). The frequency of mutations in the BCR-ABL 1 kinase ranges from
40% to 90% of the resistance cases, depending on the methodology of detection, the definition
of resistance, and CML phase (Gorre et al., 2001; Shah et al., 2002). Regarding the resistance to
imatinib, mutations in BCR-ABLI can be divided into two groups, those that alter amino acids
residues involved in contact with imatinib and those that prevent BCR-ABL from achieving the
inactive conformation required for binding of imatinib (Shah et al., 2002). Mutations sterically
hinder drug occupancy of the active site (C — catalytic domain, residues 350 to 363), alter the
deformability of the highly conserved phosphate binding P-loop (P-loop, residues 244 to 255),
and/or influence the conformation of the activation loop (A-loop, residues 381 to 402)
surrounding the active site (Shah et al., 2002). The mutations that are frequently found in clinical
samples are located to the P-loop region (Branford et al., 2002, 2003; Jabbour et al., 2006). Some
studies suggest that P-loop mutations are associated with poor clinical outcome (Branford et al.,
2003). However, another study did not confirm association of P-loop mutations with poor
outcome (Jabbour et al., 2006). This can be explained by patient selection and therapy approaches
using novel TKI (Jabbour et al., 2006).
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Crystallization studies of ABL kinase with imatinib showed that the amino acids Y253 and T315
are critical for imatinib binding (Schindler et al., 2000; Corbin et al., 2002). T315 creates an
important hydrogen bond with imatinib (Nagar et al., 2002). Gorre et al (Gorre et al., 2001) were
the first who detected BCR-ABLI mutations in patients with advanced phase of CML or Ph"
ALL. Resistance was associated with a single amino acid substitution (T315I) in 6 of 9 patients
(Gorre et al., 2001). The T3151 mutation disrupts hydrogen bond interaction and sterically
impairs binding of imatinib, which results in insensitivity to imatinib as well as to nilotinib,
dasatinib, and bosutinib (Schindler et al., 2000; Gorre et al., 2001; Shah et al., 2004; O’Hare et
al., 2005; Puttini et al., 2006).

There is also a subset of patients in which two (or more) different mutations in BCR-ABL 1 kinase
could be detected (Jabbour et al., 2006; Khorashad et al., 2013). This arises either due to the
presence of compound mutations (variants containing >2 mutations within the same BCR-ABL1
allele that presumably arise sequentially) or due to polyclonal resistance (presence of multiple
BCR-ABL1 mutant clones). Sequential therapy with different TKI may lead to the development
of compound mutations limiting the effectiveness of retreating patients with TKIs that have
previously failed (Shah et al., 2007). Compound mutations are present more often in the late
CML-CP and CML-AP (Akram et al., 2017). Polyclonal resistance was also seen in some patients
(Shah et al., 2002). In some cases, mutant clones were probably present prior to treatment at
levels below the threshold for detection and expanded under selective imatinib pressure (Shah et
al., 2002). This supports the clonal selection model in which BCR-4ABL [ mutations pre-exist and
expand under selective pressure (Roche-Lestienne et al., 2002; Shah et al., 2002).

BCR-ABLI gene amplification and overexpression of Ber-Abl protein

BCR-ABLI1 gene amplification and BCR-ABL overexpression are less common mechanisms of
clinical resistance (Gorre et al., 2001; Hochhaus et al., 2002). Upregulation of the BCR-ABL
kinase due to amplification of the BCR-ABLI gene was first reported in the cell lines Ba/F3
BCR-ABL-r, LAMAS84-r, and AR230-r exposed to gradually increasing concentrations of
imatinib (Mahon et al., 2000). The BCR-ABLI gene amplification was identified also in K562
cells (Gribble et al., 2000). Amplification of the BCR-ABLI gene (2-fold higher number of
BCR-ABLI gene copies in resistant cells compared to sensitive cells) was described as a
mechanism of imatinib resistance in K562 cells in our study (Hrdinova et al., 2021). Several case
reports describe amplification of the BCR-ABL1 gene as a clinical mechanism of resistance

(Campbell et al., 2002; Morel et al., 2003). It was shown that amplification can be a result of the
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Ph chromosome duplication and/or due to intrachromosomal amplification (Campbell et al.,

2002; Gargallo et al., 2003; Al-Achkar et al., 2013).

It seems that BCR-ABL protein levels are associated with the emergence of mutant subclones
(Barnes et al., 2005). Cells expressing high levels of BCR-ABL are less sensitive to imatinib and
it takes a shorter time to develop resistant mutant clones than for cells expressing low levels of
BCR-ABL (Barnes et al., 2005). This could probably be related to genomic instability caused by
increased amounts of BCR-ABL, which promotes the accumulation of additional chromosomal
aberrations and mutations (Barnes et al., 2005; Koptyra et al., 2008). However, in practice,
clinical resistance occurs more likely due to point mutations than the BCR-ABLI gene

amplification and overexpression.

1.6.2.  BCR-ABL independent mechanisms of resistance to TKI
Overexpression of P-glycoprotein (multidrug resistance protein 1 (MDR1))

Imatinib is a substrate for the efflux transporter P-glycoprotein (Mahon et al., 2000). Mahon and
colleagues were the first who demonstrated that overexpression of P-glycoprotein in
imatinib-resistant LAMAS&4 cell line contributes to imatinib resistance together with the
amplification of BCR-ABLI gene (Mahon et al., 2000). P-glycoprotein was also found to be
expressed at varying levels in primary CML cells (Mahon et al., 2003; Thomas et al., 2004).
Cells expressing P-glycoprotein have lower imatinib intracellular concentrations (Illmer et al.,
2004; Thomas et al., 2004). P-glycoprotein overexpression could contribute to imatinib
resistance in primary leukemic cells (Mahon et al., 2003). It was suggested that P-glycoprotein
expression could play an important role in imatinib resistance during the first months of imatinib
treatment or during the CML progression (Galimberti et al., 2005). However, it should be
mentioned that another study using K562 cells did not confirm that P-glycoprotein
overexpression plays a significant role in resistance to imatinib in vitro (Ferrao et al., 2003).
Similarly, inhibition of P-glycoprotein in primitive CML cells did not enhance imatinib activity

and efficiency (Hatziieremia et al., 2009).

Pharmacokinetic parameters of imatinib uptake

Imatinib plasma levels vary among patients, which suggests that imatinib concentration inside
the cells may not be effective enough (Peng et al., 2004). Imatinib is metabolized by cytochrome
P450 enzymes, primarily by the Cytochrome P450 Family 3 Subfamily A Member 4 (CYP3A4)
(Gréen et al., 2010). Differential CYP3A4 gene expression and agents modifying CYP3A4

enzymatic activity affect imatinib levels in plasma (Peng et al., 2004).

33



Alpha-1 acid glycoprotein (AGP) binds imatinib at physiological concentrations in plasma, thus
preventing the active drug from entering into leukemic cells and affecting its intracellular
distribution, which restricts therapeutic activity of imatinib and leads to imatinib resistance
(Gambacorti-Passerini et al., 2000, 2003b). The observations indicated that measuring imatinib
plasma concentrations in patients represents rather unreliable way to estimate an actual imatinib
concentration reached inside the leukemic cells circulating in the patient’s body. (Gambacorti-

Passerini et al., 2003b).

Organic cation transporter 1 (OCT1, SLC22A1)

The differential expression of the influx transporter OCT1 influences intracellular imatinib levels
and thus contributes to imatinib resistance (Thomas et al., 2004). Inhibitors of OCT]1 significantly
decrease the uptake of imatinib (Thomas et al., 2004). OCT1 expression was determined in cell
lines and in primary cells from CML patients (Thomas et al., 2004). Patients with low OCT1
activity had lower imatinib intracellular concentrations and lower probability to achieve
cytogenetic and molecular response (White et al., 2007). Patients with higher OCT1 activity

achieve molecular response regardless of imatinib dose (White et al., 2007).

Clonal evolution, genomic instability, and epigenetic modifications

Clonal evolution is an acquisition of additional non-random chromosomal abnormalities in Ph
positive cells during CML progression. Clonal evolution correlates with lower response to
imatinib and predicts shorter time to imatinib failure (O’Dwyer et al., 2002, 2004; Cortes et al.,
2003; Schoch et al., 2003; Jabbour et al., 2006). In a comprehensive study performed on 300
patients, new additional chromosomal aberrations were found in 58% of resistant patients, while
BCR-ABLI kinase domain mutations were detected in 45% of resistant patients (Lahaye et al.,
2005). These observations led to theory that CML can intrinsically evolve in advanced stages

and that resistance to imatinib is not caused by a single mechanism (Lahaye et al., 2005).

Genomic instability is a result of genetic alternations caused by a combination of increased
DNA damage and insufficient DNA repair. BCR-ABL kinase perturbs several DNA repair
pathways thereby increasing genomic instability (Nowicki et al., 2004).

BCR-ABL kinase increases levels of reactive oxygen species (ROS), which cause oxidative DNA
damage resulting in double-strand breaks (DSBs) (Sattler et al., 2000; Nowicki et al., 2004).
BCR-ABL stimulates homologous recombination repair (HRR) and nonhomologous end-joining
(NHEJ) to fix DSBs (Nowicki et al., 2004). However, BCR-ABL also reduces the fidelity of
DSBs repair by HRR and NHEJ, since HRR products contain mutations and NHEJ products

34



contain deletions (Nowicki et al., 2004; Dierov et al., 2009). Moreover, BCR-ABL-induced ROS
causing DNA damage can generate additional mutations in the BCR-4ABL 1 kinase domain leading
to imatinib resistance (Koptyra et al., 2006). Finally, the BCR-ABL kinase stimulates expression
and increases activity of the most inaccurate DNA polymerase, DNA polymerase 3, which may

replace other polymerases and introduce point mutations (Canitrot et al., 1999).

Epigenetic modification is a mechanism of imatinib resistance based on alterations in the
acetylation pattern of non-histone proteins (Lee et al., 2007). For example, in imatinib-resistant
K562 cell line, aberrant acetylation of p53, Ku70, and HSP90 proteins was found (Lee et al.,
2007). Imatinib-resistant cells showed upregulation of histone deacetylases and down-regulation
of histone acetyltransferases. Thereby, the amounts of acetylated p53 and Ku70 were reduced
and HSP90 was highly acetylated (Lee et al., 2007). This was accompanied by downregulation
of the BCL2-associated X (BAX) protein and upregulation of the B-cell lymphoma-2 (BCL-2)
protein. These results highlight the significance of acetylation as a regulatory mechanism
controlling the activity of apoptosis related proteins in another example of BCR-ABL
independent mechanism of imatinib resistance. Imatinib-resistant cells were more sensitive to a

histone deacetylase inhibitor, suberoylanilide hydroxamic acid (Lee et al., 2007).

Impaired signaling pathways in CML contributing to imatinib resistance

Multiple signaling pathways can be potentiated by BCR-ABL such as JAK/STAT, PI3K/AKT,
RAF/MEK/ERK, and thus can contribute to better proliferation of CML cells in imatinib and

eventually lead to acquired resistance to imatinib (or other TKI).

STATS3 activation plays a role in extrinsic and intrinsic BCR-ABL independent resistance (Traer
etal., 2012; Eiring et al., 2014). Cocultivation of TKI sensitive progenitor BCR-ABL" cells with
the human bone marrow stromal cell line HS5 contributed to survival of CML progenitor cells
through soluble bone marrow-derived factors which promoted STAT3 activation via Tyr705
phosphorylation (Bewry et al., 2008; Traer et al., 2012; Eiring et al., 2014). STAT3 was found
to be activated in CML primary cells isolated from patients resistant to TKI as well is in
established CML cell lines (Eiring et al., 2015b). It was suggested that activation of STAT3 is
critical for BCR-ABL kinase independent TKI resistance (Eiring et al., 2015b). Inhibition of
STATS3 by specific inhibitors (SF-1-066, BP-5-087, or LLL12) enhanced apoptosis of resistant
CML cell lines and primary cells isolated from patients resistant to TKI (Eiring et al., 2015b;
Patel et al., 2021).
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PI3K/AKT signaling regulates proliferation and growth of CML cells (Skorski et al., 1995a).
PI3K/AKT/mammalian target of rapamycin (mTOR) activation was described in vitro in
BCR-ABL" cell line LAMAS4 and in primary leukemia cells during the imatinib treatment
(Burchert et al., 2005). It was suggested that PI3K/AKT signaling mediates cell survival in early
phases of imatinib resistance until the first occurrence of BCR-4ABLI mutation (Burchert et al.,
2005). Inhibition of mTOR prevents imatinib-induced AKT activation and halts the development
of imatinib resistance (Burchert et al., 2005). Downstream of PI3K/AKT, the transcription factor
forkhead box O1 (FOXO1) contributes to resistance via its retention in the cytoplasm (Wagle et
al., 2016). Elevated levels of FOXO1 were also found in primary cells from relapsed patients
without BCR-ABLI mutations (Wagle et al., 2016). Drug combination involving TKI and PI3K
inhibitors may represent a novel therapeutic strategy to target cells with BCR-ABL kinase
independent resistance (Wagle et al., 2016).

RAF/MEK/ERK signaling is increased in BCR-ABL independent imatinib-resistant CML cell
lines due to upregulation of PKCn (Ma et al., 2014). PKCn is also upregulated in BCR-ABL
independent imatinib-resistant patient samples (Ma et al., 2014). Enhanced MAPK activity was
found in primary CD34" cells during the imatinib treatment (Chu et al., 2004). Combined
treatment by imatinib and the MEK inhibitor trametinib synergistically kills BCR-ABL" cells
and prolongs survival of mouse models of BCR-ABL independent resistance (Ma et al., 2014).
Another study performed on drug-resistant CML cells expressing BCR-ABLI T3151 mutation
showed that imatinib, nilotinib, and dasatinib activate RAF/MEK/ERK pathway in a RAS
dependent manner (Packer et al., 2011). Combination of nilotinib and a MEK inhibitor induced

synthetic lethality and killed drug-resistant cells (Packer et al., 2011).

Src family kinases (HCK, LYN, and FYN) are implicated in BCR-ABL signaling by
phosphorylation of the BCR-ABL SH3-SH2 linker region (Meyn et al., 2006). Phosphorylation
within the SH3-SH2 region is important for BCR-ABL transforming activity and for stabilization
of the active BCR-ABL conformation, which does not bind imatinib (Meyn et al., 2006).
Activation and/or overexpression of Src family kinases is involved in CML progression to BP
and in imatinib resistance (Donato et al., 2003). Upregulation of LYN and HCK was found in
K562 cell line and also in the blasts from imatinib-resistant patients (Donato et al., 2003).
Comparative analysis of patient samples collected before and after imatinib therapy failure
suggested that LYN and HCK kinases are activated and/or overexpressed during CML
progression (Donato et al., 2003).
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1.7. Deregulated pathways in imatinib-resistant CML cells identified in our

studies

Na*/H* exchanger regulatory factor (NHERF1), Wingless-related integration site (WNT)
signaling, and calcium homeostasis

NHERF1 is a multifunctional protein with two postsynaptic density protein 95
(PSD-95)/drosophila discs large tumor suppressor (Dlgl)/zonula occludens (ZO-1) (PDZ)
domains (Reczek et al., 1997). The NHERF1 protein interacts directly by the PDZ2 domain with
the C-terminus of a subset of frizzled receptors (FZD2,4,7) and thus regulates WNT signaling
(Wheeler et al., 2011). The canonical WNT/B-catenin pathway controls renewal and maintenance
of HSCs and LSCs (Zhao et al., 2007). B-catenin plays a role in an intrinsic resistance upon
BCR-ABL inhibition by imatinib (Eiring et al., 2015a). Silencing of B-catenin expression by
siRNA inhibited proliferation and clonogenicity of CML cells synergistically with imatinib
(Coluccia et al., 2007). Noncanonical WNT/Ca**/nuclear factor of activated T cells (NFAT)
signaling is responsible for maintenance of Ph* cells, and inhibition of this pathway sensitizes
Ph" cells to imatinib (Gregory et al., 2010). In addition, inhibition of the pathway effector
calcineurin by cyclosporin A (CsA) sensitized imatinib-resistant cells to imatinib (Gregory et al.,

2010).

The NHERF1 protein post-transcriptionally controls expression and function of the multidrug
resistance-associated protein 2 (MRP2) (Li et al.,, 2010). NHERF1 functions as a negative
regulator of the Na"/H" exchanger 3 (NHE3), which regulates intracellular pH (Lamprecht et al.,
1998; He and Yun, 2010). NHERF1 also modulates activation of the transient receptor potential
channels TRPC4 and TRPCS5, thereby influencing Ca®>* concentration in the cytosol (Tang et al.,
2000; Obukhov and Nowycky, 2004). Cellular Ca®>" homeostasis mediates various cellular
processes, such as proliferation, migration, and apoptosis (Hennings et al., 1980; Piwocka et al.,
2006). However, only few studies describe the link between calcium and leukemogenesis in
CML. For example, BCR-ABL" cells exhibited a decrease in the amount of free releasable Ca®*
in ER as well as weaker store-operated calcium entry (SOCE), which resulted in inhibition of
calcium-dependent apoptotic signaling (Piwocka et al., 2006; Cabanas et al., 2018). The decrease
in SOCE was accompanied by reduced translocation of NFAT to the nucleus (Cabanas et al.,
2018). Peripheral mononuclear cells from CML patients also exhibit decreased intracellular
calcium fluxes after inositol trisphosphate (InsP3), ATP, and ionomycin treatment (Ciarcia et al.,
2010). Our results showed decreased Ca®" levels in imatinib-resistant cells, which were

concomitant with selective susceptibility of these cells to modulators of intracellular calcium
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concentration, calcium signaling inhibitors, and calcium channel blockers (Toman et al., 2016).
Thus, using a model cell line resistant to imatinib we proposed that Ca>" homeostasis can be

exploited as a potential therapeutic target in imatinib resistance (Toman et al., 2016).

Insulin-like growth factor 1 receptor (IGF1R) signaling, STAT3 signaling, and Interferon
Induced Transmembrane Protein 3 (IFITM3)

The growth hormone insulin-like growth factor 1 (IGF1) and its receptor IGF1R play supportive
roles in proliferation and viability of CML cells. Expression of IGFIR increases with CML
progression (Shi et al., 2010; Xie et al., 2015). IGF1 is detected at higher levels in patients with
CML-BP (Lakshmikuttyamma et al., 2008). It was shown that BCR-ABL can activate IGF1 via
HCK and STATS5b (Lakshmikuttyamma et al., 2008). Inhibition of these proteins decreases
proliferation and induces apoptosis in CML-BC cell lines (Lakshmikuttyamma et al., 2008).
IFGIR also regulates the self-renewal of CML cells (Xie et al., 2015). Inhibition of IGF1R and
insulin receptor substrate (IRS-1/2) either with picropodophyllin (PPP) or NT157 reduces
proliferation of Ba/F3 cells transduced either with wild-type BCR-ABLI or with BCR-ABLI
carrying imatinib-resistant mutations including T315I (Shi et al., 2010; Scopim-Ribeiro et al.,
2021). PPP also efficiently decreases the viability of CML primary cells isolated from
imatinib-resistant patients (Shi et al., 2010).

IGF1R signaling increases STAT3 mRNA expression and STAT3 phosphorylation (Xu et al.,
2017; Das et al., 2018; Bie et al., 2021). The STAT3 transcription factor can be phosphorylated
and activated by the Bcr-Abl kinase directly, or indirectly via BCR-ABL modulation of JAK and
MEK pathways (Ilaria and Van Etten, 1996). STAT3 regulates cell proliferation, survival, and
drug resistance, and its inhibition either by siRNA or by LLL-3 reduced CML cell viability and
induced apoptosis (Ma et al., 2010; Mencalha et al., 2010). Targeting STAT3 in a BCR-ABL-
independent model of resistance either by shRNA or by SF-1-066 or BP-5-087 in combination
with imatinib reduced the survival of TKI resistant CML cell lines (Eiring et al., 2015b). These
observations were further supported by a recent study, which utilized the STAT3 inhibitor LLL12
to sensitize drug-resistant cells to imatinib treatment (Patel et al., 2021). This study also revealed
that STAT3 promoted metabolic shift in TKI resistant cells, which led to their increased

dependence on glycolysis (Patel et al., 2021).

IGF1R signaling induces expression of IFITM2 protein in gastric cancer cells via STAT3 (Xu et
al., 2017). Knockdown of IFITM?2 gene decreased proliferation, invasion, and migration of

gastric cancer cells (Xu et al., 2017). IFITM3 protein is another member of the interferon-induced
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transmembrane protein family, which is involved in antiviral defense (Bailey et al., 2014).
IFITM3 expression is partially regulated by STAT3 due to predicted STAT3 binding site in the
IFITM3 promoter; yet PI3K  can also regulate IFITM3 expression
(https://www.genecards.org/cgi-bin/carddisp.pl?gene=IFITM3 &keywords=ifitm3) (Stelzer et
al., 2016; Lee et al., 2018a). Human embryonic stem cells and human induced pluripotent stem
cells have elevated levels of distinct interferon-stimulated genes, including IFITM3 to function
as an innate antiviral protection (Wu et al., 2018). Inhibition of viral entry by IFITM3 is caused
by IFITM3-mediated accumulation of cholesterol in multivesicular bodies and late endosomes
(Amini-Bavil-Olyaee et al., 2013). Overexpression of IFITM3 was found in AML patients and
in gastric, lung, oral, and breast human cancer cell lines (Yang et al., 2013; Hu et al., 2014; Zhang
et al., 2017; Gan et al., 2019; Liu et al., 2019). IFITM3 plays role in cancer progression, cell
proliferation, migration, and invasion (Yang et al., 2013; Hu et al., 2014; Zhang et al., 2017; Gan
et al., 2019). IFITM3 promotes PI3K signaling by accumulation of phosphatidylinositol-3,4,5-
triphosphate (PIP3) in the cell membrane, which is followed by subsequent integration of PIP3
into lipid raft signaling complexes (Lee et al., 2020). IFITM3 regulates STAT3 phosphorylation
as was shown in a study where knockdown of IFITM3 inhibited STAT3 phosphorylation and
reduced cell growth (Yang et al., 2013; Gan et al., 2019). High expression levels of IFITM3
protein are associated with adverse prognosis in AML and in B cell malignancies including

B-ALL and mantle cell lymphoma (Liu et al., 2019; Lee et al., 2020).

STAT3 in oncogene dependent metabolism, lipid metabolism, and drug resistance

In addition to the well-known oncogenic roles of STAT3 in transcriptional regulation of genes
involved in cell proliferation, survival, and chemoresistance (Xiong et al., 2014), STAT3
regulates transcription of genes involved in central metabolic pathways (Wang et al., 2018; Gao
etal., 2020; Patel et al., 2021) and exerts nontranscriptional functions in regulating mitochondrial
oxidative phosphorylation (Gough et al., 2009; Wegrzyn et al., 2009).

STAT3 phosphorylated on Ser727 is imported into the inner mitochondrial membrane via the
complex I subunit gene associated with retinoid-IFN-induced mortality 19 (GRIM-19) of the
electron transport chain (Tammineni et al., 2013). STAT3 present in the mitochondria is required
for the activity of the complexes I, II, and V (ATP synthase) of the electron transport chain,
where it stimulates oxidative phosphorylation and respiration (Gough et al., 2009; Wegrzyn et
al., 2009). As a result, ATP production is increased, which provides energy for rapid growth and
division of tumor cells (Gough et al., 2009)
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Tumor cells can also alter their lipid metabolism to maximize the utilization of energy (Ye et al.,
2016; Cao, 2019). Cancer cells possess upregulated fatty acid synthesis and elevated beta-
oxidation of fatty acids (Yoshii et al., 2015; Wang et al., 2018). STAT3 regulates expression of
the fatty acid synthase (FASN) (Gao et al., 2020), which mediates de novo synthesis of fatty acids
and was shown to promotes tumor growth and survival (Flavin et al., 2010). JAK/STAT3
pathway regulates beta-oxidation of fatty acids, which is crucial for breast cancer stem cells
stemness and resistance to drugs (Wang et al., 2018). STAT3 regulates mRNA expression of the
fatty acid transporter CD36 in LSC and chronic lymphocytic leukemia (CLL) cells (Ye et al.,
2016; Rozovski et al., 2018; Su et al., 2020). It was revealed that CD36-expressing LSC occupy
preferably the bone marrow adipose tissue to evade chemotherapy (Ye et al., 2016). Increased
expression of CD36 was also found in our imatinib-resistant cells K562 (Hrdinova et al., 2021).
Recent data suggest that de novo synthesis of fatty acid, fatty acid uptake, and beta-oxidation of
fatty acids are important for tumor progression. Dysregulated lipid metabolism in cancer
contributes to cancer progression and represents a promising target in anticancer therapy (Fu et

al., 2021).

1.8. Exosomes

Exosomes are small (cca 30-150 nm) membrane-bound vesicles derived from the endosomal
compartment (Harding et al., 1983; Pan et al., 1985). Exosomes were originally proposed to
eliminate cellular waste and described as transferrin receptor-containing vesicles (Harding et al.,
1983; Pan et al., 1985; Johnstone et al., 1987). Exosomes arise from membranes of multivesicular
endosomes (MVB) by inward budding and accumulate inside large MVB (Pan et al., 1985).
When MVE fuse with the plasma membrane, exosomes are released into the extracellular space

(Pan et al., 1985).

Recent studies confirm that exosomes influence numerous physiological and pathological
processes including leukemia (CML) (Mathivanan et al., 2010; Becker et al., 2016). Depending
on their composition, CML-derived exosomes affect proliferation of CML cells, support
neoangiogenesis, and contribute to transfer of drug resistance traits between CML cells (Taverna

et al., 2012; Raimondo et al., 2015; Min et al., 2018).

1.8.1. Exosomal biogenesis and cargo loading

Exosome biogenesis is initiated within the endosomal system. Early endosomes mature into late

endosomes and multivesicular bodies (MVB) (Rink et al., 2005). Maturation of an early
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endosome to a late endosome is accompanied by a switch in RAB proteins within the endosomal
membrane, where RABS5 is replaced with RAB7 (Rink et al., 2005). This process leads to
invaginations in the endosomal membrane and the generation of intraluminal vesicles (ILV)
(Raiborg et al., 2002; Sachse et al., 2002). Formation of ILV occurs via two pathways; the first
pathway involves the endosomal sorting complex required for transport (ESCRT) and the second

pathway is independent of ESCRT (Katzmann et al., 2001; Trajkovic et al., 2008).

In the first pathway, the ESCRT complex and accessory proteins such as the AAA-type ATPase
vacuolar protein sorting-associated protein (VPS) 4 and the ALG-2-interacting protein X (ALIX)
are important for membrane remodeling and MVB/ILV biogenesis (Babst et al., 1998, 2002;
Katzmann et al., 2001, 2003; Strack et al., 2003; Teo et al., 2004). Protein monoubiquitination
serves as a sorting signal to the MVB pathway (Katzmann et al., 2001; Raiborg et al., 2002).
ESCRT-0 and ESCRT-I complexes recognize monoubiquitinated protein cargo and sort it to
MVB vesicles (Katzmann et al., 2001; Raiborg et al., 2002; Bache et al., 2003). Similarly, RNA
packing into exosomes requires complexes with RNA binding proteins during the biogenesis of
exosomes (Statello et al., 2018). ESCRT-0, ESCRT-I, and ECSRT-II form stable
heterooligomers which recognize not only ubiquitin but also the phospholipid
phosphatidylinositol 3-phosphate (PtdIns3P) enriched at the endosomal surface (Katzmann et al.,
2003; Teo et al., 2006). ESCRT-II binds ESCRT-III and initiates formation of the ESCRT-III
complex (Babst et al., 2002; Teo et al., 2004). ESCRT-III is assembled sequentially and is
required for endosomal membrane deformation and formation of ILV (Hanson et al., 2008; Teis
et al., 2008). ESCRT-III recruits accessory proteins such as Alix (Odorizzi et al., 2003; Strack et
al., 2003). ALIX in turn recruits ubiquitin carboxyl-terminal hydrolase 4 (DOA4) responsible for
deubiquitination of cargo just prior to the cargo delivery into ILV (Luhtala and Odorizzi, 2004).
This process is followed by final dissociation of ESCRT proteins from the endosomal membrane
catalyzed by ESCRT-III AAA-type ATPase VPS4 (Babst et al., 1998, 2002; Katzmann et al.,
2001).

The second, ESCRT independent pathway involves ceramide and is dependent on membrane raft
microdomains and lateral segregation of cargo (Trajkovic et al., 2008). Inhibition of neutral
sphingomyelinases reduced the release of exosomes (Trajkovic et al., 2008). In addition, the
tetraspanins CD63 and CD9 were shown to be involved in protein transport to ILV (Buschow et

al., 2009; van Niel et al., 2011).

MVB can fuse with lysosomes to destroy their cargo or be transported to the plasma membrane

and release exosomes out of the cell (Villarroya-Beltri et al., 2016) (Figure 4). ISGylation is a
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posttranslational ubiquitin-like modification, which regulates MVB fate (Villarroya-Beltri et al.,
2016). ISGylation promotes the fusion of MVB with lysosomes, thereby degrading MVB content

and decreasing exosomes secretion (Villarroya-Beltri et al., 2016).

Secretion of exosomes can be constitutive or inducible depending on cell type (Savina et al.,

2003; Wei et al., 2017).
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Figure 4. Exosome biogenesis. Internalized cargo (1) is sorted into early endosomes (2), which then mature into the
multivesicular body (3) with internalized cargo in intraluminal vesicles (4). Multivesicular body with intraluminal vesicles is
transported to the plasma membrane (5), fuses with the latter it, and exosomes are released into the extracellular space. (Modified
from Gurung et al., 2021).

1.8.2. Exosome uptake

Once released into the extracellular environment, exosomes interact with target cells. Upon
reaching the target cells, exosomes can be internalized by the recipient cell in different ways.
Exosomes can trigger juxtacrine signaling by interaction with the cell receptors, fuse directly
with the plasma membrane of the recipient cell, or can be internalized by various mechanisms of

endocytosis.

1.8.2.1.  Juxtacrine signaling

Ligands on the exosome surface bind directly to the receptors on the recipient cell, as was shown

for Fas ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) (Stenqvist et al.,
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2013). Exosomes from placental explant cultures bearing FasL and TRAIL ligands were capable
of triggering apoptosis of recipient Jurkat cells and also activated peripheral blood mononuclear
cells (PBMC) (Stenqvist et al., 2013). The same mechanism was shown for exosomes derived
from ovarian tumor cells, which bore FasL and induced apoptosis of T cells (Taylor et al., 2003).
Exosomes derived from dendritic cells also express FasL, together with tumor necrosis factor
(TNF) and TRAIL on their surface (Munich et al., 2012). These exosomes directly kill tumor
cells (B16 melanoma, KLN205 squamous lung carcinoma, and MC38 colon carcinoma cells)
and activate natural killer cells via TNF (Munich et al., 2012). Specific receptors mediating
exosome uptake have not been found, however, there are several candidate proteins, such as the
phosphatidylserine receptor T cell immunoglobulin domain and mucin domain (TIM)1/4 and

ICAM-1 (Segura et al., 2005, 2007; Miyanishi et al., 2007).

1.8.2.2.  Fusion with the plasma membrane

Fusion with the plasma membrane is a process in which the membrane of vesicles merges with
the membrane of a target cell as it was shown for monocyte or human monocytic THP-1 cell
line-derived exosomes, which fused with activated platelets (Del Conde et al., 2005). A lipid-
mixing assay, which relies on the interactions between two fluorescently labeled phospholipids
incorporated into exosomal membrane was used to study the fusion of vesicles with activated
platelets (Del Conde et al., 2005). Lipids and proteins were transferred from exosomes to
recipient cells (Del Conde et al., 2005). Similarly, dendritic cell-to-cell communication is
mediated by exosomes which fuse with the plasma membrane and release exosome content
(miRNA) into the cytosol of target dendritic cell (Montecalvo et al., 2012). Exosomes from
multiple myeloma cells fuse with the plasma membrane of bone marrow mesenchymal stromal

cells (BMSC) in addition to other mechanisms of exosome uptake (Zheng et al., 2019).

1.8.2.3.  Internalization of exosomes
It has been suggested that exosome internalization is the primary mechanism of exosome uptake
by recipient cells (Tian et al., 2010, 2013; Zheng et al., 2019; Joshi et al., 2020). A variety of
mechanisms of exosome uptake exists including clathrin- or caveolin- dependent endocytosis,
macropinocytosis, phagocytosis, and lipid raft-mediated endocytosis. It was shown that exosome
internalization is temperature-dependent and involves actin polymerization (Barres et al., 2010;

Tian et al., 2010; Escrevente et al., 2011).

Clathrin-mediated endocytosis was shown to be a mechanism of exosomal uptake in various cell

types such as ovarian cancer cells, the human HCT116 and COLO205 colon cancer cell lines,

43



and cardiomyocytes (Escrevente et al., 2011; Horibe et al., 2018; Eguchi et al., 2019).
Dependence on clathrin-mediated exosome internalization was demonstrated by inhibition of
clathrin-mediated endocytosis with inhibitors such as Pitstop2 and chlorpromazine (Escrevente
et al., 2011; Horibe et al., 2018). Similarly, dynamin-2 inhibition reduced exosome uptake by
BMSC (Tian et al., 2014).

Caveolae-dependent endocytosis of exosomes was demonstrated in the human colon cancer cell
line COLO205 (Horibe et al., 2018). Similarly, exosomes derived from a multiple myeloma cell
line were internalized by BMSC primarily by caveolin-dependent endocytosis (Zheng et al.,
2019). However, it was also shown that caveolin-1 negatively regulates exosome internalization

at least partially through suppression of ERK1/2 activation (Svensson et al., 2013).

Lipid raft-mediated endocytosis in exosome uptake was observed in human umbilical vein
endothelial cells (HUVEC), the glioblastoma U87 MG cells, the breast carcinoma cells BT-549,
and the ovarian carcinoma SKOV3 cells (Escrevente et al., 2011; Koumangoye et al., 2011;
Svensson et al., 2013). Internalization of glioblastoma-derived exosomes involves nonclassical
lipid raft-dependent endocytosis (Svensson et al., 2013). Depletion of cholesterol by
methyl-B-cyclodextrin (MBCD) inhibited exosome internalization (Koumangoye et al., 2011;
Svensson et al., 2013). In addition, exosome internalization is impaired when cells producing
exosomes are pretreated by sphingolipid biosynthesis inhibitors, which modify the lipid
composition of the budding exosomes (Izquierdo-Useros et al., 2009). Exosomal uptake was also
reduced by pretreatment of HUVEC cells with filipin IIT (He et al., 2019).

Phagocytosis as a mechanism of exosome uptake is predominantly used by immune cells, such
as dendritic cells and macrophages (Feng et al., 2010; Montecalvo et al., 2012). Exosome
internalization by phagocytosis is dependent on the actin cytoskeleton and PI3K (Feng et al.,
2010).

Macropinocytosis is also involved in the internalization of exosomes (Fitzner et al., 2011; Costa
Verdera et al., 2017). The presence of phosphatidylserine on the surface of exosomes derived
from oligodendrocytes activated micropinocytosis in microglia (Fitzner et al.,, 2011).
Macropinocytosis of exosomes is dependent on PI3K and Na" (Fitzner et al., 2011; Tian et al.,
2014; Costa Verdera et al., 2017). Inhibition of Na'/H" exchanger (by EIPA or amiloride) or
inhibition of PI3K (by LY294002 or by wortmannin) blocks micropinocytosis (Fitzner et al.,
2011; Tian et al., 2014; Costa Verdera et al., 2017).
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Interestingly, in HeLa cells, in ovarian carcinoma cells and in BMSC, the uptake of exosomes is
mediated by more than one mechanism (Escrevente et al., 2011; Costa Verdera et al., 2017,

Zheng et al., 2019).

1.8.3. Molecular composition of exosomes

Exosomes are small vesicles with specific protein and lipid composition, which also carry DNA,
mRNA, miRNA, and mtDNA (Théry et al., 1999, 2001; Valadi et al., 2007; Guescini et al., 2010;
Llorente et al., 2013; Kahlert et al., 2014; Thakur et al., 2014). First proteomic analyses of
exosomes were performed on exosomes derived from dendritic cells, followed by proteomic
analysis of exosomes of different origin, which are collected in the ExoCarta database of
exosomal proteins and mRNA (Théry et al., 1999, 2001; Mathivanan and Simpson, 2009).
Exosomes are enriched in distinct lipids such as glycosphingolipids, sphingomyelin, cholesterol,
and phosphatidylserine as it was shown in exosomes released by PC-3 prostate cancer cells
(Llorente et al., 2013). The discovery of mRNA and miRNA in exosomes derived from mouse
and human mast cell lines (MC/9 and HMC-1) is considered the second breakthrough in exosome
research after the discovery of their role in cell to cell communication (Raposo et al., 1996; Valadi
et al., 2007). It was shown that mRNA contained in mast cell-derived exosomes is transferred to
recipient cells and that this transferred mRNA can be translated into proteins, suggesting that
exosomal mRNA is functional (Valadi et al., 2007). The discovery of DNA present in exosomes
revealed that serum exosomes from patients with pancreatic cancer contain genomic DNA
spanning all chromosomes (Kahlert et al., 2014). DNA was also present in exosomes isolated
from healthy donor human plasma, vascular smooth muscle cells (VSMC), or from cell culture
supernatants of HEK293and K562 cell lines (Cai et al., 2013). Double stranded DNA fragments
are found inside the exosomes rather than outside as it was shown in exosomes treated by outside
added DNAse (Cai et al., 2013) (Figure 5). Exosomes are capable to transfer BCR-ABLI DNA
from K562 to HEK293 and neutrophils (Cai et al., 2013). This supports the theory of exosomal
transfer of functional DNA between cells and its pathophysiological significance (Cai et al.,

2013).
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1.8.4. Exosomes and chronic myeloid leukemia

Exosomes have been considered to be an integral part of the extracellular microenvironment and
a way of cell-to-cell communication in normal physiological state. However, emerging evidence
indicates that exosomes play also important roles in different types of cancer diseases by
influencing tumor growth, angiogenesis, metastasis, drug resistance, tumor niche formation,
escape from the immune system, and neoplastic transformation (Huber et al., 2005; Peinado et
al., 2012; Taverna et al., 2012; Abd Elmageed et al., 2014; Chen et al., 2014; Costa-Silva et al.,
2015). Exosomes transfer oncogenic proteins and nucleic acids from tumor cells to recipient cells

to modulate their activity (Skog et al., 2008; Peinado et al., 2012).

1.8.4.1. CML exosomes in the crosstalk with the BM microenvironment

BM is the major site of adult hematopoiesis. The BM microenvironment maintains normal
hematopoiesis by integrated crosstalk among cells (Calvi et al., 2003; Zhang et al., 2003; Stier et
al., 2005; Hooper et al., 2009). BM microenvironment consists of very diverse populations of
specific cell types such as HSC, broad and still incompletely characterized mesenchymal stromal
cells (MSC), many types of vascular and sinusoidal endothelial cells, leukemia stem cells (in the

case of leukemic bone marrow), osteoblasts, osteoclasts, bone lining cells, macrophages,
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perivascular CXCL12-abundant reticular cells (CAR), neurons, adipocytes, and the extracellular
matrix (Behrmann et al., 2020). Normal hematopoietic stem cells reside in BM and are supported
by specialized and highly organized endosteal and vascular stem cell niches (Zhang et al., 2003;
Kiel et al., 2005; Tamma and Ribatti, 2017). Communication with other cells is important for
HSC proliferation, survival, and self-renewal (Goloviznina et al., 2016). Genetic alterations in
HSC or progenitor cells can transform these cells into LSC that retain self-renewal capacity,
undergo uncontrolled proliferation, and differentiation into leukemic blasts (Biernaux et al.,
1995; Jaiswal et al., 2014; Xie et al., 2014; Lee-Six et al., 2018). LSC reside in the same niche
as healthy HSC, so they benefit from BM niche support and even modify BM to induce a more
favorable microenvironment for the outgrowth and dissemination of leukemia cells so they
become the predominant cell population (Colmone et al., 2008; Schepers et al., 2013; Duarte et
al., 2018). The tumor microenvironment is important for cancer progression because it provides
crucial signaling crosstalk. This crosstalk is mediated through direct cell-to-cell contact, secretion
of regulatory proteins such as cytokines and growth factors, or through other factors. Among
those, exosomes belong to the most important mediators of communication (Colmone et al.,
2008; Schepers et al., 2013; Hornick et al., 2016; Duarte et al., 2018; Kumar et al., 2018; Gao et
al., 2019). Exosomes are involved in hematologic cancers where they sustain proliferative
signals, participate in evasion from the immune system, mediate angiogenesis and resistance to
death (Mineo et al., 2012; Taverna et al., 2012; Hong et al., 2014; Raimondo et al., 2015; Min et
al., 2018; Hrdinova et al., 2021). However, still a lot of information about the precise role of
CML-derived exosomes in disease progression, immune system escape, and drug resistance is
missing and needs to be elucidated. CML exosomes participate in BM niche remodeling towards
malignant leukemic niche (Gao et al., 2019; Jafarzadeh et al., 2019). In CML mouse model and
in BMSC from CML patients, osteogenic differentiation and proliferation capacity were impaired
by CML-derived exosomes (Gao et al., 2019). Secreted exosomes were endocytosed by BMSC
and decreased their capacity of osteogenic differentiation as it was shown by downregulation of
a major osteogenic marker, the runt-related transcription factor 2 (RUNX2) (Gao et al., 2019).
Exosomes released by CML cells were enriched in certain tumor suppressive miRNAs, especially
miR-320, which suppressed osteogenesis via inhibition of B-catenin (Gao et al., 2019). Ablation
of osteoblasts impaired normal HSC self-renewal and accelerated the development of leukemia
(Bowers et al., 2015). Exosomes derived from the K562 cell line increased production of
inflammatory and macrophage polarization molecules (IL-10, nitric oxide (NO), and TNFa) and
decreased production of ROS in stromal cells and macrophages (Jafarzadeh et al., 2019).

Exosomes derived from the CML cell line LAMAR®84 induced expression of IL-8 in HS5 bone
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marrow stromal cells and also promoted adhesion of LAMAS84 cells to HSS stromal cells and
thus enhanced CML cell survival and favored retention of CML cells within the bone marrow
(Corrado et al., 2014, 2016). IL-8 treatment promoted LAMAS84 cell survival by activating AKT
kinase (Corrado et al., 2014). Further studies showed that LAMA®84-derived exosomes and
exosomes derived from CML patients contain a critical autocrine growth factor, amphiregulin
(AREG), which activates the epidermal growth factor receptor (EGFR) signaling in HS5 stromal
cells (Corrado et al., 2016). Contradictory results showed that K562-derived exosomes decreased
adhesivness of stromal cells via miR-711 delivery (Jiang et al., 2020).

Endothelial cells are active players in the formation of new blood vessels both in health and
diseases like leukemia (Li et al., 2004; Pezeshkian et al., 2013). In the study performed on CML
cell line-derived exosomes and a model cell line of endothelial cells (HUVEC), fluorescently
labeled exosomes derived from LAMA84 CML cell line were internalized by HUVEC cells and
stimulated neoangiogenesis through modulation of HUVEC motility and tube formation
(Taverna et al., 2012). LAMAS84-derived exosomes increased expression of the adhesion
molecules ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1) via IL-8 in target HUVEC
cells (Taverna et al., 2012). Similar proangiogenic effects were achieved by K562-derived
exosomes (Mineo et al., 2012; Umezu et al., 2013). Further, it was shown that tube formation in
HUVEC cells is mediated through Src kinase activation and miR-92a transfer (Mineo et al., 2012;
Umezu et al., 2013). Data obtained from cell lines were confirmed in vivo in nude mice
subcutaneously injected either with plugs containing a synthetic extracellular matrix (Matrigel)
and K562-derived exosomes, or with exosomes isolated from CML patients (Mineo et al., 2012;

Taverna et al., 2012).

Cancer cells evade the host immune system by known phenomenon called immune escape or
immune evasion by several immunological mechanisms. One of these mechanisms which
facilitates tumor progression is the suppression of immunocompetent cells. However, there is
only one study describing the role of CML-derived exosomes in modulating the immune cell
functions (Jafarzadeh et al., 2019). Little more information is known about the role of
AML-derived exosomes. AML-derived exosomes carrying high levels of TGF-B1 suppressed
NK cell cytotoxicity by down-regulating expression of natural killer group 2 member D
(NKG2D) in normal natural killer cells (Szczepanski et al., 2011). CML-derived exosomes
contain high levels of TGF-B1 too (Raimondo et al., 2015).

CML exosomes can also reprogram macrophages to M2-like phenotype. Such phenotypical

change is associated with increased production of TNFa, IL-10 and downregulation of inducible
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nitric oxide synthase (iNOS) transcript levels. This further led to reduction of NO and ROS levels
in macrophages treated with CML exosomes (Jafarzadeh et al., 2019). CML exosomes can thus
induce changes in macrophages and drive their polarization towards leukemia-associated

macrophages (Jafarzadeh et al., 2019).

1.8.4.2.  Exosomes and proliferation of CML cells

Exosomes are capable of mediating direct cell-to-cell communication via an autocrine
mechanism. Exosomes released by LAMAS84 cell line directly promoted the proliferation of
LAMARS84 cells by transforming growth factor beta 1 (TGF- B1)-mediated activation of ERK,
AKT, and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Raimondo et
al., 2015). Exosomes from LAMAS84 cells increased the expression of anti-apoptotic (survivin,
BCL-xL and BCL-2-like protein 2 (BCL-W)) and decreased the expression of pro-apoptotic
(BAD, BAX and BCL2 binding component 3 (PUMA)) proteins and their respective mRNAs in

recipient cells (Raimondo et al., 2015).

Recently, it was shown that BMSC derived exosomes promoted tumor growth by increasing
expression of BCL-2, decreasing expression of caspase-3, and inducing imatinib resistance in
BALB/c nu/nu mice (Zhang et al., 2020). However, results obtained in vivo contradicted the in
vitro results because it was found that in vitro BMSC exosomes are able to inhibit proliferation

of CML cells (Zhang et al., 2020).

1.8.4.3. CML exosomes, horizontal transfer of BCR-ABL1, and chemoresistance

An increasing number of studies suggest that exosomes can mediate drug resistance in malignant
cells (Steinbichler et al., 2019). Drug resistance is the main cause of leukemia therapy failure
(Lahaye et al., 2005). Exosomes derived from the K562 cell line contain BCR-ABL protein,
BCR-ABL1 mRNA, and fragments of BCR-ABLI1 DNA (Cai et al., 2013, 2014; Kang et al., 2018;
Hrdinovaetal., 2021). BCR-ABL I DNA fragments can be transferred to recipient cells (HEK293,
neutrophils) and induce CML-like disease in immunodeficient mice (Cai et al., 2013, 2014).
Imatinib-resistant K562 cells were shown to transfer miR-365 via exosomes to imatinib-sensitive
K562 cells leading to acquired imatinib resistance in the recipient cells (Min et al., 2018).
Similarly, we found that exosomes derived from imatinib-resistant K562 cells significantly
increased the survival of imatinib-sensitive K562 cells in the presence of imatinib (Hrdinova et

al., 2021).
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1.8.4.4. CML exosomes as biomarkers and as drug delivery vesicles

Research outputs from investigating the role of exosomes in leukemia progression can be applied
in clinical use for their prognostic, therapeutic, and diagnostic values. Exosomes carrying specific
molecules associated with cancer represent an attractive tool for biomarker discovery and
screening. BCR-ABLI1 fusion gene and protein are the fingerprints of CML so they are
commonly used as biomarkers in CML cell lines and CML patient samples (Kang et al., 2018;
Bernardi et al., 2019; Hrdinova et al., 2021). In addition, our results suggest that exosomal surface
proteins (CD146, IFITM3, and CD36) from imatinib-resistant K562 cells could be used as
potential diagnostic markers of imatinib resistance in CML (Hrdinova et al., 2021). However, a
recent study performed on exosomes isolated from plasma of CML patients responding and
non-responding to imatinib showed different upregulated proteins as candidate biomarkers of

imatinib resistance (Li et al., 2021)

Exosomes can also be used as a drug delivery system (Bellavia et al., 2017). Modified exosomes
derived from HEK293T cells engineered to express IL3 fused to the exosomal
lysosome-associated membrane protein 2 (LAMP2B) were loaded with imatinib and were
capable of targeting leukemia cells in vitro and in vivo. Modified exosomes containing
BCR-ABL siRNA were also able to deliver their content to imatinib-resistant CML cells and
reduced their viability. BCR-ABL siRNA in exosomes also showed in vivo effect. Exosomes
containing BCR-ABL siRNA reduced tumor growth in mice subcutaneously inoculated with

imatinib-resistant CML cells (Bellavia et al., 2017).
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2. Aims of the study

The main aim of the study was to use proteomic approach for comprehensive characterization of
two model CML cell lines resistant to imatinib, in order to identify putative metabolic
vulnerabilities associated with imatinib resistance, which can be exploited as potential
therapeutic targets in the imatinib-resistant cells. Proteomic characterization of exosomes derived
from imatinib-resistant K562 cells could elucidate the role of exosomes in the transfer of drug

resistance traits among CML cells.
Specific aims were as follows:

1. Proteomic characterization of CML cells resistant to imatinib, covering two different
mechanisms of resistance, and identification of metabolic adaptations in their proteomes which

contribute to their proliferation in the presence of imatinib.

2. Evaluation of adaptational changes in the phenotypes of imatinib-resistant cells as metabolic
vulnerabilities specific for cells resistant to imatinib, which can be targeted by clinically available

drugs and exploited as potential therapeutic targets.

2. Elucidation of the effect of exosomes derived from K562 cells resistant to imatinib on

survival of cells sensitive to the drug.

3. Proteomic characterization of exosomes derived from K562 and K562 cell lines with an

emphasis on identification of clinically relevant markers of resistance to imatinib.
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3. Materials and methods

Materials. All chemicals, unless otherwise stated, were purchased from Merck KgaA.

Methods. All methods which have already been published are in detail described in the

publications.

Cell lines. The human CML-T1 and K562 cell lines (purchased from the German Collection of
Microorganisms and Cell culture GmbH) were grown in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific), 100 U/ml penicillin G, 100 pg/ml streptomycin and 7.5% sodium bicarbonate at 37°C
in a humidified incubator with 5% CO>. CML-T1™® and K562'® resistant to imatinib were derived
from original sensitive cell lines (CMLT-T1, K562) by prolonged cultivation in gradually

increasing imatinib concentrations.

Mutational analysis of BCR-ABLI kinase domain. CML-T1 and CML-T1™® cells were first
analyzed by Sanger sequencing as previously described (Polédkova et al., 2010; Toman et al.,
2016). The results were later completed by next-generation sequencing (NGS). K562 and K562'%
cells were analyzed directly by NGS (Hrdinova et al., 2021).

BCR-ABLI gene copy number analysis in K562 and K562'% cells. BCR-ABLI copy number in
K562 and K562 cells was determined by quantitative droplet digital PCR (ddPCR) method and
a K562 specific assay based on the BCR-ABL 1 gene breakpoint sequence (Hrdinova et al., 2021).

Measurement of BCR-ABLI transcript levels in K562 and K562'% cells. Total RNA from K562
and K562 cells was isolated using TRIzol® reagent (Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. cDNA was synthesized by 200 U M-MLV reverse
transcriptase (Promega Corporation) and random hexamer primers (Jena Bioscience GmbH)
according to the instruction of the manufacturer, with incubation at 37°C for 1 h and denaturation
at 95°C for 5 min. B-Glucuronidase (GUSB) was used as the control gene (Rulcova et al., 2007,
Moravcova et al., 2009). The measurement of the expression levels of BCR-ABL 1 was performed

according to the Europe Against Cancer protocol (Gabert et al., 2003).

Cell viability assays. CMLT1 and CML-T1® cells (1x10%) were grown in the presence of
increasing concentrations of the tested drugs imatinib, amiloride, 3’,4'-dichlorobenzamil
hydrochloride (DCB), thapsigargin, ionomycin, verapamil, carboxyamidotriazole (CAl),
FK-506, and CsA for 3 days. K562 and K562™® cells (5x10%) were cultured in the presence of

increasing concentrations of selected inhibitors, i.e. imatinib, PPP, Stattic, NT157, and
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cyclosporine H (CsH) for 3 days. Inhibitor toxicity was determined by measuring cell viability
using the Vybrant™ MTT cell proliferation assay kit (Thermo Fisher Scientific, Inc.), following
the manufacturer’s instructions. Absorbance was detected at 570 nm using a microplate reader
(Chameleon; Hidex Oy) or using a multimode microplate reader (Spark, Tecan Group, Ltd.).

Data were analyzed using MikroWin 2000 software, v4.0 (Mikrotek Laborsysteme GmbH).

Multidrug resistance (MDR) assay. Measurement of drug efflux from CML-T1 and CML-T1®
cells was performed using the Vybrant" Multidrug Resistance Assay kit (Thermo Fisher
Scientific, Inc.). CML-T1 and CML-T1™R cells (5x10* cells/well) were grown in a 96-well plate
for 24 h. Then the cells were treated with CsA and/or verapamil (at a final concentration ranging
from 0.4 to 120 pg/ml). Untreated cells were used as a control. After 1 hour of treatment, calcein
acetoxymethyl ester (calcein-AM) was added to 100 pl of each cell sample. After 30 min, the
cells were washed twice with 200 pl of cold RPMI 1640 medium, and the fluorescence of the
retained calcein was measured at 485 nm and 538 nm by spectrofluorometer FluoroMax-3

equipped with DataMax software (Jobin Yvon Horriba, Kyoto, Japan).

Cytosolic pH measurement. The assay was performed according to Kiedrowski (Kiedrowski,
2011). Cells were treated with 1 uM BCECF-AM (2',7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein) for 20 min at room temperature. To monitor the fluorescence of BCECF, the
cells were exposed every 5 sec to excitation light (488 and 440 nm) and the fluorescence emission
spectra up from 520 nm (F488 and F440) were measured by a spectrofluorometer FluoroMax-3
equipped with DataMax software (Jobin Yvon Horriba, France). Cytosolic pH values were
calculated from F488/F440 ratios based on in sifu calibration performed at the end of the

experiments according to Kiedrowski (Kiedrowski, 2011).

Measurement of cytosolic Ca’*. Calcium concentration in the cytosol was measured as
previously described (Kinsella et al., 1997). Briefly, the cells were washed with modified Hank's
balanced salt solution (HBSS) buffer (140 mM NacCl, 5 mM KCl, 2 mM CaCl,, 3 mM MgCl,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES), 50 mM glucose pH
7.4) and treated with 3 uM Fura-2 acetoxymethyl ester (Fura-2/AM) for 30 min at 25°C in the
dark, rinsed and allowed to rest for 30 min prior to fluorescence measurements by a FluoroMax-
3 spectrofluorometer equipped with DataMax software (Jobin Yvon Horriba, Japan). The
fluorescence intensity of Fura-2/AM (excitation at 340 and 380 nm, and emission at 510 nm) was
recorded every 15 sec, with an integration time of 3 sec. Free intracellular Ca** concentration

was determined proportionally to the ratio of fluorescence at 340/380 nm. Grynkiewicz equation
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was used to calculate the actual Ca®" concentration (Grynkiewicz et al., 1985). The Kq for

Ca?" binding to Fura-2/AM was 240 nM at the experimental temperature.

Sample preparation for two-dimensional electrophoresis (2-DE). CML-T1 and CML-T1™® cells
were washed twice with phosphate buffered saline (PBS) and lysed in a lysis buffer composed
of 7 M urea, 2 M thiourea, 4% CHAPS, 60 mM dithiothreitol (DTT), 1% ampholytes (IPG buffer
pH 4.0-7.0; GE Healthcare Life Sciences), and a protease inhibitor cocktail (Roche Diagnostics)
for 20 min at room temperature. The cleared cell lysates (15,000 x g for 20 min at room
temperature) were collected and the protein concentration was determined by the Bradford
method (Bio-Rad Laboratories, Inc.). The protein concentration in all samples was equalized by

dilution with the lysis buffer to 7.3 mg/ml.

Two-dimensional electrophoresis (2-DE). Each biological sample of CML-T1 and CML-T1®
was run in six technical replicates. Isoelectric focusing was carried out using a Bio-Rad Protean
IEF cell. Immobilized pH gradient (IPG) strips (pH 4.0-7.0; 24 cm, GE Healthcare Life Sciences)
were rehydrated overnight, each in 450 pl of sample, representing 3.3 mg of protein. Isoelectric
focusing was performed for 60 kVh, with the maximum voltage not exceeding 5 kV, the current
limited to 50 mA/strip, and the temperature set to 18°C. The focused IPG strips were equilibrated
and reduced in equilibration buffer A (6 M urea, 50 mM Tris pH 8.8, 30% glycerol, 2% SDS,
and 450 mg DTT/50 ml of the buffer) for 15 min and subsequently alkylated in equilibration
buffer B (6 M urea, 50 mM Tris pH 8.8, 30% glycerol, 2% SDS and 1.125 mg iodoacetamide/50
ml). The second dimension was performed in 10% polyacrylamide gel electrophoresis (PAGE)
gels, equilibrated strips were secured in place by molten agarose. Electrophoresis was performed
in a Tris-glycine-SDS system using a Protean Plus Dodeca Cell apparatus (Bio-Rad Laboratories,
Inc.) with buffer circulation and external cooling (20°C). The twelve gels were run at a constant
voltage of 200 V for 6 h. Following electrophoresis, the gels were washed three times for 15 min
in deionized water to remove SDS. The washed gels were subsequently stained in Coomassie G-
250 (SimplyBlue SafeStain, Invitrogen Life Technologies, Carlsbad, CA, USA) overnight, and

then destained in deionized water.

Densitometry. Calibrated densitometer GS 800 was used to scan the stained gels (Bio-Rad, Inc.).
Analysis of images was performed with Phoretix 2D software (Nonlinear Dynamics, Newcastle
upon Tyne, UK) in semi-manual mode. Normalization was based on total spot density. Integrated
spot density values (spot volumes) were calculated after background subtraction. Average spot

volume values (averages from all the six gels in the group) for each spot were compared between
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the groups. Protein spots were considered differentially expressed if the average difference of
normalized spot volume was >1.5-fold and the statistical significance of the change determined

by the t-test was P<0.05.

Matrix-assisted laser desorption/ionization (MALDI) MS, protein identification. Differentially
expressed proteins were manually excised from gels, cut into small pieces, and washed with 25
mM ammonium bicarbonate in 50% acetonitrile (ACN) three times. The gels pieces were then
dried in a SpeedVac concentrator (Eppendorf, Hamburg, Germany) and subsequently incubated
with sequencing grade modified trypsin (6 ng/ul) (Promega) in 25 mM ammonium bicarbonate
in 5% ACN overnight at 37°C. The resulting peptides were extracted with 50% ACN. Samples
were then spotted on a steel target plate (Bruker Daltonics, Bremen, Germany) and allowed to
dry at room temperature. Matrix solution composed of 3 mg a-cyano-4-hydroxycinnamic acid in
1 ml of 50% ACN containing 0.1% trifluoroacetic acid was then added. Positive-ion MALDI
mass spectra were measured on an Autoflex I MALDI-TOF/TOF mass spectrometer (Bruker
Daltonics) equipped with a solid nitrogen laser (337 nm) and FlexControl software in reflectron
mode. The mass spectrometer was calibrated externally using Peptide Calibration Standard II
(Bruker Daltonics). Spectra were acquired in the mass range of 800-3,000 Da. Flex analysis
software was used to generate peak lists. Proteins were identified by searching against Swiss-
Prot (2014 version) using the Mascot software. The search criteria were set as follows: mass
tolerance 100 ppm, taxonomy Homo sapiens, 1 missed cleavage, the cysteine
carbamidomethylation as a fixed modification, oxidation of methionine, and protein N-terminal
acetylation as variable modifications. Proteins were considered as identified with a Mascot score

threshold over 56 for P<0.05.

Gene microarray targeting WNT. Total RNA was isolated from CML-T1 and CML-T1™® cells
using TRIzol reagent (Thermo Fisher Scientific, Inc.) and a RNeasy Mini kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions. cDNA was synthesized using M-MLV
reverse transcriptase (Promega) and random hexamer primers (Jena Bioscience GmbH). The
expression of 92 genes from the WNT signaling pathway and four control genes was analyzed
on a TagMan® array human WNT Pathway Fast 96-well plate (Invitrogen Life Technologies) by
a StepOnePlus™ RT-PCR system (Applied Biosystems, Foster City, CA, USA) in triplicates for
both CML-T1 and the CML-T1™ cells. The genes (n=25), for which the amplification signals
were not observed in one or more replicates simultaneously for CML-T1 and CML-T1™® were
excluded from the analysis. GUSB was used as the control gene (White et al., 2015). Relative

expression levels of the genes (n=67) were evaluated using the 2724 formula according to
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Livak et al (Livak and Schmittgen, 2001). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used for data control checking and provided highly similar results as obtained
with GUSB.

Exosome isolation from K562 and K562'% cells. K562 and K562 cells were cultured in RPMI
medium with 10% exosome-depleted FBS for 5 days. Exosomes were isolated from 200 ml cell

culture media according to the protocol as described (Théry et al., 2006; Hrdinova et al., 2021).

Exosome visualization by transmission electron microscopy. Exosomes were resuspended in
Trump’s 4F:1G fixative and adsorbed on Formvar/carbon-coated grids which were conditioned
with 1% Alcian blue in 1% acetic acid. The adsorbed exosomes were negatively stained with 2%
phosphotungstic acid and then viewed at 100 kV with a JEM 2000 CX microscope (JEOL, Ltd.)
equipped with an Olympus MegaviewTM II digital camera (Olympus Corporation).

Exosome size and concentration measurement using tunable resistive pulse sensing. Exosomal
aliquot resuspended in phosphate-buffered saline (PBS) was placed in the NP150 nanopore
(qNano; Izon Science). All samples were measured with the same applied voltage and at a defined
membrane stretch at two pressure levels of 5 and 11 mbar. The calibration particles were

measured immediately after the exosomal samples and under identical conditions.

Exosome fluorescent labeling and uptake monitoring. Freshly isolated exosomes were
resuspended in PBS, labeled with carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen;
Thermo Fisher Scientific, Inc.), diluted to a final concentration of 20 uM, and incubated at room
temperature in the dark for 25-30 min. The CFSE labeling process was stopped by adding 4 ml
of cold complete media, supplemented with 10% FBS on ice for 5 min. Exosomes labeled with
CFSE were diluted in PBS, collected by ultracentrifugation (100,000 x g for 70 min at 4°C), and
resuspended in 1.5 ml cell culture media with K562 cells (5x10° cells/ml). CFSE-positive cells
were observed under a FluoView FV1000 confocal laser scanning microscope (Olympus
Corporation) using an UPlanSAPO 60x NA1.35 oil immersion objective (magnification, x60).
A 488 nm laser was used for CFSE excitation, and fluorescence emission was detected with a
high sensitivity GaAsP detector at 500-600 nm. Fluorescent images were processed using the

FluoView software (FV10 ASW v3.1; Olympus Corporation).

Exosomes and cell co-cultivation. The K562 cells were co-cultured with exosomes derived either
from K562 or K562 cells for 4 h and then incubated with 2 uM imatinib for 48 h. Cell viability
was assessed by a Vybrant® Cell Proliferation Assay kit (Thermo Fisher Scientific, Inc.). The

absorbance was measured at 570 nm using a microplate reader (Chameleon; Hidex Oy).
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Preparation of nuclear and cytoplasmic extracts. Cytoplasmic and nuclear extracts were
prepared using the Nuclear and Cytoplasmic Extraction kit (NE-PER; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions with an additional modification in the final step
of the nuclear protein extraction procedure, where the resulting pellets of the nuclear proteins
were washed in ice cold PBS supplied with a protease inhibitor cocktail (Roche Diagnostics) and

re-centrifuged at 16,000 x g to remove cytoplasmic protein contaminations.

Western blot analysis. CML-T1 cell pellets were lysed in lysis buffer containing 50 mM Tris pH
7.4., 1% Triton X100, a protease inhibitor cocktail, 1 tablet/10 ml (Roche Diagnostic) on ice for
20 min. K562 and K62 cells were treated with PPP (100 nM), Stattic (5 uM), NT157 (0.5 uM),
CsH (8 uM) for 24 h for detection of total proteins and for 4 h for detection of phosphoproteins.
K562 and K562 cell pellets were solubilized in CelLytic™ M lysis buffer containing protease

inhibitor cocktail (1 tablet/10 ml; Roche Diagnostics) on ice for 20 min.

K562 and K562 exosome pellets were lysed in 150 pl lysis buffer composed of 140 mM sodium
chloride, 10mM HEPES, 0.15% Triton X100, and protease inhibitor cocktail (1 tablet/10 ml;
Roche Diagnostic), and incubated on ice for 20 min. An Amicon Ultra 0.5. ml 3 kDa molecular
weight cut-off (MWCO) centrifugal filter was used to pooled and concentrate exosome samples.
Micro BCA™ protein assay kit (Pierce; Thermo Fisher Scientific) was used according to the
manufacturer’s instructions to determine the protein concentration and the protein samples were

frozen and stored at -80°C.

The cleared cell lysates from CML-T1, CML-T1™® K562, and K562™ were collected by
centrifugation at 15,000 x g for 20 min at 4°C, and the protein concentration was determined by

the Bradford method (Bio-Rad Laboratories, Inc.).

CML-T1 and CML-TI™ lysed samples (60 pg) were combined with SDS loading buffer
containing DTT and separated on Novex precast 4-20% gradient gels (Thermo Fisher Scientific).
The lysed samples (30-60 pg) from K562 and K562™® cells and their respective exosomes were
mixed with Laemmli sample buffer (Bio-Rad Laboratories, Inc.) containing 2-mercaptoethanol
and separated on 4-15% or 7.5% (in the case of Bcr-Abl separation) precast gels (Mini
PROTEAN® TGX™; Bio-Rad Laboratories, Inc.). The separated proteins were transferred onto
polyvinylidene fluoride membranes using the iBlot system, according to the manufacturer's
instructions (Thermo Fisher Scientific, Inc.). The membranes were blocked for 1 h in
SuperBlock™ blocking buffer (Thermo Fisher Scientific, Inc.) and incubated overnight at 4°C
with primary antibodies diluted to 1:1,000 in PBST (PBS, 0.1% Tween-20) (Table I).
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After extensive washing in PBST, the membranes were incubated with secondary antibodies
diluted to 1:20,000 in PBST (PBS, 0.1% Tween-20) (Table I) for 90 min at room temperature.
Protein bands in the case of CML-T1 and CML-T1™® cells were detected with an enhanced

chemiluminescence detection reagent (ECL; GE Healthcare Life Sciences) on X-ray film

(Kodak, Rochester, NY, USA), developed, scanned, and quantified by the Quantity One software

(Bio-Rad). Protein bands in the case of K562 and K562 cells and their respective exosomes

were detected using a G:BOX imager (Syngene Europe), and quantified using ImageJ software,

v1.8.0 (National Institutes of Health).

Table I. List of primary and secondary antibodies.

Antibody Specificity / Host Clonality Supplier Cat. no.
Sensitivity

Primary

B-actin rabbit | monoclonal | Cell Signaling Technology, Inc. | 4970
NFAT rabbit | monoclonal | Cell Signaling Technology, Inc. | 5862
NHERF1 rabbit | monoclonal | Cell Signaling Technology, Inc. | 8601
MRP2/ABCC2 rabbit | monoclonal | Cell Signaling Technology, Inc. | 12559
c-Abl rabbit | polyclonal Cell Signaling Technology, Inc. | 2862S
Bcer-Abl (7C6) mouse | monoclonal | Abcam ab187831
GAPDH rabbit | monoclonal | Merck KgaA SAB5600208
IFITM3 rabbit | monoclonal | Cell Signaling Technology, Inc. | 59212
CD146 mouse | monoclonal | BD Biosciences 563619
CD36 rabbit | monoclonal | Cell Signaling Technology, Inc. | 14347S
STAT3 rabbit | monoclonal | Cell Signaling Technology, Inc. | 4904S
phospho-STAT3 (Tyr705) | rabbit | monoclonal | Cell Signaling Technology, Inc. | 9145S
phospho-STAT3 (Ser727) | rabbit | polyclonal | Cell Signaling Technology, Inc. | 9134S
histone H3 rabbit | monoclonal | Cell Signaling Technology, Inc. | 4499S
lamin B1 rabbit | monoclonal | Cell Signaling Technology, Inc. | 12586S
IGF-I Receptor 3 rabbit | monoclonal | Cell Signaling Technology, Inc. | 9750S
phospho-IGF-I Receptor B | rabbit | monoclonal | Cell Signaling Technology, Inc. | 3024S
(Tyr1135/1136)/Insulin

Receptor

(Tyr1150/1151)

IRS-1 rabbit | monoclonal | Cell Signaling Technology, Inc. | 3407S
phospho-IRS-1 (Ser612) rabbit | monoclonal | Cell Signaling Technology, Inc. | 3203S
phospho-IRS-1 rabbit | polyclonal Cell Signaling Technology, Inc. | 2388S
(Ser636/639)

Akt (pan) rabbit | monoclonal | Cell Signaling Technology, Inc. | 4691S
p44/42 MAPK (Erk1/2) rabbit | polyclonal Cell Signaling Technology, Inc. | 91028
phospho-p44/42 MAPK rabbit | monoclonal | Cell Signaling Technology, Inc. | 4370S
(Erk1/2) (Thr202/Tyr204)

p-Aktl (5.Ser 473) mouse | monoclonal | Santa Cruz Biotechnology sc-293125
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EXOAB antibody kit 1: rabbit | polyclonal Systems Biosciences, LLC EXOAB-

CD63, CD81, CD9 and KIT-1
HSP70

Secondary

horseradish goat polyclonal Cell Signaling Technology, Inc. | 7074P2

peroxidase-conjugated
anti-rabbit

horseradish horse | polyclonal Cell Signaling Technology, Inc. | 7076P2
peroxidase-conjugated
anti-mouse

Sample preparation for tandem mass spectrometry (MS/MS) analysis: K562 cells and exosomes.
Exosomes derived from K562 and K562'% cells. A total of five pairs of independent exosomal
isolations from both K562 and K562 cells were analyzed by MS/MS spectrometry. The
filter-aided sample preparation method with some modifications was used (Wisniewski et al.,
2009). Detailed description of proteomic sample preparation is described in the publication by

Hrdinova et al. (Hrdinova et al., 2021).

K562 and K562'F cell lysates. A total of 5 pairs of independent cell lysates from both K562 and
K562 cells were subjected to MS/MS analysis. The filter-aided sample preparation method with
some modifications was used (Wisniewski et al., 2009). Frozen cell pellets were resuspended in
100 mM ammonium bicarbonate, transferred to spin columns (Amicon Ultra 0.5 ml 10 kDa
MWCO centrifugal filters; Merck KGaA), and centrifuged at 26,000 x g for 20 min at 4°C. The
samples were then washed twice with 400 ul 100 mM ammonium bicarbonate and centrifuged
again (26,000 x g for 20 min at 4°C). RapiGest™ (0.1%; Waters Corporation) dissolved in 100
pl 50 mM Tris/HCI (pH 7.5) was subsequently added to the samples in the spin columns, then
the samples were incubated at 95°C for 10 min. After allowing the samples to cool down, 200 pul
0.1% RapiGest™ in 50 mM Tris/HCI (pH 7.5) with 8 M guanidinium chloride was added, and
the samples were subsequently incubated for 20 min at room temperature. Samples were washed
twice by 0,4 pul 100 mM ammonium bicarbonate (26 000 x g, 20 min at 4 °C). Benzonase
(SRP6593-5KU, Sigma-Aldrich) was added to the final concentration 150U/ml, and samples
were incubated on ice for 1 hour. The samples were then centrifuged at 18,000 x g for 25 min at
25°C. Sample aliquots (10 pl) were taken for protein concentration quantification using the
QuantiPro™ BCA Assay kit (Sigma-Aldrich; Merck KGaA). Subsequently, the samples were
reduced with 100 pl 100 mM (Tris)2-carboxyethyl phosphine hydrochloride for 30 min at 55°C
in a thermoshaker (Biosan, Ltd.) set at 600 rpm, alkylated with 100 ul 300 mM iodoacetamide at
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37°C for 30 min in the dark, then centrifuged at 12,000 x g for 35 min at 25°C. Next, the samples
were digested overnight at 37°C using 2 pg sequencing-grade trypsin (Promega Corporation).
The digested samples were then transferred into a new microtube for subsequent centrifugation
(12,000 x g for 35 min at room temperature). Empore™ Solid Phase Extraction cartridges (C18;
standard density, bed 1.D., 4 mm) (3M Company) were used to desalt the peptide mixtures.
Peptides were eluted in 60% ACN/0.1% trifluoroacetic acid (TFA), then dried in a SpeedVac.
Prior to MS analysis, the samples were resuspended in 30 pul 2% ACN/0.1% TFA.

Liquid chromatography (LC) MS/MS (LC-MS/MS) of K562, K562'% cells, and their respective
exosomes.

LC-MS/MS analysis. The LC separation of exosome and cell samples was carried out by an
UltiMate™ 3000 RSLCnano system controlled by Chromeleon software (Dionex; Thermo Fisher
Scientific, Inc.). Aliquots (1 pl) of each sample (10X diluted) were loaded onto a capillary trap
column (PepMap100 C18, 3 um, 100 A, 0.075x20 mm Dionex; Thermo Fisher Scientific, Inc.)
at 5 ul/min for 5 min. Afterward, the peptides were separated on an analytical column (PepMap
RSLC C18, 2 um, 100 A, 0.075x150 mm Dionex; Thermo Fisher Scientific, Inc.) by a gradient
formed by the mobile phase A [0.1% formic acid (FA)] and mobile phase B [80% ACN/0.1%
FA], running from 4 to 34% over 68 min, and from 34 to 55% of mobile phase B over 21 min, at
a flow rate of 0.3 pl/min at 40 °C. Subsequently, the eluted peptides were electrosprayed directly
into Nanospray Flex ion source (Thermo Fisher Scientific, Inc.) and detected by Q-Exactive™
mass spectrometer. Full positive ion MS spectra (350-1,650 m/z) were acquired using a 1x10°
automatic gain control (AGC) target in the Orbitrap at 70,000 resolution. The top 12 precursors
with charge state >2 and threshold intensity of 5x10* counts were selected for higher-energy
collisional dissociation fragmentation, with a dynamic exclusion window of 30 sec. The isolation
window of 1.6 Da and normalized collision energy 27% was used. Each MS/MS spectrum was
acquired at a resolution of 17,500, with a 1x10°> AGC target and a maximum 100 msec injection

time.

Label-free quantification (LFQ): Raw data processing. Analysis of the acquired raw files was
performed against the Homo sapiens subset of the SwissProt database (exosomes: downloaded
on 4th July 2019; 26,468 sequences, K562 cells: downloaded on 8th July 2020; 26,549
sequences) by the MaxQuant software, v1.5.3.30 (Cox and Mann, 2008) [Andromeda was used
as the search engine (Cox et al., 2011)]. Tryptic peptides at least 7 amino acids in length, with
up to two missed cleavages were evaluated in configuration of mass tolerance 4.5 ppm at the MS

level, and 0.5 Da at the MS/MS level. The oxidation of methionine was set as a variable
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modification, and the carbamidomethylation of cysteine was set as a fixed modification. For the
peptide spectra matches and protein identification using a target decoy approach, a false
discovery rate (FDR) of 1% was used. The default parameters of the MaxLFQ algorithm (Cox et

al., 2014), with the minimum ratio count set to 2 were used for relative quantification.

LFQ: Data analysis. The ‘proteinGroups.txt’” MaxQuant output file was uploaded into Perseus
v1.5.2.6 (Tyanova et al., 2016). Potential, contaminants, decoy hits, and proteins only identified
by site were removed. Protein groups quantified in at least four of five replicates for exosomes
and in at least three of five replicates for K562 cells were considered for further log:
transformation of the LFQ intensities. Missing values were imputed from a normal distribution
[Gaussian distribution width, 0.3 standard deviation (SD) and downshift 1.8 SD of the original
data]. Exosomal data was normalized by the open source tool Normalyzer
(http://www.quantitativeproteomics.org/normalyzerde) using the variance stabilization
normalization method (Chawade et al., 2014). The Student's t-test (permutation-based FDR 0.05,
S0=0.1) was used for statistical analysis. Finally, proteins from this group with a fold change at
least 1.5 were considered as being significantly different (P<0.05). Inter-run reproducibility of
individual LC-MS analyses was evaluated by Pearson's correlation test. Proteins with expected
or known cell-surface localization were selected using GenieScore, an algorithm for the
prediction of surface localization (Waas et al., 2020). The Exocarta database
(http://www.exocarta.org/) was used to compare the proteins identified with those already found

1n exosomes.

Flow cytometry analysis. K562 and K562™® cells (1.5x10° cells) were washed in washing buffer
composed of PBS supplemented with 0.1% bovine serum albumin (BSA) and 2 mM
ethylenediaminetetraacetic acid (EDTA), centrifuged at 300 x g for 10 min at room temperature,
and then resuspended in washing buffer. Aliquots (50 ul) the K562 and K562™® cell suspension
(10° cells/tube) were transferred to tubes and incubated with 1 pl Anti-IFITM3 AF405 (cat. no.
ITA8095; 1:50; G-Biosciences; Geno Technology, Inc.), 1 pl anti-CD146 AF647 (cat. no.
563619; 1:50; BD Biosciences) and 2 ul Anti-Hu CD36 FITC (cat. no. 1F-451-T100; 1:25;
EXBIO Praha, a.s.) in the dark for 30 min at room temperature. The samples were then washed
with 1 ml of washing buffer prior to centrifugation (300 x g for 5 min at 25°C). Cell pellets were
resuspended in 250 pl of washing buffer and the samples were analyzed by flow cytometry, in
triplicate, using BD FACSCanto™ II Cell Analyzer (BD Biosciences). The data was analyzed
by BD FACSDiva software (v6.1.3; BD Biosciences). Mean fluorescence intensity (MFI) was
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determined for the whole sample, and the fraction of positively stained cells (P2) was determined

as the percentage of the parent population.

Sample preparation for RT-PCR. K562 and K562™® cells were cultured in 5 mL RPMI 1640
medium, supplemented with 2 M imatinib in the case of K562™® cells. K562'® cells were treated

with Stattic (5 uM) or NT157 (0.5 uM) for 24 h.

RT-PCR. mRNA from K562 and K562™® cells treated with Stattic or NT157 was isolated using
TRIzol® Reagent (Invitrogen™). First, 2 mL of each cell culture was centrifuged at 300 g for 5
min at RT. The supernatant was discarded, and the cell pellets were resuspended with 5 mL of
PBS and centrifuged at 300 g for 5 min at RT. The cell pellet was resuspended in 1 mL of PBS,
transferred to 1.5 mL Eppendorf tube, and washed under the same conditions. The supernatant
was discarded and the cell pellets were resuspended in 300 pL of TRIzol® Reagent
(Invitrogen™) by pipetting up and down several times. After 5 min incubation at RT 67 pL of
chloroform was added. Samples were vigorously shaken by hand for 15 s and additionally
incubated for 3 min at RT. Next, the samples were centrifuged at 12,000 g for 15 min at 4°C.
The sample content was thus separated into multiple layers. The upper aqueous phase containing
RNA was carefully removed and transferred into a new Eppendorf tube. Then 133 pL of 100%
isopropanol was added, the samples were incubated for 10 min at RT and afterward centrifuged
at 12,000 g for 10 min at 4°C. The supernatant was removed and the RNA was washed with 300
uL of 75% ethanol. The samples were vortexed and subsequently centrifuged at 7,500 g for 5
min at 4°C. The supernatant was discarded and the pellets were let to air dry for 10 min. Finally,
the isolated RNA was resuspended in 50 uL of DNA/RNA free water (TopBio), incubated at
55°C in a heat block for 10 min, and stored at -80°C for further application. The contaminant
DNA was removed by application of DNA-free™ Kit (Ambion, Life Technologies). Five uL of
10X DNase I Buffer and 1 pL of rDNase I were added to the thawed RNA samples. The reaction
mixture was gently mixed and incubated at 37°C for 30 min. The reaction was terminated by
adding 5 pL of DNase Inactivation Reagent for 2 min at RT with occasional gently mixing. The
samples were then centrifuged at 10,000 g for 1.5 min at RT and the supernatant was transferred
to a new Eppendorf tube. The RNA concentration was determined by Nanodrop. The
transcription reaction was prepared following SuperScript® IV Reverse Transcriptase protocol
(Invitrogen, Thermo Fischer Scientific). First, the reaction mixture for primer annealing was
prepared by adding 1 pL of 50 uM Oligo d(T)2o primer, 1 uL of 10 mM dNTP mix (Invitrogen,
Thermo Fischer Scientific), 2 pg of total RNA, and sufficient amount of nuclease-free water. The

sample was briefly vortexed, spun in the table centrifuge, and incubated for 5 min at 65°C. The
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mixture was then cooled for 1 min on ice. Next, 7 pL of RT reaction mixture composed of 4 puL
5X SSIV Buffer, 1 uL 100 mM DTT, Rnase OUT™ Recombinant RNase Inhibitor (Invitrogen,
Thermo Fischer Scientific) and 1 pL of SuperScript® IV Reverse Transcriptase (200U/uL) were
added. Negative controls lacking the SuperScript® IV Reverse Transcriptase were also included.
The thermal protocol included 10 min incubation at 55°C and 10 min inactivation at 80°C. The
cDNA samples were stored at -20°C before RT-PCR reaction. For RT-PCR, PowerUP Sybrgreen
master mix (Applied Biosystems), predesigned KICqStart® Primers (Merck), and PCR water
(TopBio) were Utilized. First, lyophilized KICqStart® Primers were resuspended in an
appropriate volume of PCR water in order to obtain 100 uM solutions. Forward and reverse
primers were combined into 10 uM F+R primer solutions. Each RT-PCR reaction with 5 pL final
volume contained 2.5 pL PowerUP Sybrgreen master mix, 0.5 pL 10 uM F+R primer solution
and 2 pL. cDNA or PCR water (no template controls). Individual PCR reactions were prepared
into 384 well plate by automated pipetting robot (Opentrons). The thermal protocol included
precincubation at 95°C for 5 min and 40 cycles of amplification (95°C 15 sec, 60°C 20 sec, 72°C
30 sec) performed by Roche 480.

Table II. List of primers.

Name Forward Reverse

AKTI AAGTACTCTTTCCAGACCC TTCTCCAGCTTGAGGTC
IFITM3 | GCCTATGGATAGATCAGGAG TTTTTAGCACCAGAAACACG
IGFIR | AAAGACAAAATCCCCATCAG TGCAGGAAATTCTCAAAGAC
IRS-1 CAGAATGAAGACCTAAATGACC | ATGCATCGTACCATCTACTG
STAT3 | GGTACATCATGGGCTTTATC ITTTGCTGCTTTCACTGAATC
ACTB | GACGACATGGAGAAAATCTG ATGATCTGGGTCATCTTCTC

Statistical analysis. The data are expressed as the mean = SD, from at least three replicates.
Statistical analysis was performed using the GraphPad Prism v8.0 software (GraphPad Software,
Inc.). Relative resistance of CML-T1, CML-T1R, K562, and K562 cells to imatinib was
evaluated using an unpaired Student's t-test. The toxicity of inhibitors (PPP, Stattic, NT157, CsH)
was evaluated using an unpaired Student's t-test. For the investigation of cell survival following
exosome exposure, one-way ANOVA with Tukey's post hoc test was used to determine the
statistical significance. P<(0.05 was considered to indicate a statistically significant difference.
For investigation of IFITM3 mRNA expression, one-way ANOVA with Dunnett's multiple

comparisons test was used.
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4. Results

4.1. Targeting metabolism of CML cells with a point mutation in

BCR-ABLI

Our first model study on CML cells resistant to imatinib was performed on CML-T1® cells,
where the resistance is associated with a point mutation in the kinase domain of BCR-ABL1 gene.

1R cells,

To describe molecular changes associated with the resistant phenotype of CML-T
proteomic analysis using 2-DE electrophoresis (6 replicates for each state) followed by MALDI

MS identification of differentially expressed spots was performed.

Development of imatinib-resistant CML-TI™® subclone. CML-T1™® cells were derived by
prolonged cultivation of the original sensitive CML-T1 cells in increasing concentration of
imatinib (Toman et al.,, 2016). The half-maximal effective imatinib concentration (ECso),
determined from reduction of cell viability, was 0.45+£0.015 pM for the parental CML-T1 cells
(Figure 6). The resistant CML-T1™R cells fully proliferated in the presence of 20 pM imatinib,

which had no cytotoxic effect.
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Figure 6. Viability of CML-T1 and CML-TI'R cells. Viability of CML-TI and CML-TI'R cells in the presence of imatinib. Cells
were cultured in the presence of imatinib for 3 days and the viability was determined using the MTT assay. Error bars indicate
+ SD of three or more independent measurements. IR, resistant to imatinib.

Mutation analysis of CML-TI'® cells. The typical mechanism of resistance to imatinib (and other
TKIs) is a point mutation in the kinase domain of the BCR-ABLI gene (Gorre et al., 2001;
Hochhaus et al., 2002). Mutational analysis of the BCR-ABLI gene in CML-T1™® cells was
performed and a causal mutation Y253H causing resistance was detected in 69% of BCR-ABL1

transcripts in CML-T1® cells (Toman et al., 2016).
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Proteomic analysis reveals upregulation of two NHERF 1 variants in the CML-TI'® cells. We
hypothesized that in addition to imatinib-resistant mutation in the BCR-ABLI gene, CML-T1®
cells may adapt their metabolism and/or intracellular signaling pathways for better proliferation
in the presence of imatinib (Kominsky et al., 2009; Adamia et al., 2013). If there are specific
molecular alterations driven by imatinib-resistant phenotype, some of them may be exploited as
targets for selective inhibition of the resistant cells by clinically available inhibitors, which bears
a potential for future combined therapies. To identify these alterations, two-dimensional (2-DE)
proteomic analysis of CML-T1 and CML-T1™® cells was performed. A total of eight proteins
significantly differed in their quantities (Figure 7A) (Table III). The most upregulated protein in
CML-T1™ cells was NHERF1 also known as the solute carrier family 9 isoform A3 regulatory
factor 1 (SLC9A3R1). NHERF1 was identified in two variants with different isoelectric points
but comparable molecular weights (Table III, Figure 7B). Upregulation of NHERFI was
confirmed by Western blot (Figure 7C). In addition to NHERFI, increased expression of
calreticulin, microtubule associated proteins, and protein chaperones were detected in the

CML-T1™®R cells (Table III).

Table III. Differentially expressed proteins in the CML-T1™® cells.

Upregulated proteins in CML-T1'® cells
Gene name Protein Protein Fold P- Seque | Mascot MW pl
IDs names chan | value nce score (Da)
ge covera
ge (%)
SLC9A3R1 014745 | Na'/H" 2.84 | <0.009 21 57 39,130 | 5.55
exchange
regulatory
cofactor
NHERF1
SLC9A3R1 014745 | Na'/H" >10 | <0.001 32 84 39,130 | 5.55
exchange
regulatory
cofactor
NHERF1
RUVBL2 Q9Y230 | RuvB-like 6.8 | <0.015 29 81 51,296 | 5.49
2
CALR P27797 | Calreticulin | 1.8 | <0.023 24 71 48,283 | 4.29
ADA P00813 | Adenosine 2.9 | <0.009 36 87 41,024 | 5.63
deaminase
TPM4 P67936 | Tropomyos | 1.56 | <0.036 63 198 28,619 | 4.67
in 0-4 chain
HSPBI1 P04792 | Heat shock | >10 | <0.001 35 136 22,826 | 5.98
protein B-1
Downregulated proteins in CML-T1'R cells
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Gene name Protein Protein Fold P- Seque | Mascot MW pl
IDs names chan | value nce score (Da)
ge covera
ge (%)
RUVBL2 Q9Y230 | RuvB-like | -2.17 | <0.02 38 149 51,296 | 5.49
2
VATI Q99536 | Synaptic -3.7 | <0.039 34 60 42,122 | 5.88
vesicle
membrane
protein
VAT-1
homolog
MAPREI Q15691 | Microtubul | -1.86 | <0.005 53 89 30,151 | 5.02
e-associated
protein
RP/EB
family
member
HSPBI P04792 | Heat shock | -2.2 | <0.001 44 75 22,826 | 5.98
protein -1
Positive fold change indicates upregulation, negative fold change indicated downregulation in
CML-T1™® cells. MW, molecular weight.
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Figure 7. 2-DE proteomic analysis of CML-TI and CML-TI'® cells. (4) Differentially expressed proteins from CML-TI'® cells
representing spots in 2-DE are indicated by the arrows (| downregulated, 1 upregulated). (B) Two variants of NHERFI protein
were upregulated in CML-TI'R cells. (C) Verification of differential expression of NHERF I protein in the cell lysates from CML-
T1 and CML-TI'R cells by Western blot.
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NHERFI: functional analysis. NHERF1 is a scaffolding protein interacting with various
intracellular proteins and modulating their activity, stability, and expression (Reczek et al., 1997;
Ardura and Friedman, 2011). In hepatocytes, NHERF1 modulates expression and function of the
multidrug resistance protein MRP2 (Li et al., 2010). NHERF1 regulates negatively the activity
of NHE3, thus modulating intracellular pH (Lamprecht et al., 1998; He and Yun, 2010). NHERF1
is able to influence Ca’* concentration in the cytosol via non-selective cation channels TRPC4
and TRPCS (Tang et al., 2000; Obukhov and Nowycky, 2004; Storch et al., 2017). In addition,
NHERF]1 directly interacts with a subset of FZD receptors and negatively regulates the canonical
WNT signaling pathway (Wheeler et al., 2011). Based on the aforementioned NHERF1

llR

functions, consequences of NHERF1 upregulation in CML-T1™ cells were examined to identify

specific molecular alterations, which could potentially be exploited as a therapeutic target.

NHERF1 upregulation does not correlate with expression and function of the multidrug
resistance proteins MRP2 and MDRI in CML-TI'® cells. It was evaluated whether upregulated
NHERF1 contributes to CML-T1™® cell growth in imatinib by controlling MRP2 expression and
function as it was shown previously in hepatocytes (Li et al., 2010; Karvar et al., 2014). MDR
assay was used to study efflux of a fluorescent probe calcein from cells by the multidrug exporters
MDR1 and MRP2 (Bosch and Croop, 1996; Canitrot et al., 1996). No efflux of calcein from
CML-T1 and CML-T1™® cells was detected. MDR export inhibitors CsA and verapamil did not
affect calcein efflux suggesting that MRP2 and MDR1 are not active in CML-T1 and CML-T1™®
cells (Figure 8A). In addition, the MRP2 transporter was undetectable by Western blot in lysates
of CML-T1 and CML-T1™ cells (Figure 8B). In conclusion, neither MRP2 nor MDR1 contribute
to the growth of CML-T1™R cells in imatinib and NHERF1 upregulation is not related to MRP2
or MDR1 activity in CML-T1™® cells.
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Figure 8. Multidrug resistance (MDR) assay and MRP?2 protein expression in CML-TI and CML-TI'R cells compared to other
cell lines. (A) Measurement of calcein retention to determine MDR exporter activity in the CML-TI and CML-TI'® cells.
Cyclosporine A (CsA) and verapamil were used as MDR inhibitors. No activity of MDR was detected in CML-T1 and CML-T1'R
cells as a result of 100 % calcein retention in the cells. (B) MRP2 protein expression in cell lysates from CML-TI1, CML-TI'R,
K562, and HL-60. Mouse liver tissue was used as a positive control.

Intracellular concentrations of H" and Ca’" ions differ between CML-TI and CML-TI'® cells.
Based on the known interaction between NHERF1 and NHE3 affecting cellular pH (Lamprecht
et al., 1998; He and Yun, 2010), it was examined whether increased expression of NHERF1
affects intracellular pH in CML-T1™ cells. Intracellular pH was found to be higher in the
CML-T1R cells (pH 7.25) compared to imatinib-sensitive CML-T1 cells (pH 7.18) (Figure 9A).

It was described that NHERF 1 regulates the activity of the non-selective cation channels TRPC4
and TRPCS, therefore it was examined whether increased expression of NHERF1 or pH shift in
the cytosol affects cytosolic Ca®" concentration in CML-T1'® cells (Tang et al., 2000; Obukhov
and Nowycky, 2004; Garciarena et al., 2013). Our measurements using Fura-2/AM fluorescent
probe demonstrated a 50% decrease in Ca®" concentration in the cytosol of CML-T1™® cells
compared to the parental line (Figure 9B). In summary, CML-T1™ cells adapted to growth in
imatinib by increased pH and decreased Ca*" concentration in cytosol compared to parental

CML-T1 cells sensitive to imatinib.
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Figure 9. Intracellular pH and Ca** concentration in CML-TI and CML-TI' cells. (4) Intracellular pH was measured by BCECF
fluorescence intensity and (B) Ca’*concentration was measured using Fura-2/AM fluorescent probe. The mean values + were
calculated from three independent experiments.

Calcium channel blockers and inhibitors of calcium signaling selectively inhibit the viability of
CML-TI'® cells. We hypothesized that higher cytosolic pH due to differential Na*/H" exchange

1R cells

and/or reduction of Ca?* cytosolic concentration are crucial for the survival of CML-T
in the presence of imatinib (Pinton et al., 2000; Rich et al., 2000). To examine whether the
inhibition of Na*/H" exchange selectively affects CML-T1™® cells, NHE3 was targeted by the
specific inhibitor amiloride. Since it is known that Na*/Ca** exchanger (NCX) may also alter pH
and Ca*" concentration in the cells, NCX was inhibited by 3'4'-dichlorobenzamil (DCB)
(Condrescu et al., 2002; Iwamoto et al., 2007). However, cell viability assays using the two
named inhibitors revealed no selective effect on CML-T1™® cells. CML-T1 and the CML-T1'®
cells survived in comparable concentrations of amiloride and DCB ECso values of 15 uM for

amiloride and 7 uM for DCB (Figure 10).

1R cells in

To examine whether altered Ca** homeostasis is essential for the survival of CML-T
imatinib, CML-T1 and CML-T1™® cells were exposed to increasing concentrations of inhibitors
of Ca*" signaling and transport, namely thapsigargin, ionomycin, verapamil, and CAI (Figure

10).
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Thapsigargin increases the cytosolic Ca?" concentration by inhibition of sarco/endoplasmic
reticulum Ca®>" ATPase (SERCA) activity. SERCA normally transports cytosolic Ca?* into the
endoplasmic reticulum (ER) (Thastrup et al., 1990). Ionomycin increases intracellular Ca*" by
facilitating Ca** transport across the plasma membrane and/or by releasing Ca>* from intracellular
stores such as ER (Beeler et al., 1979). Verapamil is a clinically approved drug inhibiting
voltage-dependent L-type Ca>" channels (Nawrath and Wegener, 1997). CAl is an inhibitor of
voltage-dependent and receptor-mediated Ca** entry (Hupe et al., 1991). CAI was previously
shown to have an antiproliferative effect on the human embryonic kidney 293 (HEK 293) and
Huh-7 human hepatoma cell lines (Enfissi et al., 2004; Mignen et al., 2005). In addition, it was
demonstrated that CAI inhibits the growth of CML cells resistant to imatinib (Alessandro et al.,
2008).

The toxicity of aforementioned compounds to CML-T1 and CML-T1™® cells was tested in vitro

llR

using cell viability assays. All the tested inhibitors showed stronger toxicity to CML-T1™ cells

1R cell

(Figure 10). Among them, thapsigargin was the most effective in the inhibition of CML-T
growth. Thapsigargin ECso concentration was 75 nM for CML-T1™® cells while the ECso for
CML-T1 cells was not reached at 1.2 uM. CML-T1™® cells were 5-fold more sensitive to
ionomycin (ECsp 200 nM for CML-T1™ cells and >1.6 uM for CML-T1 cells), ~3-fold more
sensitive to verapamil (ECso 30 nM for CML-T1® cells and 90 nM for CML-T1 cells) and

2.5-fold more sensitive to CAI (ECso 200 nM for CML-T1™® cells and 1.6 uM for CML-T1 cells).

Altered Ca** homeostasis influences many intracellular processes including WNT signaling. It
was shown that CsA and tacrolimus (FK-506) modulate calcium homeostasis (Rovira et al., 2000;
Maguire et al., 2013) and inhibit prosurvival signaling mediated by WNT signaling in
drug-resistant cells (Gregory et al., 2010). Therefore, the effect of CsA and FK-506 on
proliferation of CML-T1 and CML-T1™® cells was evaluated. In cell viability assays, CsA and
FK-506 inhibited CML-T1™ proliferation at significantly lower concentrations (3- and 1.8-fold,
respectively) compared to the CML-T1 cells. CsA ECso was 4 uM for CML-T1™® cells and 12 uM
for CML-T1 cells; FK-506 ECso was 50 nM for CML-T1® cells and 90 nM for CML-T1 cells
(Figure 10).

In summary, CML-T1™® cells are more vulnerable to disruption of Ca*" homeostasis (and to a
lesser extent also to inhibition of WNT signaling), but not to inhibition of NHE3 or NCX
exchangers. The most effective inhibition of CML-T1™® cell growth was achieved by the agents

that cause depletion of the intracellular Ca*" stores corresponding with an increase in cytosolic
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Ca?" concentration (thapsigargin, ionomycin). Ca** channel blocker verapamil and Ca** signaling
antagonist CAI also exhibited a strong effect. Therefore, the aforementioned inhibitors could be
used to selectively target CML-T1™® cells, which suggests their clinical potential in personalized

treatment of CML resistant to TKI.
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Figure 10. Effects of selected inhibitors on CML-TI and CML-TI'R cell viability cultured in the presence of inhibitors for 3 days.
Cell viability was determined using the MTT assay. Each graph represents measurements of at least three biological samples,
which were performed in three technical replicates. DCB, 2'4'-dichlorobenzamil hydrochloride; CAI, carboxyamidotriazole.
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WNT signaling pathway is dysregulated in CML-TI'R cells. NHERF1 negatively regulates Wnt
signaling via its direct interaction with FZD receptors (Wheeler et al., 2011). WNT signaling
pathway can potentially serve as a therapeutic target (An et al., 2013). Therefore, it was examined
whether NHERF1 upregulation (accompanied by altered cytosolic ion concentration) in
CML-T1™R cells is associated with altered WNT signaling. The activity of the WNT pathway was
analyzed using RT-PCR WNT microarray to determine the relative expression of WNT target
genes and regulatory molecules (Figure 11A). Canonical WNT/B-catenin pathway genes
transducin-like enhancer protein 1 (TLE1), transducin-like enhancer protein 4 (TLE4),
transcription factor 7 like 2 (TCF7L2), lymphoid enhancer-binding factor-1 (LEF1), MYC, and

1R cells. Negative

ras homolog family member U (RHOU) were downregulated in CML-T
regulators of the canonical WNT pathway, kringle containing transmembrane protein 1
(KREMENT1), and secreted frizzled-related protein 5 (SFRP5) were upregulated in CML-T1®
cells indicating that canonical Wnt/B-catenin-dependent pathway was suppressed in CML-T1®
cells. In addition, the expression of genes involved in the non-canonical WNT/Ca?’/NFAT
pathway was evaluated. The amount of mRNA encoding FZD8 receptor was decreased in
CML-T1™® cells. This result is contradictory to the observation made by Gregory et al who
demonstrated that the Ca**/calmodulin-dependent protein kinase II (CaMKII)/Ca?*"/NFAT WNT
signaling pathway maintains survival of BCR-ABL" CML cells via FZDS receptor (Gregory et

al., 2010).

To further verify the WNT/Ca**/NFAT signaling pathway status, the presence of an effector of
this pathway, NFAT transcription factor, was determined in the cytoplasm and in the nuclei of
CML-T1 and CML-T1™® cells by Western blot. NFAT transcription factor was not detected in
CML-T1™® cells (Figure 11B). This suggests that WNT/Ca?'/NFAT signaling pathway is
diminished in CML-T1™® cells and thus cannot contribute to cell survival in the presence of

imatinib in our CML-T1 cell model.
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Figure 11. WNT signaling pathway array and expression levels of NFAT protein in CML-TI1 and CML-TI'® cells. (4) The
heatmap of WNT gene expression shows downregulated (blue) or upregulated (yellow) genes in CML-TI'® cells compared to
CML-T1I cells. (B) NFAT protein expression was determined by Western blot in the cell lysates and in the nuclei of CML-TI and
CML-TI'R cells.

4.2. Targeting metabolism of CML cell line with the BCR-ABLI gene

amplification

In the second part of this work, a model example of cell line representing type of imatinib
resistance without point mutation in the BCR-ABLI gene was examined. K562'® cells have no

mutations in the BCR-ABLI gene, instead, the ddPCR analysis revealed that acquired resistance

73



to imatinib in K562™ is caused by the BCR-ABLI gene amplification. Analogically to our
approach in the previous chapter describing CML-T1 and CML-T1™® cells, a comparative
analysis of K562 and its imatinib-resistant counterpart K562™® was performed. Due to rapid
development of new techniques, a modern LFQ proteomic analysis was used instead of 2-DE

electrophoresis and MALDI MS identification.

Development of imatinib-resistant K562'% subclone. The resistant K562 cells were derived by
prolonged cultivation of the original sensitive K562 cells in increasing concentration of imatinib
(Hrdinova et al., 2021). The half-maximal effective concentration (ECso) of imatinib was 0.25-
0.35 uM for sensitive K562 cells (Figure 12). Imatinib-resistant K562™ fully proliferated in 2 pM

imatinib.
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Figure 12. Viability of K562 and K562'R cells. Relative viability of K562 and K562 cells in the presence of imatinib. Cells were

cultured in the presence of imatinib for 3 days and the viability was determined using the MTT assay. Error bars indicate = SD
of three independent measurements. IR, resistant to imatinib.

Mutation analysis and BCR-ABLI gene expression. Mutational analysis of the BCR-ABLI gene
in K562 cells was performed as previously in CML-T1™® cells (Toman et al., 2016). In the case
of K562™ cells, no mutations in the kinase domain were found. It is known that patients with
TKI resistance lacking BCR-ABL1 kinase domain mutations typically have an amplification of
the BCR-ABLI gene (Gorre et al., 2001). Therefore, ddPCR was used to identify the number of
BCR-ABLI copies. A 2-fold higher number of BCR-ABLI gene copies was found in K562™ cells
compared to imatinib-sensitive K562 cells (data not shown). As amplification of the BCR-ABL1
gene may result in BCR-ABL1 mRNA and BCR-ABL protein overexpression, amounts of mRNA
and protein were compared between K562 and K562 cells. The BCR-ABLI1 mRNA (Figure
13A), as well as BCR-ABL protein (Figure 13B) levels were increased in K562 cells. In
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addition, expression of MRP2 protein, a MDR exporter with not clearly understood relation to
imatinib resistance, was examined by Western blot in K562 and K562™ cells (Figure 13C)
(Breedveld et al., 2005; Au et al., 2014).
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Figure 13. Expression levels of BCR-ABLI mRNA, BCR-ABL protein, and MRP2 transporter. BCR-ABLI mRNA expression
levels were determined by real time-quantitative PCR (4) and protein levels were determined by Western blot (B). The expression
lorjzgﬁsz was determined by Western blot (C). Error bars indicate + SD of three independent measurements. IR, resistant to
LFQ proteomic analysis of K562 cells. K562 and K562 cells were subjected to LFQ proteomic
analysis to identify differences in proteome composition reflecting adaptive molecular changes
in their metabolism and/or signaling pathways. A total of 10 samples obtained from five
independent cultivation replicates of both K562 and K562™ cells were analyzed using
LC-MS/MS (Q-Exactive). With the FDR set to 0.01, a minimum of 1,829 and a maximum of
2,516 proteins were identified in each sample. A total of 3,141 unique proteins were identified.
To determine the quantitative robustness of label-free analysis, the quantitative similarity of all
the LC-MS/MS runs was examined. Correlation analysis revealed good inter-sample

reproducibility, with Pearson's correlation coefficients in the range of 0.942-0.991 (Figure 14).

The LFQ analysis provided semi-quantitative data for 2,118 proteins (Table SI).
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Figure 14. LFQ-MS peptide signal intensity correlations between individual LC-MS analysis of K562 and K562'% cells. The
figure is a composite image of the correlation plots from the LFQ-MS peptide signal intensities between all the LC-MS runs from
the proteomic analysis. Pearson’s correlation coefficients in the range of 0.942-0.991 revealed good inter-sample
reproducibility. LFQ, label-free quantification,; LC, liquid chromatography,; MS, mass spectrometry, IR, resistant to imatinib.

Differentially expressed proteins in K562 cells. A total of 392 proteins with significantly different
quantities were identified in K562™® cells compared to K562 cells (fold change >1.5) (Figure 15,
Table SII). Of these 392 proteins, 235 proteins were found as upregulated and 157 proteins as
downregulated in K562 cells. From the group of the most upregulated proteins (fold
change > 4) (Table IV), STAT3 protein (5.4-fold) was further investigated due to its critical role
in leukemia cell growth, transformation, and drug resistance (Eiring et al., 2014, 2015b; Patel et
al., 2021). In addition to STAT3, major upregulation (fold change > 4) of mitochondrial proteins
cytochrome ¢ oxidase subunit NDUFA4 (5.4-fold), NADH dehydrogenase [ubiquinone] 1 alpha
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subcomplex subunit 8 (4.4-fold), and NADPH:adrenodoxin oxidoreductase, mitochondrial)
(4.1-fold) was observed. Proteins involved in cholesterol and fatty acid metabolisms such as the
ATP-binding cassette sub-family D member 3 (4.9-fold) and the very long-chain acyl-CoA
synthetase (4.6-fold) were also strongly upregulated in K562 cells.
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Figure 15. Differentially expressed proteins were identified using label-free quantification proteomic analysis of K562 and
K562'R cells. Proteins with positive log> fold change were upregulated in K562'R cells, while negative fold change indicated
downregulated proteins in K562'% cells. Only the proteins above the black line indicating statistical significance (false discovery
rate <0.05, S0=0.1) were considered.
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Table IV. Differentially expressed proteins in K562 cells compared to K562 cells, fold

change > 4

Upregulated in K562'® cells

selective

Protein names | Protein Gene Fold Unique | MS/MS Permutation
IDs names change peptide | Count based FDR
s
Melanoma- P43358 | MAGEA4 36.2 8 56 <0.001
associated
antigen 4
Calbindin P05937 | CALBI 28.9 5 27 <0.001
Histone H1.5 P16401 | HIST1HI 17.6 4 16 <0.001
B
Carbonyl P16152 CBRI1 13.5 6 27 <0.001
reductase
[NADPH] 1
Testis-specific Q86VY4 | TSPYLS 7.2 4 16 <0.001
Y-encoded-like
protein 5
Cytoskeleton- Q07065 | CKAP4 7.1 7 23 <0.001
associated
protein 4
Mannose-6- P34949 MPI 6.9 3 14 <0.001
phosphate
isomerase
Eukaryotic Q14240 | EIF4A2 6.9 3 10 <0.001
initiation factor
4A-11
Alpha-synuclein | P37840 SNCA 6.5 12 <0.001
Retinal P00352 | ALDHIA 5.5 22 <0.001
dehydrogenase 1 1
Cytochrome ¢ 000483 | NDUFA4 5.4 4 13 0.003
oxidase subunit
NDUFA4
Nitric oxide Q9Y314 | NOSIP 53 6 20 <0.001
synthase-
interacting
protein
Plectin Q15149 PLEC 4.9 23 43 0.0051
ATP-binding P28288 | ABCD3 4.9 4 10 0.001
cassette sub-
family D
member 3
Annexin A3 P12429 | ANXA3 4.8 5 13 <0.001
Erythrocyte band | P27105 STOM 4.7 4 26 <0.001
7 integral
membrane
protein
Proteasome 095456 | PSMG1 4.7 3 16 <0.001
assembly
chaperone 1
Endothelial cell- | Q96AP7 | ESAM 4.7 5 16 <0.001
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adhesion
molecule

Beta-
galactosidase

P16278

GLB1

4.6

33

0.002

Very long-chain
acyl-CoA
synthetase

014975

SLC27A2

4.6

10

17

<0.001

Signal transducer
and activator of
transcription 3

P40763

STAT3

4.5

18

<0.001

NADH
dehydrogenase
[ubiquinone] 1
alpha
subcomplex
subunit 8

P51970

NDUFAS

4.4

0.012

Tyrosine-protein
kinase ABLI

P00519

ABLI1

4.3

14

<0.001

Tetraspanin-13

095857

TSPAN13

43

<0.001

LINE-1
retrotransposable
element ORF1
protein

QI9UNG&I1

L1RE1

4.2

17

<0.001

Hematopoietic
lineage cell-
specific protein

P14317

HCLS1

4.2

13

<0.001

NADPH:adrenod
oxin
oxidoreductase.
mitochondrial

P22570

FDXR

4.1

15

68

<0.001

Syntaxin-3

Q13277

STX3

10

<0.001

Downregulated in K562'® cells

Tumor protein
D52

P55327

TPD52

0.006

Receptor-type
tyrosine-protein
phosphatase C

P08575

PTPRC

14

0.001

Coiled-coil-
helix-coiled-coil-
helix domain-
containing
protein 2

QYY6HI

CHCHD2

16

<0.001

Nucleoside
diphosphate-
linked moiety X
motif 19.
mitochondrial

ASMXV

NUDT19

26

<0.001

Protein-
glutamine
gamma-
glutamyltransfera
se 2

P21980

TGM2

<0.001

Glutamine
synthetase

P15104

GLUL

14

<0.001
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Bifunctional P13995 | MTHFD2 -5.3 7 23 0.004
methylenetetrahy
drofolate
dehydrogenase/c
yclohydrolase.
mitochondrial
Hemoglobin P02042 HBD -6.5 9 43 <0.001
subunit delta
Hemoglobin P02100 HBE1 -7.0 9 104 <0.001
subunit epsilon
Guanylate kinase | Q16774 GUK1 -7.5 3 12 0.003

Transducin beta- | Q9Y4P3 TBL2 -8.1 5 11 <0.001
like protein 2
Rho GDP- P52566 | ARHGDI -8.6 5 28 <0.001
dissociation B
inhibitor 2
Apoptosis- Q9ULZ3 | PYCARD -10.2 4 15 <0.001
associated speck-
like protein
containing a
CARD

Positive fold change indicates upregulation, negative fold change indicated downregulation in
K562 cells. FDR, false discovery rate; MS, mass spectrometry

Upregulation of the STAT3 transcription factor in K562'% cells: functional analysis. The strongly
upregulated proteins were further investigated with a particular focus on proteins involved in
signaling pathways controlling cell survival, proliferation, and drug resistance. The transcription
factor STAT3 met these criteria. STAT3 is a member of the family of transcription factors
activated by cytokines, growth factors, oncogenes, and non-receptor kinases (Levy and Darnell,
2002). STAT3 and other STAT transcription factors normally reside in the cytoplasm. Upon
cellular stimulation, STAT transcription factors are activated by phosphorylation on a conserved
tyrosine residue (Tyr705 in the case of STAT3), dimerize, and translocate to the nucleus to start
transcription of their respective target genes (Schindler et al., 1992; Darnell et al., 1994).
Phosphorylation of Ser727 in STAT3 enhances its transcriptional activity (Wen et al., 1995).
Constitutive activation of STATSs has been described in solid tumors as well as in hematological
malignancies. In CML cells, STAT3 can be phosphorylated by BCR-ABL kinase (Ilaria and Van
Etten, 1996). Activated STAT3 also contributes to resistance to BCR-ABL inhibitors (Bewry et
al., 2008; Eiring et al., 2014; Patel et al., 2021). The presence of the candidate protein (STAT3)

was confirmed in the cells using Western blot analysis with specific antibodies (Figure 16).

Expression of STAT3, pSTAT3 (Tyr705), and pSTAT3 (Ser727) is increased in lysates and nuclei
of K562'% cells. The expression of STAT3 protein and its phosphorylated forms pSTAT3
(Tyr705) and pSTAT3 (Ser727) was evaluated in cell lysates of K562 and K562'® cells. Western
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blot data confirmed the upregulation of STAT3, pSTAT3 (Tyr705), and pSTAT3 (Ser727) in cell

lysates (Figure 16).
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Figure 16. Western blot analysis and relative quantification of STAT3, pSTAT3 (Tyr705), pSTAT3 (Ser727) in K562 and K562'%
cell lysates and after treatment by selected inhibitors. (A) Expression of STAT3, pSTAT3 (Tyr705), pSTAT3 (Ser727) in K562
and K562'% cell lysates and after treatment by selected inhibitors PPP (100 nM), Stattic (5uM) and NT157 (0.5 uM) was
determined by Western blot. Protein samples (30 ug) were separated on precast 4-15% SDS-PAGE gels. (B) Relative
quantification of STAT3, pSTAT3 (Tyr705), pSTAT3 (Ser727) protein expression. Error bars indicate = SD of three independent

measurements. IR, resistant to imatinib.

The expression of STAT3 and pSTAT3 (Tyr705) was also evaluated in the nuclei of K562 and

K562 cells. Increased expression of STAT3 and its phosphorylated form pSTAT3 (Tyr705)

was observed in the nuclei of K562 cells (Figure 17). Transcription factor STAT3 controls the

expression of many target genes in the nucleus (Carpenter and Lo, 2014).
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Figure 17. Western blot analysis and relative quantification of STAT3 and pSTAT3 (Tyr705) in the nuclei of K562 and K562'%
cells and after treatment by selected inhibitors. (A) Expression of STAT3 and its phosphorylated form pSTAT3 (Tyr705) in the
nuclei of K562 and K562'% cells and after treatment by inhibitors PPP (100 nM), Stattic (5uM), and NT157 (0.5 uM) was
determined by Western blot. Protein samples (30 ug) were separated on precast 4-15% SDS-PAGE gel.(B) Relative
quantification of STAT3 and pSTAT3 (Tyr705) protein expression. Error bars indicate + SD of three independent measurements.
IR, resistant to imatinib.

STATS3 inhibition by Stattic selectively decreases the viability of K562'% cells. STAT3 mediates
drug resistance in CML cells and its inhibition by specific inhibitors in combination with imatinib
showed a great antiproliferative effect (Eiring et al., 2015b; Patel et al., 2021). To evaluate
STAT3 as a molecular target with therapeutic potential, specific STAT3 inhibitor Stattic was
used. Markedly increased sensitivity of K562 cells to Stattic compared to K562 cells was
observed. While the ECso for K562 cells was 1.6 uM, the ECso for K562 cells was 0.3 uM.
(Figure 18). Phosphorylation of pSTAT3 (Tyr705) was decreased after Stattic treatment in cell
lysates of K562 cells (Figure 16). Stattic treatment also slightly decreased the levels of pSTAT3
(Tyr705) in the nuclei of K562™® cells (Figure 17).
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Figure 18. Viability of K562 and K562'% cells cultured in the presence of Stattic for 3 days. Cell viability was determined using
the MTT assay. Error bars indicate + SD of three independent experiments.

STAT3 and IGFIR: functional analysis. Besides its direct phosphorylation by Ber-Abl, STAT3
can also be activated by phosphorylation via IGF1R signaling (Ilaria and Van Etten, 1996; Zong
et al., 2000; Xu et al., 2017; Das et al., 2018; Lee et al., 2018b; Zhu et al., 2019). It was shown
previously that the IGFIR pathway maintains viability and proliferation of imatinib-resistant
CML cells (Shi et al.,, 2010). Therefore, the expression of the IGFIR B receptor and its
phosphorylated form pIGFIR B (Tyr1135/1136) was examined in K562 and K562 cells by
Western blot (Figure 19). Western blot detection showed comparable levels of total IGFIR
receptor as well as phosphorylated pIGF1R B (Tyr1135/1136) in K562™ and K562 cells.
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Figure 19. Western blot analysis and relative quantification of IGFIR B and pIGFIR B (Tyr1135/1136) in K562 and K562% cells.
(A) Expression of IGFIR 3 and pIGFIR B (Tyr1135/1136) in K562 and K562 cells was determined by Western blot. Effects of
selected inhibitors PPP (100 nM), Stattic (5 uM) and NT157 (0.5 uM) on the expression of IGFIR f and pIGFIR pB
(Tyr1135/1136) were observed. Protein samples (30 u) were separated on precast 4-15% SDS-PAGE gels. (B) Relative
quantification of IGFIR B and pIGFIR B (Tyr1135/1136) expression in K562 and K562'F cells. Error bars indicate + SD of three
independent measurements. IR, resistant to imatinib.

IGF IR inhibition by PPP selectively inhibits the viability of K562'% cells. Previously, PPP, a
selective inhibitor of IGFIR was shown to be effective in eliminating BaF3 cells transfected
either with wild-type BCR-ABLI or mutant BCR-ABL1 with E255K or T315I point mutation (Shi
etal., 2010). To address whether the inhibition of IGF1R receptor selectively affects the viability
of the K562 cells, we targeted IGF1R receptor by PPP. K562 and K562'R cells were exposed to
PPP and markedly decreased viability of K562'® compared to K562 cells was observed. The ECso
for K562™R cells was 0.3 pM while the ECso for K562 was 0.6 uM (Figure 20).
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Figure 20. Viability of K562 and K562 cells cultured in the presence of picropodophylin (PPP) for 3 days. Cell viability was
assessed using the MTT assay. Error bars indicate + SD of three independent experiments.

Dual inhibition of STAT3 and IGF IR signaling by NT157 inhibitor selectively affects the viability
of K562'% cells. To address whether a combined inhibition of STAT3 and IGFIR signaling is
more potent against the viability of resistant cells, NT157, a dual inhibitor of STAT3 and
IGF1R/IRS-1/2 signaling was used. Previously, it was found that NT157 is effective in the
elimination of BCR-ABL" cells including cells harboring T3 151 mutation (Scopim-Ribeiro et al.,
2021). Our results show that NT157 treatment reduced cell proliferation in a dose-dependent
manner, ECso for K562 cells was 0.35 pM, ECso for K562 cells is cca 0.25 uM (Figure 21).
NT157 treatment reduced levels of total STAT3 protein in cell lysates of K562 and K562 cells
(Figure 16) and also slightly decreased the levels of pSTAT3 (Tyr705) in the nuclei of K562'®
cells (Figure 17).

85



M K562 [ K562R

—~ 1501

)

g P=0.0328 P=0.003 P<0.0001 P=0.003 P=0.0035
8 (| [ | [ | i i
P 100+ s

o]

)

>
[T

O 50-

et

c

[«}]

o |'| I

[«}]
o 0- . r T .n -.rﬂ_i.'.-_

|
Q Q"" o Q‘,b YV )

uM NT157

Figure 21. Viability of K562 and K562'R cells cultured in the presence of NT157 for 3 days. The viability was determined using
the MTT assay. Error bars indicate + SD of three independent experiments.

PPP and NTI157 treatment modulate the expression and phosphorylation of IRS-1, pIRS-1
(Ser612), and pIRS-1 (Ser636/639). Effects of PPP and NT157 on adaptor protein IRS-1 and its
phosphorylated forms were explored by Western blot analysis. PPP induced inhibitory
phosphorylation of IRS-1 on Ser612 and Ser636/639 in K562 and K562} cells (Figure 22).
Addition of NT157 to the cell culture increased the levels of total IRS-1 protein in K562 and
K562™® cells. This result corresponds with previous results showing the presence of IRS-1 in
K562 cells after treatment with NT157 (Scopim-Ribeiro et al., 2021). However, these results are
in contrast to previously published data from studies on melanoma cells (Flashner-Abramson et
al., 2016) and colorectal cells (Sanchez-Lopez et al., 2016). The mechanism by which NT157
suppresses IRS-1 adaptor protein is an induction of inhibitory serine phosphorylation of IRS-1
followed by its subsequent degradation (Reuveni et al., 2013). Western blot analysis revealed
that NT157 (0.5 uM) treatment induced inhibitory phosphorylation of the adaptor protein IRS-1
at Ser612 and Ser636/639 in K562 and K562 (Figure 22). These results indicate that NT157
suppresses IGF1R signaling through the established mechanism of IRS-1 serine phosphorylation

and subsequent degradation.
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Figure 22. Western blot and relative quantification of IRS-1, pIRS-1 (Ser612), and IRS-1 (Ser636/639) in K562 and K562'R cells.
(A) Expression of IRS-1, pIRS-1 (Ser612), and IRS-1 (Ser636/639) in K562 and K562'F cells was determined by Western blot.
Effects of selected inhibitors PPP (100 nM), Stattic (5 uM) and NT157 (0.5 uM) on the expression of IRS-1, pIRS-1 (Ser612),
and IRS-1 (Ser636/639) were observed. (B) Relative quantification of expression of IRS-1 and pIRS-1 (Ser612), and IRS-1
(Ser636/639) in K562 and K562'% cells. Error bars indicate = SD of three independent measurements. IR, resistant to imatinib.

PPP and NTI57 treatment modulate the expression and phosphorylation of intracellular
proteins. Effects of PPP and NT157 on proteins involved in cell signaling were evaluated by
Western blot analysis. PPP slightly reduced the levels of phosphorylated pAKT (Ser473) in
lysates of K562™® cells. PPP also potentiated activation of ERK1/2 kinase by phosphorylation
(Figure 23). NT157 also lowered detectable amount of phosphorylated AKT (Ser473) in lysates
of K562 cells. NT157 treatment induced ERK1/2 activation in K562 and K562 cells by
phosphorylation (Figure 23). These results are in agreement with previously published data
obtained on prostate cancer cells where NT157 treatment suppressed AKT activation but

potentiated ERK1/2 phosphorylation (Ibuki et al., 2014).
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Figure 23. Western blot analysis and relative quantification of AKT, AKT (Ser473), ERK1/2, ERK1/2 (Thr202/Tyr204) in K562
and K562 cells. (A) Expression of selected proteins AKT, AKT (Ser473), ERK1/2, ERK1/2 (Thr202/Tyr204) in cell lysates of
K562 and K562 cells and after treatment of cells with selected inhibitors PPP (100 nM), Stattic (5 uM) and NT157 (0.5 uM).
Protein samples (30 u) were separated on precast 4-15% SDS-PAGE gels. (B) Relative quantification of expression of AKT, AKT
(Ser473), ERK1/2, ERK1/2 (Thr202/Tyr204) in cell lysates of K562 and K562'R cells. Error bars indicate + SD of three
independent measurements. IR, resistant to imatinib.

Stattic and NT157 decrease the expression of IFITM3 protein and mRNA. The data from our
parallel work on the analysis of exosomes released from K562 and K562 cells revealed
markedly increased levels of the IFITM3 protein in exosomes derived from K562 cells as well

as in the lysates of the source K562™® cells as proven by Western blots (Figure 33) and verified
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by FACS analysis (Hrdinova et al., 2021). Previously, it was demonstrated that expression of the
IFITM2 protein, another member of the IFITM family of proteins, can be modulated via
IGFI1R/STATS3 signaling axis (Xu et al., 2017). To address whether IGF1R/STAT3 pathway is
capable of modulating IFITM3 expression in K562 cells, K562 cells were treated with STAT3
inhibitor Stattic (SuM) and NT157 (0.5 uM) in different time points with subsequent Western
blots detection of IFITM3 in cell lysates (Chyba! Nenalezen zdroj odkazi.). The results
demonstrated that both Stattic and NT157 decrease expression of IFITM3 protein after 24h
incubation. Similar observations were obtained by RT-PCR for IFITM3 mRNA (Figure 25).
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Figure 24. Western blot analysis and relative quantification of IFITM3 expression after Stattic and NT157 treatment. (4) K562'F
cells were treated with Stattic (5 uM) and NT157 (0.5 uM) in different time points. Protein samples (30 ug) were separated on
precast 4-15% SDS-PAGE gels.(B) Relative quantification of expression of IFITM3 protein in K562'% cells after Stattic and
NT157 treatment. Error bars indicate £ SD of three independent measurements. IR, resistant to imatinib.
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Figure 25. IFITM3 mRNA expression in the K562, K562'% cells and in K562'% cells treated with Stattic or NT157. mRNA
expression levels were determined by RT-PCR analysis and normalized to the values obtained from the untreated K562 cells.
Error bars indicate = SD of three independent measurements. IR, resistant to imatinib.

Stattic and NT157 are responsible for distinct transcriptional profile of K562'F cells. Relative
expression of several genes involved in IGFIR and STAT3 signaling was analyzed using
RT-PCR, the summary of results is given in Table V. Expression of /GF'/R mRNA was found to
be 2-fold increased in K562 cells compared to K562 cells. Treatment of K562 cells with
NT157 resulted in almost 2-fold decrease in expression of /GFIR mRNA. Stattic did not
markedly alter IGFIR mRNA expression in K562™R cells. Steady state /RS-/ mRNA expression
was decreased 2-fold in K562™® cells compared to K562 cells. Treatment of K562 cells with
NT157 resulted in a 3-fold increase of /RS-/ mRNA expression. Constitutive expression of
STAT3 mRNA was increased 2-fold in K562™ cells compared to K562 cells. 24h pretreatment
of K562 cells with the NT157 inhibitor resulted in (almost 2-fold) reduction of STAT3 mRNA
expression. Interestingly, Stattic did not affects the levels of ST4T3 mRNA in K562'® cells. Basal
IFITM3 expression was significantly elevated in K562™ cells compared to K562 cells and
treatment of K562™ cells by Stattic and NT157 lowered [FITM3 mRNA almost 2-fold.
Expression of AKTI mRNA in K562™ cells was 30% lower than in control K562 cells. The
Amount of AKT1 mRNA was decreased in K562 cells after treatment with NT157 (Table V).
Taken together, our data show that NT157 affects more molecular targets essential for the
proliferation of K562™ cells than Stattic and indicate its better therapeutic potential in a

hypothetical model of combined therapy of CML resistant to imatinib.
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Table V. Changes in the expression of selected genes (AKT1, IFITM3, IGF1R, IRS-1, STAT3).
The heatmap shows genes with downregulated expression (blue) or upregulated (red) in the

K562 cells compared to K562 cells and K562'F cells treated with inhibitors Stattic and NT157.

S DMSO R DMSO R Stattic R NT157 >09
AKTI 0.7186361 1 0.897095' 0.371989 0
rrir™s (SRS 1 0.598048 0.644685 23 1_
IGFIR  0.5321851 1 0717806 0.522439 _
IRS1 1.6548112 1 0.578344| 3.872683
STAT3  0.5625292 1 1011619 0.601513 <4 [N

CsH decreased IFITM3 expression and viability of K562'R cells. Previous articles suggested that
CsH, an inhibitor of the formyl peptide receptor, is capable of downregulating IFITM3
expression (de Paulis et al., 1996; Wu et al., 2018). To determine whether CsH can modulate the
expression of IFITM3 in K562 cells, K562 cells were treated with CsH. We found that 8 pM
CsH strongly decreased IFITM3 expression in K562 cells (Figure 26). To address whether
inhibition of IFITM3 by CsH is crucial for K562 survival, K562/ cells were incubated with
CsH and assayed for cell viability. CsH treatment reduced the viability of K562® cells more
selectively (ECso 16 pM) in comparison with K562 cells (Figure 27).
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Figure 26. Western blot analysis and relative quantification of IFITM3 expression after treatment with cyclosporin H (CsH). (4)
Expression of IFITM3 protein in K562 and K562'F cell lysates after treatment with CsH. Protein samples (30 ug) were separated
on precast 4-15% SDS-PAGE gels. (B) Relative quantification of expression of IFITM3 protein in K562 and K562'% cells after
CsH treatment. Error bars indicate + SD of three independent measurements. IR, resistant to imatinib.
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Figure 27. Relative viability of the K562 and K562'R cells cultured in the presence of cyclosporin H for 3 days. The viability was
determined using the MTT assay. Error bars indicate + SD of three independent experiments. IR, resistant to imatinib.

4.3.  Analysis of exosomes released by K562 and K562™® cells

To expand our knowledge about leukemia cell biology represented by model K562 and K562®
CML cell lines and to understand better the mechanisms of their survival in imatinib with
emphasis on cell-to-cell communication, exosomes from K562 and K562 cells were isolated
and their putative role in resistance to imatinib was examined. Using LFQ proteomic analysis
exosomal protein composition was compared with a special focus on the identification of

exosome surface markers clinically relevant as potential diagnostic markers.

Exosome characterization. K562 and K562™ exosomes were isolated from cell culture
supernatants by ultracentrifugation. Transmission electron microscopy was used to verify the
purity and size of exosomes. Exosomes were observed as round or cup-shaped vesicles with the
size ranging between 50-150 nm in diameter (Figure 28A). The observations were confirmed by
tunable resistive pulse sensing (TRPS) using qNano instrument analysis which showed the mode
diameter of exosomes in size between 100-110 nm. The number of exosomes produced by
1.8x10% of K562 cells (1.7x10!! particles/ml) was ~ about 2 times higher compared to the
number of exosomes produced by 1.8x10® of K562 cells (8x10'° particles/ml) (Figure 28B). To
verify the purity of the exosome isolation procedure, Western blot was used to confirm the
presence of ‘exosomal markers’ i.e. proteins frequently found in exosomes (CD9, CD81, CD63,

and HSP70, using GAPDH as a loading control) (Kowal et al., 2016) (Figure 28C).
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Figure 28. Exosome characterization. (A) Exosomes derived from K562 and K562'% cells were visualized using transmission
electron microscopy. Exosomes were round or cup-shaped vesicles with size ranging between 50-150 nm. Scale bar indicates
100 nm. (B) Size distribution of the K562 and K562'% exosomes analyzed using gNano. The gNano analysis confirmed comparable
size distributions of the vesicles with sizes dominantly between 100-110 nm. (C) Presence of exosomal markers in K562 and
K562 derived exosomes and cell lysates. Expression of exosomal markers was determined by Western blot. For Bcr-Abl, CD9,
and HSP70, 30 ug of total protein was loaded, for CD63 and CD81 60 ug of total protein was loaded. Exosomes and cell lysates

probed with the same antibody were always loaded together on the same gel/membrane. Irrelevant lanes have been cropped from
the figure IR, resistant to imatinib.

K562"% exosomes are internalized by K562 cells. It was shown previously that exosomes derived
from K562 cells can be internalized by various cell types, such as macrophages, bone marrow
stromal cells, endothelial cells, and leukemic cells (Mineo et al., 2012; Taverna et al., 2012;
Tadokoro et al., 2013; Corrado et al., 2014; Raimondo et al., 2015; Jafarzadeh et al., 2019).
Recently, it was shown that exosomes derived from CML cells resistant to imatinib are
internalized by imatinib-sensitive CML cells and are capable of inducing drug-resistant

phenotype to recipient cells (Min et al., 2018).

In this study, the fusion of CFSE labeled exosomes, derived from K562 or K562™® cells, with
recipient K562 cells was confirmed after 4 h incubation (Figure 29). K562 cells with internalized
CFSE-positive exosomes were visualized by confocal microscopy starting 1 h after exosomes
addition, and the maximum of exosome internalization occurred within 4 hours as determined in

a pilot time course experiment (data not shown).
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Figure 29. Internalization of K562 exosomes and K562'F exosomes by K562 cells visualized by confocal microscopy. K562
and K562 derived exosomes were labeled with CFSE (green), were internalized into K562 cells, and were visualized after 4-h
incubation. Scale bar, 20 um. CFSE, carboxyfluorescein succinimidyl ester; IR, resistant to imatinib.
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K562 exosomes increase survival of K562 cells in 2 uM imatinib. It was shown previously that
exosomes derived from imatinib-resistant K562 cells were able to confer resistant trait to
imatinib-sensitive K562 cells (Min et al., 2018). To verify this observation, exosomes derived
either from K562™ or from K562 cells were incubated with K562 cells for 4 h with the
subsequent addition of imatinib (2 uM) to the media followed by 2 days cultivation. Subsequent
cell viability assays revealed that K562™ derived exosomes significantly increased survival of
imatinib-sensitive K562 cells in 2 uM imatinib compared to K562 cells treated either with
K562-derived exosomes or without any exosomes (Figure 30). In the original work by Min et al
mentioned above, miR-365 was identified as the main molecule responsible for this prosurvival
effect. However, administration of whole exosomes had an additional beneficial prosurvival
effect compared to miR-365 alone, suggesting that other molecules play role in this process.
Thus, it could be hypothesized that the exosomes derived from our K562'® cells with the unique
molecular composition also carry molecules beneficial for better survival of recipient K562 cells
in imatinib. To identify protein candidates associated putatively with exosomal transfer of
imatinib resistance, LFQ analysis of exosomes derived from K562 and K562™ cells was
performed and the respective exosomal protein profiles were compared quantitatively. We
focused on the identification of specifically enriched molecules, which could be associated with
imatinib resistance, and/or better proliferation of the recipient, imatinib-sensitive cells. We also
searched for unique proteins localized on the surface of K562™ exosomes to identify possible
clinically relevant diagnostic markers associated with imatinib resistance. For this purpose, a

detailed combined proteomic approach combining LFQ, WB, and FACS analysis was performed.
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Figure 30. Incubation of K562'% exosomes with K562 cells increased the viability of K562 cells in the presence of 2 uM imatinib.
One-way ANOVA with Tukey's post-hoc test was used. The mean values + SD were calculated from three independent experiments. IR,
imatinib-resistant.

LFQ proteomic analysis of the exosomes. Exosomes isolated from K562 and K562 cells were
analyzed by LC-MS/MS (Q-Exactive). A total of five pairs of the respective exosome samples
were obtained from independent isolations of exosomes from K562 and K562 cells. In total,
3,218 exosomal proteins were identified. The number of proteins identified in each sample
ranged from 1,072 to 1,751 with FDR set to 0.01. The LFQ proteomic analysis provided
semi-quantitative data for 1,241 proteins (Table SIII). To determine the reproducibility of LFQ
analysis, the quantitative accuracy was examined by Pearson correlation analysis which showed
good inter-sample reproducibility (Pearson's correlation coefficients in the range of 0.723-0.971
(Figure 31). The majority (2,693 of 3,218, 83.7 %) of all the identified proteins were listed in the
database of exosomal proteomes Exocarta (http://www.exocarta.org), whereas, 525 novel

exosomal proteins were identified.
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Figure 31. LFQ-MS peptide signal intensity correlations between individual LC-MS analysis of K562 and K562 exosomes. The
figure is a composite image of the correlation plots from LFQ-MS peptide signal intensities between all the LC-MS runs from
the proteomic analysis. Pearson’s correlation coefficients in the range of 0.723-0.971 revealed good inter-sample
reproducibility. LFQ, label-free quantification,; LC, liquid chromatography; MS, mass spectrometry, IR, imatinib-resistant.

Identification of differentially abundant proteins in exosomes. In exosomes derived from K562
cells, 35 proteins with significantly different abundances were identified compared to exosomes
from the parental sensitive cells (fold change >1.5) (Figure 32, Table VI). Among these, 28
proteins were enriched, while the abundance of 7 proteins was lowered in K562™® exosomes. The
most enriched proteins identified in K562™ exosomes included interferon-induced
transmembrane protein 3 (IFITM3), desmoglein-2 (DSG2), cell-surface glycoprotein MUC18
(CD146), and platelet glycoprotein 4 (CD36). By contrast, proteins with significantly lowered
abundance were collagen a -1 (XV) chain, galectin-3-binding protein (LGALS3BP), laminin
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subunit -1 (LAMB1), bone marrow stromal antigen 2 (BST2), and epidermal growth factor-like

protein 7 (EGFL7).
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Figure 32. Differentially abundant proteins present in exosomes were identified using LFQ proteomic analysis of K562 and
K562 exosomes. Proteins with positive log: fold change were upregulated in K562'% exosomes, proteins with negative
fold-change were downregulated in K562'% exosomes. Only the proteins above the black line indicating statistical significance
(false discovery rate <0.05, S0=0.1) were considered.

Table VI. Differentially abundant proteins in the K562™ exosomes.

Upregulated protein in K562'™ exosomes

Protein names Protein | Gene names | Fold Unique | MS/MS | Permutation-
IDs change | peptides based FDR

Interferon-induced Q01628 IFITM3 87.5 1 24 <0.001
transmembrane protein 3
Desmoglein-2 Q14126 DSG2 10.9 10 33 0.002
Cell surface glycoprotein | P43121 MCAM 9.6 11 28 <0.001
MUCI18
Platelet glycoprotein 4 P16671 CD36 8.4 7 18 0.005
Unconventional myosin- | 094832 MYOI1D 7.6 21 41 0.004
Id
CD2-associated protein QI9Y5K6 CD2AP 6.7 29 105 0.004
Multivesicular body QI96EYS5 MVBI2A 6.2 2 19 0.001
subunit 12A
Golgi integral membrane | 000461 GOLIM4 6.0 18 37 <0.001
protein 4
Protein TFG Q92734 TFG 59 3 9 <0.001
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Melanoma-associated P43358 MAGEA4 5.8 9 20 <0.001

antigen 4

Spastin QI9UBPO SPAST 5.7 9 19 <0.001

Melanotransferrin P08582 MFI2 5.1 10 19 <0.001

Charged multivesicular Q9BY43 CHMP4A 4.8 9 35 0.001

body protein 4a

Tetraspanin-18 Q965J8 TSPAN18 4.6 3 13 0.003

Rab11 family-interacting | Q6WKZ4 | RAB11FIP1 4.1 16 37 0.003

protein 1

STAM-binding protein 095630 STAMBP 4.1 9 16 0.003

Rac GTPase-activating Q9HOHS | RACGAPI 3.8 10 18 0.002

protein 1

Hepatocyte growth 014964 HGS 3.8 15 45 0.003

factor-regulated tyrosine

kinase substrate

Protein tweety homolog | Q9BSA4 TTYH2 3.7 3 13 0.002

2

Toll-interacting protein QO9HOE2 TOLLIP 3.7 4 24 0.002

Syntenin-1 000560 SDCBP 3.6 22 207 <0.001

Hemoglobin subunit & P02100 HBE1 3.6 11 56 <0.001

Vacuolar protein sorting- | Q9UN37 VPS4A 3.5 11 76 <0.001

associated protein 4A

Charged multivesicular Q9H444 CHMP4B 33 15 86 <0.001

body protein 4b

Crk-like protein P46109 CRKL 3.0 12 56 <0.001

L-aminoadipate- QI9NRN7 | AASDHPPT 2.6 6 10 0.002

semialdehyde

dehydrogenase-

phosphopantetheinyl

transferase

Hemoglobin subunit P02008 HBZ 2.3 13 217 0.001

Heat shock protein 105 Q92598 HSPH1 2.0 19 79 <0.001

kDa

Downregulated proteins in K562'® exosomes

Protein names Protein Gene names | Fold Unique | MS/MS | Permutation-
IDs change | peptides based FDR

DNA topoisomerase 2-f | Q02880 TOP2B -2.8 7 23 0.002

Tyrosine-protein kinase P30530 AXL -3.8 7 21 0.002

receptor UFO

Tripeptidyl-peptidase 2 P29144 TPP2 -4.4 57 211 0.003

Epidermal growth factor- | Q9UHF1 EGFL7 -4.5 4 10 0.002

like protein 7

Bone marrow stromal Q10589 BST2 -4.5 6 17 0.003

antigen 2

Galectin-3-binding Q08380 | LGALS3BP | -5.9 6 17 0.001

protein

Collagen a-1(XV) chain P39059 COL15A1 -7.9 15 102 0.002

Positive fold change indicates upregulation, negative fold change indicated downregulation in K562}
exosomes. FDR, false discovery rate; MS, mass spectrometry
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The most enriched proteins (at least 5-fold) in K562™® derived exosomes were further examined
with a special focus on their potential to represent diagnostically exploitable exosomal (or cell)
markers associated with resistance to imatinib. Three candidate proteins were identified by an
algorithm for prediction of surface localization GenieScore (Waas et al., 2020): IFITM3, CD146
(MUCI18), and CD36. The presence of IFITM3, CD146, and CD36 was confirmed by Western
blot using specific antibodies in the exosomes and in their respective cells of origin (Figure
33Figure 33). Western blot analysis confirmed enrichment of all three proteins in K562® derived
exosomes as well as in the lysates of K562'R cells. These results indicate their putative diagnostic
potential as the differential profile of IFITM3, CD146 and CD36 protein abundance between
K562 and K562™ derived exosomes corresponds with their respective expression in K562 and

K562 cells.
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Figure 33. Confirmation of differential envichment of IFITM3, CD146, and CD36 in the exosomes and cells by Western blot with
specific antibodies. Samples (60 ug) were separated on 4-15% precast SDS PAGE gels. Irrelevant lanes have been cropped from
the figure. IFITM3, interferon-induced transmembrane protein 3; IR, imatinib-resistant.

CML oncoprotein BCR-ABL is present in exosomes from imatinib-resistant K562'% cells. We
hypothesized whether exosomes derived from K562 cells are enriched in the CML oncoprotein
BCR-ABL. Western blot analysis demonstrated the presence of BCR-ABL protein in exosomes
from both K562 and K562™ cells. The amount of BCR-ABL protein was strongly enriched in

K562 derived exosomes reflecting its increased expression in K562 cells (Figure 34).
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Figure 34. Expression of the CML oncoprotein BCR-ABL in exosomes and cell lysates from K562 and K562 cells. Expression
of BCR-ABL was determined by Western blot analysis. 30 ug of total protein was loaded for both exosomes and lysates.

CD146 and IFITM3 are specific cell-surface markers of K562'% cells. To evaluate the potential
of IFITM3, CD146, and CD36 to represent cell surface markers associated with imatinib
resistance, flow cytometric analysis of live K562 and K562™® cells was performed. Flow
cytometry demonstrated markedly increased cell-surface expression of IFITM3 and CD146.
Expression of CD36 was increased to a lesser extent (Figure 35). K562R cells were positive in
96.2% for CD146 and 51.6% for IFITM3, whereas K562 cells were positive in 0.7% for CD146
and 4% for IFITM3 respectively. CD36 was detected in 10.5% of K562 compared to 3% of
K562 cells (Figure 35).

Flow cytometric analysis demonstrated that the expression of CD146 clearly distinguishes
K562 cell population from K562 cells and that CD146 could be used as a cell-surface marker
of imatinib-resistant K562'® cells. IFITM3 also appeared as a promising resistance-associated
marker. However, the specific role of these proteins taking an active part in imatinib resistance,
as well as their potential to influence the phenotype of the recipient sensitive K562 cells remains

to be elucidated.
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Figure 35. Analysis of cell surface expression of IFITM3, CD146, and CD36. Increased expression of CD146, IFITM3, and
CD36 on the cell surface of K562 and K562'R cells was confirmed by flow cytometry. The mean and P2 values = SD were
calculated from three independent experiments. Representative graphs from repeated experiments are shown. The gate was set
using unstained controls. IFITM3, interferon-induced transmembrane protein 3; MFI, mean fluorescence intensity; IR,
imatinib-resistant.
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5. Discussion

Despite the fact that the approval of imatinib (and other TKI) for clinical use revolutionized the
treatment of CML, improving the prognosis and quality of life of affected patients, the
development of pharmacological resistance in CML therapy remains a major problem which still

needs to be addressed.

Although imatinib was designed to restrain BCR-ABL activity exclusively, it becomes clear that
even an acquired resistance achieved mostly by point mutations in BCR-ABLI gene or
BCR-ABLI gene amplification in CML cells is accompanied by additional (BCR-ABL dependent
or independent) auxiliary mechanisms and changes within the cell metabolism to establish an
adapted, growth of drug-resistant CML cells in the presence of imatinib. Metabolic adaptations
of leukemic cells leading to acquired TKI resistance are a result of numerous specific molecular
alterations which converge to create a new drug-resistant cell phenotype differing from the
phenotype of the original cells. One mutation in BCR-ABL1 is not the whole image of imatinib-
resistant cell. Instead, it should be viewed that although one single mutation in BCR-ABLI gene
disables imatinib from action, the resulting complex metabolism of imatinib-resistant CML cells
is not necessarily identical to the original, imatinib sensitive cells. Indeed, this work highlights
specific metabolic features developed by imatinib-resistant cells to fully proliferate in imatinib,
using two CML cell lines serving as examples of imatinib resistance that commonly occur in
clinical reality. Proteomic characterization of these changes in drug-resistant CML cells provides
useful information for identification and evaluation of promising potential therapeutic targets and
can open new perspectives for improved, personalized, combined, and molecularly targeted
therapies (Petrak et al., 2009; Lorkova et al., 2015; Toman et al., 2016). Recently, exosomes were
also shown to play an important role in cancer development, progression, and drug resistance.
However, the role of exosomes in hematological malignancies, especially in CML is not well

elucidated.

The aim of this study was to characterize two leukemic CML model cell lines sensitive (CML-T]1,
K562) and resistant (CML-T1™® and K562'™®) to imatinib with different mechanisms of resistance,
as well as exosomes released by imatinib-sensitive and imatinib-resistant K562 cells in order to
evaluate potential therapeutic targets in drug-resistant cells and to elucidate the role of exosomes

in resistance to imatinib with emphasis on identification of clinically relevant diagnostic markers.

The two resistant CML cell lines, CML-T1™® and K562™® differ in the mechanism of resistance to
imatinib. CML-T1™® cells carry the mutation Y253H in the BCR-ABLI gene. Mutations in the
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kinase domain of the BCR-ABLI gene are the most common cause of imatinib resistance in CML
patients (Gorre et al., 2001). In contrast, the second CML cell line used in this study, K562%,
does not carry a mutation in the BCR-ABLI gene. Instead, imatinib-resistant K562 cells
harbored a 2-fold higher number of BCR-ABL1 gene copies compared to imatinib-sensitive K562
cells. Thus, the mechanism of resistance to imatinib in K562 cells was an amplification of the
BCR-ABLI gene, which resulted in overexpression of BCR-ABL1 mRNA and protein levels. This
mechanism of resistance was previously described in a subset of CML patients (Gadzicki et al.,
2005; Chandran et al., 2019). Considering additional or alternative putative mechanisms
contributing to imatinib resistance, MRP2 protein was detected in K562 and K562 cells.
Previously, overexpression of MRP2 was detected in imatinib-resistant K562 cells (He et al.,
2017). However, MRP2 relationship to imatinib resistance is not well elucidated and it is not

clear whether MRP2 contributes to imatinib resistance (Breedveld et al., 2005; Au et al., 2014).

5.1. Targeting metabolism of CML cell line with a point mutation in

BCR-ABL1

Using 2-DE analysis, proteome profiles of CML-T1 and CML-T1™® cells were compared to

identify their metabolic vulnerabilities to selectively affect viability of CML-T1®

cells harboring
a point mutation in the BCR-ABL1 gene, presumably the main cause of resistance to imatinib in
this model. Eight differentially expressed proteins including strongly upregulated multifunctional
protein NHERF1 in CML-T1™® cells were identified. We suggest that overexpression of NHERF1
adapts the metabolism of CML-T1™® cells by shifting cytosolic pH, altering cytosolic calcium
levels, and modulating the WNT signaling pathway. Based on known interaction between
NHERF1 and NHE3 influencing cellular pH (Donowitz et al., 2005; He and Yun, 2010) and
NHERF]1 regulation of activity of nonselective Ca?" permeable cation channels (Tang et al.,
2000), intracellular pH and Ca®" concentration were examined. Intracellular (cytosolic) pH was
increased in CML-T1™® cells compared to CML-T1 cells. On the contrary, Ca** concentration
was decreased in the cytosol of CML-T1™® cells compared to CML-T1 cells. Previously, it was
found primary CML cells exhibited decreased Ca®" concentration in the cytosol (Ciarcia et al.,
2010). We hypothesized that increased pH and decreased concentration of Ca*" could be crucial
for better survival of CML-T1™R cells in the presence of imatinib. Therefore, NHE3 inhibition by

llR

amiloride was examined for its potential to selectively impair the viability of CML-T1™ cells.

Since NCX exchanger also alters pH and Ca®" concentration in the cells (Condrescu et al., 2002;
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Iwamoto et al., 2007), NCX inhibition by its inhibitor DCB was studied. However, none of these
two inhibitors showed any specific toxic effect against CML-T1™ cells and their viability

remained similar to CML-T1 in corresponding concentrations of amiloride and DCB.

The altered cytosolic concentration of Ca®" may change expression of certain subsets of proteins
and affect signaling pathways such as WNT/Ca*'/NFAT pathway (Gregory et al., 2010).
Previously, it was demonstrated that WNT/Ca?"/NFAT pathway is important for survival of CML
cells resistant to imatinib (Gregory et al., 2010). CsA, an inhibitor of the transcription factor
NFAT eliminates imatinib-resistant CML cells (Gregory et al., 2010). Accordingly to this study
(Gregory et al., 2010), NFAT inhibitors (CsA and FK-506) were used in our experiments. CsA
and FK-506 significantly inhibited the proliferation of CML-T1™® cells. However, the observed
effect appeared to be independent of the transcription factor NFAT because NFAT was strongly
downregulated in CML-T1™® nuclei.

Therefore, we proposed that a selective effect of CsA and FK-506 on the metabolism of
CML-T1™ cells is mediated through modulation of their calcium homeostasis. There is evidence
that CsA and FK-506 affect Ca>" homeostasis directly (Bilmen et al., 2002; Chelu et al., 2004).
CsA inhibits the activity of the ER ATPase SERCA, a membrane pump responsible for direct
Ca®" influx into ER from the cytosol (Bilmen et al., 2002). FK-506 stimulates the activity of the
ryanodine receptor (RYR), which causes release of Ca** from ER to the cytosol (Chelu et al.,
2004). Direct effect of these inhibitors (CsA and FK-506) on Ca** homeostasis may explain their
selective toxicity to CML-T1™ cells in the absence of the transcription factor NFAT.

To further verify that the specific balance in Ca®>" homeostasis is crucial for the survival of
CML-T1™® cells, CML-T1™ cells were treated by inhibitors of Ca®" transport and Ca*" signaling,
namely thapsigargin, ionomycin, verapamil, and CAI. These modulators of cytosolic calcium
levels, calcium signaling inhibitors, and calcium channel blockers showed selective toxicity to
CML-T1™ cells compared to CML-T1 cells. The most selective effect on CML-T1™® cells was
observed using thapsigargin and ionomycin. These agents cause elevation of cytosolic Ca** ions
to toxic levels i.e. by depletion of Ca?"ions from ER, which leads to ER stress, unfolded protein
response, and apoptosis (Beeler et al., 1979; Thastrup et al., 1990; Krebs et al., 2015). FK-506
(tacrolimus) and verapamil are known inhibitors of multidrug export (Arceci et al., 1992; Mahon
et al., 2003). Our results suggest that not only Ca*" levels in the cytoplasm but also in ER are

crucial for the survival of CML-T1®R

cells in imatinib. The hypothesis can be supported by our
results from 2-DE proteomic analysis, where an ER-resident protein, calreticulin, was

upregulated in CML-T1™® cells. Calreticulin is a Ca®>* binding chaperone in the ER. CML-T1™®
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cells require increased levels of calreticulin to preserve Ca®" homeostasis in ER. Thus,
thapsigargin, an inhibitor of Ca?" entry to ER, and ionomycin, calcium ionophore increasing
intracellular Ca?" concentration, showed selective toxicity to CML-T1® (Beeler et al., 1979;

Thastrup et al., 1990).

In addition to the selective experimental inhibitors, thapsigargin and ionomycin, three clinically
established drugs, CsA, FK-506 (tacrolimus), and verapamil possess similar toxic effects to
CML-T1™®R cells. The observed toxic effect to CML-T1™® cells can probably be caused by
disruption of Ca?>" homeostasis between ER and the cytosol by verapamil and tacrolimus (Chelu

et al., 2004; Triggle, 2006).

Ca?" ions are important second messengers, which are involved in many diverse cellular
processes including muscle contraction, cell migration, and growth (Berridge et al., 2000). Ca**
homeostasis can also be maintained by mitochondria-ER contacts via membrane microdomains
between mitochondria and ER called mitochondria-associated membranes (MAMs) (Rizzuto et
al., 1998; Sassano et al., 2017). Special attention should also be paid to these tight contacts where
Ca?" flux could be critically affected by the drugs used in our study with detrimental effects on
CML-T1™® cell viability. Our nonpublished results confirmed elevated markers of ER stress upon
drugs causing Ca®" depletion from ER stores (not shown). Taking together, Ca’>" homeostasis in
CML is not well elucidated and its deregulation is described in a few studies including ours

(Ciarcia et al., 2010; Toman et al., 2016; Cabanas et al., 2018).

5.2. Targeting metabolism of CML cell line with BCR-ABLI gene

amplification

The second chapter of this work is dedicated to the identification and verification of potential
therapeutic targets which could be exploited for selective elimination of K562 cells resistant to
imatinib. The BCR-ABL1 gene amplification and overexpression of the constitutively active
BCR-ABL kinase represents another, less common model of imatinib resistance. More powerful
LFQ method for proteomic analysis of K562 and K562 cells was applied to obtain more in-
depth view of adaptive changes in the metabolism of imatinib-resistant K562 cells. The LFQ
proteomic analysis identified a total of 3141 proteins and provided relative quantification for
2118 proteins. Among 392 proteins that were found to be differentially expressed, we focused
on significantly upregulated proteins involved in signaling pathways mediating survival and

proliferation of cells. The transcription factor STAT3 was markedly upregulated in K562™® cells
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(4.5-fold). STAT3 has been previously associated with drug resistance in CML (Eiring et al.,
2014, 2015b; Patel et al., 2021).

STAT3 is a member of the family of signal transducer and activator of transcription proteins
(Darnell, 1997; Levy and Darnell, 2002). The STATS3 transcription factors can be activated by a
variety of cytokines, growth factors, oncogenes, and non-receptor kinases (Herrington et al.,
2000; Reddy et al., 2000; Ihle, 2001). Irrespective of the activating kinase, STAT3 is
phosphorylated on the conserved residue (Tyr705) directly by the intrinsic kinase activity of the
activated receptor kinase or by the tyrosine kinase receptor-associated JAK (Heinrich et al., 1998,
2003; Quesnelle et al., 2007). In CML cells, STAT3 is phosphorylated by the BCR-ABL kinase
(Ilaria and Van Etten, 1996). Activated STAT3 also contributes to resistance to BCR-ABL
inhibitors (Bewry et al., 2008; Eiring et al., 2014; Patel et al., 2021). Critical role of STAT3 in
drug resistance in CML was demonstrated by its inhibition using selective inhibitors BP-5-087
and LLL12 in combination with imatinib (Eiring et al., 2015b; Patel et al., 2021). This combined
treatment led to reduced survival of drug-resistant CML cells including resistant primary CML
cells (Eiring et al., 2015b; Patel et al., 2021). Using specific antibodies, it was possible in our
study to verify upregulated expression of STAT3 and its phosphorylated forms STAT3 (Tyr705)
and STAT3 (Ser727) in lysates and nuclei from K562 cells. We further confirmed the
differential expression of STAT3 by RT-PCR using specific primers. STAT3 mRNA expression
was increased almost 2-fold in K562™® cells compared to K562 cells. Among other differentially
expressed proteins identified by LFQ in K562 cells, the cytoskeletal protein spectrin beta, non-
erythrocyticl (SPTBN1), one of the negative transcriptional regulators of STAT3 (Lin et al.,
2014), was found to be downregulated. Application of specific STAT3 inhibitor Stattic results in
selective impairment of K562™ cell viability in the presence of imatinib. Our results clearly
indicated selective toxicity of Stattic against K562™ cells and therefore confirmed the previous
observations that inhibition of STAT3 by various inhibitors reduced survival of resistant CML
cell lines and primary CML cells (Eiring et al., 2015b; Patel et al., 2021). We then focused on
examining signaling pathways that could regulate STAT3 activity in K562'® cells and thus
support their self-renewal, proliferation, and survival. One such candidate was IGF1R signaling
pathway (Xie et al., 2015). IGF1R signaling is required for normal hematopoiesis as well as for
leukemogenesis (Akahane et al., 1987; Hizuka et al., 1987; Kurtz et al., 1988). IGF1R signaling
can be induced by BCR-ABL in CML cells and plays a supportive role in proliferation and CML
cell viability (Lakshmikuttyamma et al., 2008; Shi et al., 2010). Aberrant activation of autocrine
IGF1R signaling may facilitate the transformation from CP to BP (Lakshmikuttyamma et al.,
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2008). IGF1 expression appeared to be directly correlated with CML progression and is increased
in patients with CML-BP (Lakshmikuttyamma et al., 2008; Shi et al., 2010). IGF1R signaling is
critical for survival of cells resistant to imatinib as well as to other inhibitors (Shi et al., 2010).
Inhibition of IGFIR using the selective inhibitor PPP in combination with imatinib decreased the
viability and induced apoptosis in various CML cell lines, BaF3 cells transfected with wild-type
BCR-ABLI1, BCR-ABLI carrying the mutation E255K or cross-resistant BCR-ABL1 with the
mutation T3151, as well as in primary cells collected from imatinib-resistant patients (Shi et al.,
2010). Therefore, the expression of IGFIR, its activated phosphorylated form pIGFIR
(Tyr1135/1136), and adapter protein insulin receptor substrate 1 (IRS-1) were evaluated in our
model K562 and K562 cells. No significant differences were found in the expression of total
IGF1R and IRS-1 proteins between K562 and K562 cells. However, IGF1R mRNA expression
was increased 2-fold in K562™ compared to K562 cells. Levels of IGFIR and pIGFIR
(Tyr1135/1136) did not change after treatment with PPP, but PPP induced inhibitory
phosphorylation of IRS-1 adaptor protein. Some other downstream targets of IGF1R pathway
such as phosphorylated form of activated AKT kinase (Ser473) appeared to be stimulated in
K562 cells. Treatment of K562 cells with PPP resulted in the downregulation of
phosphorylated AKT kinase (Ser473). Finally, selective toxicity of PPP was observed against
K562 in the series of cell viability assays which corresponds with other previously published
data showing toxicity of PPP to imatinib-resistant primary CML cells as well as to imatinib-
sensitive CML cell lines (K562, KBM-5, MEGO01, and BV173) (Shi et al., 2010). However, these
data did not compare the differential cytotoxicity of PPP to sensitive and resistant CML cells as
we did in our study. Interestingly, PPP treatment did not show any selective toxicity to BaF3
cells transfected with BCR-ABLI carrying E255K or T3151 mutations, when compared to BaF3
cells transfected with wild-type BCR-ABLI (Shi et al., 2010). The reason for this observation
could be a different mechanism of imatinib resistance and metabolic adaptation in our model cell
line, K562™%, in comparison with transfected Ba/F3 cells. Our model cell line K562® was found
to have BCR-ABL1 gene amplification whereas Ba/F3 cells harbor a mutation in the BCR-ABL1
gene. Thus, selective toxicity of PPP to K562™ cells could be specific for our K562 cellular
model. Alternatively, observed cytotoxic effect of PPP could be independent of IGFIR inhibition
as was described previously (Wu et al., 2013; Waraky et al., 2014).

We also speculated whether dual inhibition of aforementioned signaling nods with suggested
prosurvival effects on the viability of K562™ cells in the presence of imatinib — STAT3 and
IGFIR/IRS-1 — could induce stronger toxic effects in K562™ cells and we explored this
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combination to evaluate its better therapeutic significance. Recent studies in melanoma,
colorectal cancer and JAK2V®!'7F- positive myeloproliferative neoplasms showed promising
results obtained with a novel inhibitor NT157. This compound is targeting both the adaptor
protein IRS-1 and STAT3 (Flashner-Abramson et al., 2016; Sanchez-Lopez et al., 2016; Fenerich
et al., 2020). Promising results were obtained with NT157 in the treatment of BCR-ABL-positive
cells. NT157 decreased the cell viability and proliferation and induced apoptosis of
BCR-ABL-positive K562 cells (Scopim-Ribeiro et al., 2021). It was also shown that inhibition
of IRS-1/2 by NTI157 induced apoptosis of BaF3 cells transfected either with wild-type
BCR-ABL1 or mutant BCR-ABLI T3151 (Scopim-Ribeiro et al., 2021). NT157 treatment
inhibited colony formation in primary CML cells in contrast to normal hematopoietic cells
(Scopim-Ribeiro et al., 2021). NT157 activity was also demonstrated in primary cells from one
CML patient harboring mutant BCR-ABLI T3151 (Scopim-Ribeiro et al., 2021). Our results from
cell viability assays not only confirm these data but also indicate that NT157 was more potent

against K562 cells compared with K562 cells.

Recently, it was found that IGF1/IGF1R/STAT3 signaling induced expression of IFITM2 protein
in gastric cancer cells (Xu et al., 2017). IFITM2 protein is a member of the IFITM protein family
including at least two other members, IFITM1 and IFITM3. IFITM3 protein was found strongly
enriched in exosomes derived from K562 cells as identified by LFQ in this work (Hrdinova et
al., 2021). Increased levels of IFITM3 protein were verified in exosomes derived from K562}
cells and also in K562 cells by Western blot (Hrdinova et al., 2021). Using GeneCards database
it was possible to predict a STAT3 binding site in IFITM3 promoter
(https://www.genecards.org/cgi-bin/carddisp.pl?gene=IFITM3&keywords=ifitm3) (Stelzer et

al., 2016). We hypothesized that IFITM3 gene is regulated by the STAT3 transcription factor.
Using the inhibitors Stattic and NT157, it was possible to show that expression of [IFITM3 protein
in K562® cells decreased after 24 hours of incubation with respective inhibitors. These data were
further supported by PCR data showing decrease in /FITM3 mRNA expression after treatment
of K562 cells with Stattic and NT157. The result suggests that IFITM3 protein and mRNA
expression are at least partially regulated by the STAT3 transcription factor. Other separate part
of this thesis showed that the level of IFITM3 expression in K562 cells was decreased by CsH,
a specific inhibitor of formyl peptide receptor (FPR1). FPR1 belongs to the class of G protein-
coupled receptors, which can be stimulated by binding of formyl Met-Leu-Phe peptide. Such
peptides can typically be a product of bacterial infection, or, due to evolutionary mechanisms,

can be released by defective mitochondria as a damage-associated molecular patterns (DAMPs)
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upon cellular stress (Grazioli and Pugin, 2018). It is known that DAMPs can stimulate chronic
inflammation in malignant cells resulting in deregulated interferon response (Hernandez et al.,
2016). Thus, it can be speculated whether interferon-induced IFITM3 protein upregulation in
K562™ can also be a result of chronic inflammation induced by DAMPs released by
mitochondria. Indeed, CsH is used to enhance lentivirus transduction of human hematopoietic
cells, which normally express interferon-stimulated genes including IFITM3 to prevent IFITM3
antiviral function (de Paulis et al., 1996; Wu et al., 2018). Moreover, CsH selectively decreased
viability of imatinib-resistant K562'R cells, suggesting importance of this protein not only as a

surface marker of resistant cells but also for K562® cell survival.

5.3.  Analysis of exosomes from imatinib resistant CML cells

In the last chapter of this work, a comparative study was dedicated to analyze protein composition
of exosomes released by K562 and K562 cells. In our working hypothesis, exosomes released
by imatinib-resistant K562™ can carry prosurvival signal providing phenotypical changes in
recipient cells to escape apoptosis-inducing effects of imatinib. The LFQ analysis was used to
obtain more detailed data on exosome protein composition. To verify our working hypothesis,
K562™ derived exosomes were incubated with K562 cells prior to their exposure to 2 pM
imatinib. The results from these repeated experiments showed that K562™® derived exosomes

increased slightly but significantly the survival of K562 cells in the presence of 2 uM imatinib.

This supports the previously published observation made by Min et al (Min et al., 2018) and
highlights the role of exosomes in the horizontal transfer of putative prosurvival information
between cancer cells. The significance of exosome-mediated survival in the development of
resistance to imatinib in CML patients remains to be elucidated. It is expected that more complex
and complicated situation occurs in vivo in patients. Exosomes from leukemic cells circulate
throughout the whole body, overcome biological barriers and take part in complex signaling
networks especially in the compartment of BM, where they communicate with other cell types
such as endothelial cells, macrophages, or stromal cells (Mineo et al., 2012; Taverna et al., 2012;
Corrado et al., 2014; Jafarzadeh et al., 2019). It should also be mentioned that the processes of
exosome release and internalization occur rather continuously in vivo. Furthermore, the role of
exosome-mediated survival may differ among CML patients with respect to different molecular
mechanisms of imatinib resistance which may affect the proliferation rate of cells, protein

expression profiles, the rate of exosome production, and the resulting exosomal composition.
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Therefore, data presented here may be associated uniquely with imatinib resistance caused by

the BCR-ABLI gene overexpression in our model K562 cells.

Exosomal role in cancer progression and drug resistance can also mean that exosomes could
serve as biomarkers for monitoring disease progression and development of drug resistance
(Maacha et al., 2019; Steinbichler et al., 2019). The specific protein composition of K562 and
K562 derived exosomes was characterized in detail to identify candidate resistance-associated
markers on the surface of K562 exosomes and K562 cells. The LFQ proteomic analysis
identified over 3,000 proteins in exosomes with relative quantification for 1,241 of these proteins.
The presented dataset is probably the largest set of proteins identified in leukemic exosomes. A
total of 35 proteins were classified as differentially abundant. Attention was paid to proteins
localized or expected to be present on cell surface because such molecules could be exploited
clinically as markers to monitor disease progression or drug resistance, or eventually represent
potential targets for future drugs. The significantly upregulated proteins (i.e., >7-fold according
to LFQ data) identified in K562 exosomes with predicted surface localization were IFITM3,
CD146, and CD36. These proteins with putative diagnostic potential have been previously linked
to cancer progression (Lehmann et al., 1989; Watson-Hurst and Becker, 2006; Wu and
Dickerson, 2014; Ye et al., 2016; Zhang et al., 2017; Landberg et al., 2018; Liu et al., 2019).

The IFITM3 protein belongs to the interferon-induced transmembrane protein family, which
plays role in antiviral defense (Bailey et al., 2014). Recently, it was demonstrated that human
embryonic stem cells and human induced pluripotent stem cells have elevated levels of selected
interferon-stimulated genes including IFITM3 to function as an innate antiviral protection (Wu
et al., 2018). In addition, high levels of IFITM3 protein have been found in AML patients and in
human cell lines derived from lung, gastric, oral, and breast tumors (Yang et al., 2013; Hu et al.,
2014; Zhang et al., 2017; Gan et al., 2019; Liu et al., 2019). IFITM3 protein is involved in cancer
progression (Hu et al., 2014; Zhang et al., 2017) and shows pro-proliferative and pro-migratory
effects (Yang et al., 2013; Gan et al., 2019). In patients with AML and B-cell malignancies, high
levels of IFITM3 expression correlates with poor prognosis (Liu et al., 2019; Lee et al., 2020).

The transmembrane glycoprotein CD146 was first described in malignant melanoma where its
expression correlated with the development of metastasis and poor prognosis (Lehmann et al.,
1989). Overexpression of CD146 protein has been linked to tumor progression, metastasis and
angiogenesis in various types of malignancies such as melanoma, lung, ovarian and breast
cancers (Watson-Hurst and Becker, 2006; Wu and Dickerson, 2014; Lei et al., 2015). CD146
also promotes drug resistance (Liang et al., 2017; Tripathi et al., 2017).
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CD36 has been described as a hematopoietic marker in a subpopulation of leukemia stem cells,
primary primitive (less differentiated) cells, and CML-BP cells (Ye et al., 2016; Landberg et al.,
2018). It is thus possible that increased expression of CD36 protein could potentially mark a

fraction of K562R cells which are less differentiated.

Elevated expression of these three putative markers in K562 derived exosomes and K562}
cells were confirmed by Western blot using specific antibodies. Flow cytometric analysis of live
cells was further performed to confirm a higher abundance of IFITM3, CD146, and CD36 on the
cell surface of K562™ cells so they could represent diagnostically accessible markers of
resistance to imatinib. It was demonstrated that CD146 could serve as a valid positive marker of
K562 cells. Thus, CD146 is an exploitable molecule for distinguishing K562™® populations by
flow cytometry. Expression of IFITM3 and CD36 proteins on the cell surface exhibited lower
differences between the K562 and K562 cells and thus are less suitable for distinguishing
between K562 and K562™% cells.

In concordance with this, CD146 has already been described as promising target in
CD146-positive cancers, such as melanoma, and its therapeutic potential is evaluated using
anti-CD146 antibodies (Nollet et al., 2017; Stalin et al., 2017). Similarly to CD146 inhibition,
studies with knockdown of IFITM3 protein in breast cancer cell lines and in oral squamous cell
carcinoma supported its potential for future targeted therapeutic strategies (Yang et al., 2013;
Gan et al., 2019). At least hypothetically, CD146 and IFITM3 proteins (expressed specifically
on the surface of K562™ cells), could serve as markers or molecular targets for therapy of

imatinib-resistant CML.

The exact mechanism by which incubation of K562™ derived exosomes with K562 cells
enhances their survival in imatinib is not explained in our study. However, some mechanisms
may be proposed. It could be hypothesized that exosomes carry BCR-ABL kinase into K562
cells and alter BCR-ABL kinase/imatinib ratio in the K562 cells leading to their better survival.

Alternatively, K562™® exosomes could carry additional molecules responsible for better survival
of recipient cells such as DNAs, RNAs, and proteins. Previously, it was shown that miR-365
present in K562™ exosomes is partly responsible for chemoresistance (Min et al., 2018).
However, the beneficial effect of miR-365 alone was weaker compared to the exosomes derived
from imatinib-resistant cells (Min et al., 2018). These findings emphasize that other molecules
mediate this effect. It could be hypothesized that IFITM3 and CD146 could be another candidate

molecules contributing to enhanced survival e.g. through regulation and activation of STAT3
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and AKT signaling pathways (Johnston and Grandis, 2011; Wang et al., 2020). IFITM3 regulates
PI3K signaling in B cells and knockdown of IFITM3 suppressed STAT3 phosphorylation in vitro
(Lee et al., 2020; Wang et al., 2020). CD146 mediates chemoresistance through activation of the
AKT kinase in breast cancer and in small cell lung cancer (Liang et al., 2017; Tripathi et al.,
2017). However, it remains to be elucidated whether IFITM3 and/or CD146 proteins carried by
exosomes from K562™ cells can modulate the aforementioned molecules in target cells to

promote their survival in the presence of imatinib.

The proteomic studies performed on imatinib-resistant CML cells (CML-T1 and K562) provide
a proof of concept for basic research in a future model of personalized CML therapy including
TKI-resistant causes. Moreover, this concept is applicable in the research of other drug-resistant
diseases. However, there are few major drawbacks complicating the application of this
personalized concept of CML therapy. CML cell lines (CML-T1 and K562) represent a clonal
cellular model which could differ from CML cells proliferating in a variable and complex
environment in vivo in patient’s body as it was shown in a recent study (Li et al., 2021). For
example, it remains to be experimentally verified whether altered Ca*" homeostasis which we
found to be important for CML-T1 cells survival, could also be detected in primary CML cells
isolated from imatinib-resistant patients. Similarly, a study detecting the surface proteins IFITM3
and CD146 (identified as markers in K562 cells) could also be performed using CML primary
cells or plasma obtained from imatinib-resistant patients. Unfortunately, acquisition of primary
CML cells from patients with imatinib resistance is complicated by different factors. Firstly, it is
due to quick replacement of TKI drugs in CML therapy without the bone marrow sampling when
the patients do not respond (Hochhaus et al., 2020). Secondly, verification of expression of
putative protein markers such as IFITM3 and CD146 or measurement of altered Ca®>" homeostasis
may be limited by the amount of isolated Ph™ cells and/or by challenges in techniques of primary
cell expansion. Thirdly, patients may differ in mechanisms of imatinib resistance. In addition,
the results presented here may be specific for mechanisms of imatinib resistance described in our
model cell lines, i.e. BCR-ABL1 gene mutation or amplification. Therefore, a prospective study
should include the expansion of leukemia cells isolated from patients with a different mechanism
of'imatinib resistance. Validation of IFITM3 and CD146 surface marker expression in vivo would
be necessary prior to propose IFITM3 and CD146 as novel markers of imatinib resistance or as

potential therapeutic targets in imatinib-resistant CML.
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6. Conclusions

e Proteomic analysis of CML cells sensitive and resistant to imatinib imatinib revealed
potential therapeutic targets in imatinib-resistant cells. Proteomic analysis of
exosomes derived from imatinib resistant cells identified membrane surface markers
which reflect their expression on the surface of imatinib resistant cells ant thus could
serve as clinically relevant diagnostic markers associated with imatinib resistance.

llR

e Proteomic analysis of CML-T1™ cells revealed upregulated NHERF1 protein and its

consequent effects on cellular pH and Ca** homeostasis were evaluated.

IR cells has a

e Increased pH and decreased Ca*>" measured in the cytosol of CML-T
profound therapeutic potential.

e The modulators of intracellular calcium, namely thapsigargin, ionomycin, verapamil,
CAL CsA, and FK-506 were significantly more potent in inhibition of proliferation of

CML-T1™® compared to the sensitive parental cell line.

e Proteomic analysis of K562® cells revealed upregulated STAT3 transcription factor
which was previously described as important for drug-resistant cells.

e STATS3 inhibition by Stattic or inhibition of IGF1R signaling by PPP, as well as dual
targeting IRS-1/2 and STAT3 by NT157 led to selective elimination of imatinib-
resistant K562™ cells.

e The expression of IFITM3 protein is at least partly regulated by the transcription factor
STAT3 as was demonstrated by reduced expression of IFITM3 after treatment of
K562 cells with Stattic or NT157.

e IFITM3 expression in K562 cells is decreased by CsH in K562™ cells and the
viability of K562 cells is reduced by CsH.

e Our proteomic analysis of exosomes derived from K562 cells identified upregulation
of IFITM3, CD146, and CD36 proteins.

e Upregulation of IFITM3 and CD146 proteins in K562™ cells was confirmed by flow
cytometry and these proteins could be used as markers of imatinib resistance in K562™®

cells in our studies.
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7. Publications

This Ph.D. thesis consists of 2 publications and the unpublished results from a manuscript in
preparation, chronologically ordered below. Individual papers are attached at the end of the

thesis.

1) Proteomic analysis of imatinib-resistant CML-T1 cells reveals calcium homeostasis as a
potential therapeutic target

Toman O, Kabickova T, Vit O, Fiser R, Polakova KM, Zach J, Linhartova J, Vyoral D, Petrak
J. Oncol Rep. 2016 Sep;36(3):1258-68. doi: 10.3892/0r.2016.4945. Epub 2016 Jul
18.PMID: 27430982. IF 3.906

- I am listed as a co-author. I performed Western blots and cell viability assays. I revised the

manuscript.

2) Exosomes released by imatinib-resistant K562 cells contain specific membrane markers,
IFITM3, CD146 and CD36 and increase the survival of imatinib-sensitive cells in the
presence of imatinib

Hrdinova T, Toman O, Dresler J, Klimentova J, Salovska B, Pajer P, Bartos O, Polivkova V,
Linhartova J, Machova Polakova K, Kabickova H, Brodska B, Krijt M, Zivny J, Vyoral D, Petrak
J. Int J Oncol. 2021 Feb;58(2):238-250. doi: 10.3892/1j0.2020.5163. Epub 2020 Dec
23.PMID: 33491750. IF 5.650

- T'am listed as a first author. I designed, performed, and analyzed the majority of the experiments.
I wrote and revised the manuscript.

3) Unpublished results from manuscript in preparation

- I designed, performed, and analyzed the majority of the experiments.

Other publication not included in my thesis:

Circulating Small Noncoding RNAs Have Specific Expression Patterns in Plasma and
Extracellular Vesicles in Myelodysplastic Syndromes and Are Predictive of Patient
Outcome.

Hrustincova A, Krejcik Z, Kundrat D, Szikszai K, Belickova M, Pecherkova P, Klema J, Vesela
J, Hruba M, Cermak J, Hrdinova T, Krijt M, Valka J, Jonasova A, Merkerova MD. Cells. 2020
Mar 26;9(4):794. doi: 10.3390/cells9040794.PMID: 32224889. IF 6.600

Detection and quantitation of iron in ferritin, transferrin and labile iron pool (LIP) in
cardiomyocytes using S5Fe and storage phosphorimaging

Krijt M, Jirkovska A, Kabickova T, Melenovsky V, Petrak J, Vyoral D. Biochim Biophys Acta
Gen Subj. 2018 Dec;1862(12):2895-2901. doi: 10.1016/j.bbagen.2018.09.005. Epub 2018 Sep
10.PMID: 30279145. TF 2.590
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8. Availability of data and materials

The supplementary material: Table SI, SII, SIII generated and analyzed during the current study

have been deposited to:
https://biocev.1f1.cuni.cz/disertacni-prace-terezy-hrdinove

Table SI_KS562 cells_List of relatively quantified proteins
Table SII_K562 cells_List of differentially expressed proteins

Table SIII_K562 exosomes_List of relatively quantified proteins
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Abstract. Chronic myeloid leukemia (CML) therapy has
markedly improved patient prognosis after introduction of
imatinib mesylate for clinical use. However, a subset of patients
develops resistance to imatinib and other tyrosine kinase
inhibitors (TK1s), mainly due to point mutations in the region
encoding the kinase domain of the fused BCR-ABL oncogene.
To identify potential therapeutic targets in imatinib-resistant
CML cells, we derived imatinib-resistant CML-T| human cell
line clone (CML-T1/IR) by prolonged exposure to imatinib in
growth media. Mutational analysis revealed that the Y235H
mutation in BCR-ABL is probably the main cause of CML-T1/
IR resistance to imatinib. To identify alternative therapeutic
targets for selective elimination of imatinib-resistant cells, we
compared the proteome profiles of CML-T1 and CML-T1/
IR cells using 2-DE-MS. We identified eight differentially
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expressed proteins, with strongly upregulated Na*/H* exchanger
regulatory factor | (NHERFI) in the resistant cells, suggesting
that this protein may influence cytosolic pH, Ca** concentra-
tion or signaling pathways such as Wnt in CML-T1/IR cells.
We tested several compounds including drugs in clinical use
that interfere with the aforementioned processes and tested
their relative toxicity to CML-T1 and CML-TI/IR cells.
Calcium channel blockers, calcium signaling antagonists and
modulators of calcium homeostasis, namely thapsigargin,
ionomycin, verapamil, carboxyamidotriazole and immunosup-
pressive drugs cyclosporine A and tacrolimus (FK-506) were
selectively toxic to CML-TI/IR cells. The putative cellular
targets of these compounds in CML-T1/IR cells are postu-
lated in this study. We propose that Ca** homeostasis can be
a potential therapeutic target in CML cells resistant to TKIs.
We demonstrate that a proteomic approach may be used to
characterize a TKI-resistant population of CML cells enabling
future individualized treatment options for patients.

Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative
disorder characterized by the presence of the Philadelphia (Ph)
chromosome (1), encoding a chimeric protein Ber-Abl with
constitutive tyrosine kinase activity (2). Ber-Abl Kinase
activates multiple downstream signaling pathways essential
for survival and proliferation of CML cells (3,4). Imatinib is
the first tyrosine kinase inhibitor (TKI) drug approved for
CML therapy which blocks the ATP-binding site of Ber-Abl
and inhibits its activity (5). Unfortunately, not all patients
with CML benefit from imatinib treatment in CML therapy.
Primary refractoriness to imatinib is present in 13% of
patients (6). Secondary (acquired) resistance, where the TKI
treatment during therapy effectively selects drug-resistant
clones, is a major complication that leads to disease progres-
sion in 30-40% of imatinib-treated patients (7). The most
frequent causes of acquired resistance to CML therapy are
point mutations in the kinase domain of Ber-Abl, which
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prevent TKI drugs from effectively binding to Ber-Abl (8).
Other Ber-Abl dependent mechanisms of resistance occur via
amplification of the BCR-ABL gene and overexpression of the
protein (9,10). Additional adaptive changes contributing to TKI
resistance such as substitutive activation of the Src family of
kinases (11), or activation of alternate cell signaling pathways
such as PI3BK/AKT/mTOR (12) have been documented.

Each causal change within a leukemic cell leading to TKI
resistance is consequently accompanied by other adaptive
molecular alterations resulting in a new drug-resistant cell
phenotype. Proteomic characterization of such molecular
alterations in resistant cancer cells enables identification
of new molecular targets with therapeutic potential (13,14)
and can be used for optimization of anticancer therapy (15).
In order to identify the molecular alterations contributing
to and associated with imatinib resistance in a model
of CML, we performed proteomic analysis comparing
imatinib-sensitive CML cells (CML-T1) with derived
imatinib-resistant cells (CML-T1/IR). Among the most evident
changes in the CML-TI/IR cells was upregulation of a multi-
functional scaffolding protein Na*/H" exchange regulatory
factor 1 (NHERFI). Based on known NHERF1 functions, we
evaluated the possible consequences of NHERF1 upregulation
on the survival of the CML-TI/IR cells. We observed disrupted
calcium homeostasis and demonstrated selective toxic effects
of calcium transport and calcium signaling inhibitors in the
imatinib-resistant CML cells. The pronounced toxicity of
calcium homeostasis modulators emphasizes their therapeutic
potential in CML therapy.

Materials and methods

Establishment of imatinib-resistant cells. CML-T1 cells
(purchased from Leibniz Institut DSMZ, German Collection
of Microorganisms and Cell Culture GmbH, Braunschweig,
Germany) were grown in RPMI media in the presence of
10% fetal calf serum in a 37°C humidified atmosphere with
5% CO,. Resistant CML-T1 subclones, CML-TI/IR, were
derived by prolonged cultivation in increasing concentrations
of imatinib.

Mutation analysis in the kinase domain of BCR-ABL. Sanger
sequencing was applied as previously described (16). Briefly,
RNA was extracted from the CML-TI and CML-TI/IR cells
with TRIzol (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) and the complementary DNA was synthesized by
M-MLYV reverse transcriptase (Promega, Madison, WI, USA)
using random hexamer primers (Jena Bioscience GmbH, Jena,
Germany). The cDNA region encoding the kinase domain of
the fused BCR-ABL was amplified using nested PCR. The
resulting 914-bp amplicon was sequenced from both strands.
Based on the conclusive observation of mutated BCR-ABL
transcripts, we explored the analysis using next-gener-
ation deep sequencing (NGS) with IRON-II BCR-ABL
plates (IRON, International Robustness of Next-Generation
sequencing) on a 454 GS Junior system (Roche Applied
Science, Penzberg, Germany) to reveal the presence of muta-
tions below the detection limit of Sanger sequencing. The
protocol and algorithm previously established for NGS data
evaluation (17) were followed.
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Sample preparation for 2-DE. CML-T1 and CML-TI/IR
cells (1x10%) were harvested by centrifugation, washed twice
with PBS and homogenized in a lysis buffer [7 M urea, 2 M
thiourea, 4% CHAPS, 60 mM DTT and 1% ampholytes
(IPG buffer pH 4.0-7.0; GE Healthcare Life Sciences. Little
Chalfont, UK)] containing a protease inhibitor cocktail (Roche
Diagnostics, Basel, Switzerland) for 20 min at room tempera-
ture. The lysates were cleared by centrifugation at 15,000 x g
for 20 min at room temperature. Next, the supernatants were
collected and the protein concentration was determined using
the Bradford method (Bio-Rad. Inc., Hercules, CA, USA). The
protein concentrations in all the samples were equalized to
7.3 mg/ml by dilution with the lysis buffer.

2-DE. Isoelectric focusing was performed with a Bio-Rad
Protean IEF cell using 24 c¢cm IPG strips (pH 4.0-7.0; GE
Healthcare Life Sciences). Six technical replicates were run
for each biological sample (6x CML-T1 and 6x CML-TI/IR).
The strips were rehydrated overnight, each in 450 ul of sample,
representing 3.3 mg of protein. Isoelectric focusing was
performed for 60 kVh, with the maximum voltage not exceeding
5 kV, the current limited to 50 mA/strip and the temperature
set to 18°C. The focused strips were equilibrated and reduced
in equilibration buffer A (6 M urea, 50 mM Tris pH 8.8,
30% glycerol, 2% SDS and 450 mg DTT/50 ml of the buffer)
for 15 min and then alkylated in equilibration buffer B (6 M
urea, 50 mM Tris pH 8.8, 30% glycerol, 2% SDS and 1.125 mg
iodacetamide/50 ml). The equilibrated strips were then placed
on the top of 10% PAGE gel and secured in place by molten
agarose. Electrophoresis was performed in a Tris-glycine-SDS
system using a Protean Plus Dodeca Cell apparatus (Bio-Rad,
Inc.) with buffer circulation and external cooling (20°C). The
twelve gels were run at a constant voltage of 200 V for 6 h.
Following electrophoresis, the gels were washed three times
for 15 min in deionized water to remove the SDS. The washed
gels were stained in CCB (SimplyBlue SafeStain, Invitrogen
Life Technologies, Carlsbad, CA, USA) overnight, and then
destained in deionized water.

Gel image analysis. The gels were scanned with a GS 800
calibrated densitometer (Bio-Rad, Inc.). Image analysis was
performed with Phoretix 2D software (Nonlinear Dynamics,
Newcastle upon Tyne, UK) in semi-manual mode with six gel
replicates for one biological sample. Normalization of gel
images was based on total spot density, and integrated spot
density values (spot volumes) were then calculated after
background subtraction. Average spot volume values (averages
from all the six gels in the group) for each spot were compared
between the groups. Protein spots were considered differen-
tially expressed if they met both of the following criteria: i) the
average difference of normalized spot volume was <I.5-fold
and ii) the statistical significance of the change determined by
the t-test was P<0.05.

MALDI MS, protein identification. The spots containing
differentially expressed proteins were excised from the gels,
cut into small pieces and washed three times with 25 mM
ammonium bicarbonate in 50% acetonitrile (ACN). The gels
were then dried in a SpeedVac Concentrator (Eppendorf,
Hamburg, Germany). Sequencing grade modified trypsin
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(6 ng/ul) (Promega) in 25 mM ammonium bicarbonate in
5% ACN was added. Following overnight incubation at 37°C,
the resulting peptides were extracted with 50% ACN, Peptide
samples were spotted on a steel target plate (Bruker Daltonics,
Bremen, Germany) and allowed to dry at room tempera-
ture. Matrix solution (3 mg a-cyano-4-hydroxycinnamic
acid in 1 ml of 50% ACN containing 0.1% trifluoroacetic
acid) was then added. MS was performed on an Autoflex 11
MALDI-TOF/TOF mass spectrometer (Bruker Daltonics)
using a solid nitrogen laser (337 nm) and FlexControl software
in reflectron mode with positive ion mass spectra detection.
The mass spectrometer was externally calibrated with Peptide
Calibration Standard IT (Bruker Daltonics). Spectra were
acquired in the mass range of 800-3,000 Da. The peak lists
were generated using FlexAnalysis and searched against
Swiss-Prot (2014 version) using the Mascot software. The
peptide mass tolerance was set to 100 ppm, taxonomy Homo
sapiens was selected, missed cleavage was set to 1, fixed
modification for cysteine carbamidomethylation, and variable
modifications for methionine oxidation and protein N-terminal
acetylation were further settings selected. Proteins with a
Mascot score over the threshold of 56 for P<0.05 calculated
using the aforementioned settings were considered as identi-
fied.

Multidrug resistance (MDR) assay. The Vybrant™ Multidrug
Resistance Assay kit (Thermo Fisher Scientific, Inc.) was used
to measure drug efflux from the CML-T1 and the CML-T1/
IR cells. The cells (5x10* cells/well) were grown in a 96-well
plate for 24 h. Cells were then divided into two groups: the
untreated group and the group treated with MDR drug
efflux inhibitors cyclosporine A (CsA) and/or verapamil (at
a final concentration ranging from 0.4 to 120 pg/ml). After
1 h, calcein AM was added to 100 pl of each examined cell
suspension. After another 30 min, the cells in the plate were
washed twice with 200 ul of cold RPMI-1640 culture medium,
and the fluorescence of the retained calcein in both groups
of cells was measured at a wavelength of ., = 485 nm and
Aew = 538 nm by FluoroMax-3 spectrofluorometer equipped
with DataMax software (Jobin Yvon Horriba, Kyoto, Japan).

Cytosolic pH measurement. The assay was conducted as
described previously by Kiedrowski (18). Cells were loaded
with I M BCECF-AM for 20 min at room temperature. To
monitor the BCECF fluorescence, the cells were exposed
every 5 sec to 488 and 440 nm excitation and the images
of fluorescence emitted at >520 nm (F488 and F440) were
measured by a FluoroMax-3 spectrofluorometer equipped
with DataMax software (Jobin Yvon Horriba) and saved for
offline analysis. In selected experiments, F488/F440 ratios
were converted to cytosolic pH values based on in situ calibra-
tion performed at the end of the experiments as described in
Kiedrowski (18).

Measurement of cytosolic Ca’*. Measurements of
calcium concentration in the cytosol were performed as
previously described (19). Briefly, the cells were washed in
a modified HBSS buffer (140 mM NaCl, 5 mM KCI, 2 mM
CaCl,, 3 mM MgCl,, 10 mM HEPES, 50 mM glucose
pH 7.4) and loaded with 3 pM Fura-2 acetoxymethyl
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ester (Fura-2/AM) for 30 min at 25°C in the dark, rinsed, and
allowed to rest for 30 min prior to fluorescence measurements
using a FluoroMax-3 spectrofluorometer equipped with
DataMax software (Jobin Yvon Horriba, France). The
fluorescence intensity of Fura-2 (excitation at 340 and 380 nm,
and emission at 510 nm) was recorded every 15 sec, with
an integration time of 3 sec. The concentration of free
intracellular Ca® was determined as proportional to the ratio
of fluorescence at 340/380 nm. The actual Ca™ concentration
was calculated with the Grynkiewicz equation (20). The K,
for Ca® binding to Fura-2 was measured to be 240 nM at the
experimental temperature.

Wt target gene microarray. Total RNA was isolated and puri-
fied from the CML-T1 and the CML-TI/IR cells with TRIzol
reagent (Thermo Fisher Scientific, Inc.) and an RNeasy Mini
kit (Qiagen, Hilden, Germany) according to the manufacturer's
instructions, The RNA quality and quantity were determined
at a 260/280 nm ratio on a Nanodrop ND-1000 (Thermo Fisher
Scientific, Inc.). cDNA was synthesized by M-MLV reverse
transcriptase (Promega) using random hexamer primers (Jena
Bioscience GmbH).

The expression levels of the 92 genes involved in the Wnt
signaling pathway within four control genes was analyzed
on a TagMan® array human Wnt Pathway Fast 96-well plate
(Invitrogen Life Technologies) using a StepOnePlus™ Real-
Time PCR system (Applied Biosystems, Foster City, CA,
USA). Analyses were performed three times for both the
CMLT1 and the CMLTI/IR cells. The genes (n=27); genes for
which the amplification signals were not observed in one or
more replicates simultaneously for the CMLT1 control and the
CMLTVIR, were excluded from the analysis. Relative expres-
sion changes of target genes (n=65) were normalized to the
expression of the housekeeping gene GUSB that is validated
for routine molecular monitoring in CML cells (21). Relative
expression levels of the genes were evaluated using the 2-44¢4
formula according to Livak ef al (22) showing differential
gene expression in the CMLTI1/IR cells. For data control
checking we re-analyzed differential relative expression using
the GAPDH control gene, providing highly similar results as
with GUSB.

BCR-ABL quantification was performed according to
the method standardized in the EUTOS for CML project
of ELN (www.eutos.org) and data were reported in the
International Scale (IS). Primers and probes for BCR-ABL and
GUSB were applied according to the European Partnership
for Action Against Cancer recommendations and commer-
cial plasmid standards were used to perform calibration
curves (Ipsogen, Marseille, France).

Preparation of nuclear and cytoplasmic extracts. Cytoplasmic
and nuclear extracts were prepared using a Nuclear and
Cytoplasmic Extraction kit (NE-PER: Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions
with an additional modification in the final step of the nuclear
protein extraction procedure, where the resulting pellets of
the nuclear proteins were washed three times in ice cold PBS
supplied with a protease inhibitor cocktail (Roche Diagnostics)
and re-centrifuged at 16,000 x g to remove cytoplasmic protein
contaminations.
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Western blotting. Cell pellets were solubilized in lysis buffer
(50 mM Tris pH 7.4; 1% Triton X-100, a protease inhibitor
cocktail, 1 tablet/10 ml; Roche Diagnostics) on ice for 20 min.
The cleared cell lysates (15,000 x g. 20 min) were collected
and the protein concentration was determined by the Bradford
method (Bio-Rad, Inc.). The samples containing 60 pug of
protein were combined with an SDS loading buffer containing
DTT, boiled for 5 min and resolved with SDS-PAGE using
Novex precast 4-20% gradient gels (Thermo Fisher Scientific,
Inc.). The separated proteins were transferred to PVDF
membranes using the iBlot system according to manufacturer's
instructions (Thermo Fisher Scientific, Inc.). The membranes
were then blocked overnight in SuperBlock (PBS) blocking
buffer (Thermo Fisher Scientific, Inc.). Then, the membranes
were incubated with primary antibodies diluted to 1:1,000
in PBS containing 5% SuperBlock and 0.1% Tween-20.
f-actin or Histone H2A (#4970 and #12349) were used
as the loading controls; anti-NFATI rabbit mAb (#5862),
anti-NHERF1 (#8601) and anti-MRP2/ABCC2 rabbit
mAb (#12559; all from Cell Signaling Technology, Danvers,
MA, USA) diluted 1:1,000 were used to detect the expression
of NHERFI, MRP2 and NFAT. After thorough washing in
PBS containing 0.1% Tween-20, a secondary anti-rabbit IgG,
HRP-linked antibody (#7074; Cell Signaling Technology) was
added (1:10,000). The signal was detected using enhanced
chemiluminescence (ECL; GE Healthcare Life Sciences)
assay, on X-ray film (Kodak, Rochester, NY, USA), developed,
scanned and quantified by the Quantity One documentation
system (Bio-Rad, Inc.).

Cell viability assays. Cells (1x10*) were grown in a 24-well
plate in 1 ml RPMI-1640 media (Thermo Fisher Scientific,
Inc.) with increasing concentrations of the tested drugs for
3 days (72 h) at 37°C and a 5% CO, humidified atmosphere.
The toxicity of imatinib, amyloride, DCB, thapsigargin, iono-
mycin, verapamil, carboxyamidotriazole (CAI), FK-506 and
CsA was measured using a Vybrant® MTT Cell Proliferation
Assay kit (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Absorbance was detected at 570 nm
using a microplate reader (Chameleon; Hidex, Turku, Finland).

Results

Development of imatinib-resistant CML-TI/IR subclones. We
derived imatinib-resistant cells from an established model of
the CML cell line CML-T1 (23). The CML-T1 cells express
T-cell surface markers and carry the landmark BCR-ABLI
breakpoint cluster region translocation resulting in produc-
tion of the p210 Ber-Abl fusion protein (24). CML-T1 cells
are sensitive to imatinib (1Cs, 0.45£0.015 M, Fig. 1).
The imatinib-resistant CML-TI/IR cells were derived by
prolonged cultivation of CML-T1 in increasing concentrations
of imatinib. The CML-T1/IR cells tolerated at least a 50-fold
higher concentration of imatinib (Fig. 1).

Mutation analysis reveals an imatinib-resistant Y253H muta-
tion in the CML-TI/IR cells. The typical cause of resistance
of CML cells to imatinib and other TKI inhibitors is a point
mutation in the Abl kinase domain of the BCR-ABL fusion
protein (25). We therefore performed mutational analysis of
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Figure 1. Viability of the CML-T1 and the CML-TI/IR cells in the presence
of imatinib. CML-T1 and CML-TI/IR cells were grown in the presence of
imatinib for 3 days. The cell viability was determined using an MTT assay
on more than six biological replicates of the CML-T1 and CML-TI/IR cells,
which were further seeded in three technical replicates onto the 96-well
plates. The highest number of viable cells expressed by the maximal absor-
bance was set as 100%.

BCR-ABL in the CML-T1 and CML-T1/IR cells. We detected
a Y253H mutation in the CML-T1/IR cells (69% of BCR-ABL
transcripts), which is known to be a frequent causal mutation
responsible for resistance to imatinib in human patients (26).

Proteomic analysis reveals upregulation of two NHERF]
variants in the CML-TI/IR cells. We hypothesized that besides
the causal mutation in the BCR-ABL kinase domain there are
additional, adaptive molecular changes in the CML-T1/IR
cells, contributing to or associated with their survival in the
presence of imatinib (27,28). These specific features may be
exploitable as potential molecular targets for selective growth
inhibition of imatinib-resistant cells for future therapies. To
identify such alterations, we performed 2-DE proteomic
analysis of the CML-TI and CML-TI/IR cells (Fig. 2A). We
identified eight differentially expressed proteins (Fig. 2A and
Table I). The most marked change was the increased expres-
sion of the Na'/H* exchange regulatory factor 1 (NHERFI
also known as SLC9A3R1). This protein was identified in
two markedly upregulated variants of comparable molecular
weight but of different isoelectric points (Table 1, Fig. 2B).
We further confirmed the upregulation of NHERFI in the
CML-TI/IR cells by western blot analysis (Fig. 2C). In
addition to NHERFI, we detected upregulation of the endo-
plasmic reticulum (ER) calcium binding protein calreticulin,
microtubule associated proteins and protein chaperones in the
CML-TI/IR cells (Table I).

NHERFI: functional analysis. NHERF1 is a multifunctional
scaffolding protein containing two PDZ domains (29). Via
these domains NHERFI interacts with various cellular
proteins, mostly membrane receptors and transporters, modu-
lating their expression, stability and activity (30). NHERF1
has been implicated in MDR in liver cancer by controlling
the expression of MDR exporter MRP2 (31). NHERFI nega-
tively regulates the activity of sodium hydrogen ion exchanger
SLCY9A3 (NHED3), thus modulating the pH inside the cell (32).
NHERFI has also been demonstrated to influence cyto-
solic calcium concentration via transient receptor potential
channel 5 protein (TRPCS) (33,34). Recently it was revealed
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Table I. Differentially expressed proteins in the CML-T1/IR cells.

Fold Sequence Mascot MW
Spot no. Uniprot Protein name change P-value coverage (%)  score (Da) pl
Upregulated
1 014745  Na*/H* exchange regulatory 2.84 <0.009 21 57 39,130 5.55
cofactor NHERF1
2. 014745  Na'/H' exchange regulatory >10 <0.001 52 84 39,130 5.55
cofactor NHERF1
3 Q9Y230  RuvB-like 2 6.8 <0.015 29 81 51296 549
4 P27797  Calreticulin 1.8 <0.023 24 71 48283 429
5 P0O0O813 Adenosine deaminase 2.9 <0.009 36 87 41024 563
6 P67936  Tropomyosin a-4 chain 1.56 <0.036 63 198 28,619 4,67
7 P04792  Heat shock protein f3-1 >10 <0.001 35 136 22826 598
Downregulated
8 Q9Y230  RuvB-like 2 -2.17 <0.02 38 149 51,296 549
9 Q99536 Synaptic vesicle membrane -3.7 <0.039 34 60 42,122 588
protein VAT-1 homolog
10 Q15691  Microtubule-associated protein ~ -1.86 <0.005 53 89 30,151 502
RP/EB family member 1
11 P04792  Heat shock protein f3-1 =22 <0.001 44 75 22,826 598

Included in the table are the proteins with an expression difference of at least 1.5-fold and a statistical significance of change P<0.05. MW,

molecular weight; pl. isoelectric point.

B NHERF1 variant 1 (pl 5.65)
& —

e
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Figure 2. 2-DE analysis of CML-TI/IR and CML-T1 cells. (A) 2-DE gel from the CML-TI/IR cells with differentially expressed proteins indicated by arrows
with numbers (t upregulated, ¢ downregulated). (B) Two protein variants of NHERF] were detected as upregulated in the imatinib-resistant CML-T1/IR
cells. (C) Verification of altered NHERF1 expression in the total cell lysates of CML-T1 and CML-TI/IR cells by western blot analysis revealed a 2.6-fold
increase in the expression of NHERF1 in the CML-T1/IR cells, as quantified by Quantity One software (Bio-Rad, Inc.) based on more than three biological

replicates, each performed in three technical replicates.

that NHERF1 negatively regulates the canonical Wnt signaling
pathway via direct interaction with a subset of Frizzled (Fzd)
receptors (35).

Based on the functions aforementioned, we examined the
possible effect of NHERF 1 upregulation in the CML-TI/IR cells

in order to identify a specific feature of the imatinib-resistant
cells which may exhibit a ‘molecular weakness’ representing
a potential therapeutic target. We first evaluated the potential
connection of NHERFI with MDR in the CML-TI/IR cells.
Next we tested whether NHERFI upregulation modulates H
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Figure 3. Multidrug resistance (MDR) assay in CML-TI and
CML-TI/IR cells and immunodetection of MRP2 protein by western blot
analysis in the CML-T1 and CML-TI/IR cells compared with other cell
lysates. (A) Measurement of calcein retention as a surrogate of MDR exporter
activity in the CML-T1 and CML-TI/IR cells was performed as described
in “Materials and methods’. Cyclosporine A (CsA) and verapamil were
used as inhibitors of MDR. No MDR activity was detected in the CMLTI
and CMLTI/IR cells as reflected by 100% calcein retention in the cells.
(B) Cell lysates of CML-T1 and CML-T1/IR were subjected to SDS-PAGE
and western blot analysis for immunodetection of MRP2 together with the
lysates of K562, HL-60, HeLa cells and mouse liver tissue, which were used
as MRP2 positive controls.

and Ca** concentrations in the cytosol of the CML-T1/IR cells
and investigated whether NHERFI upregulation and changes in
ion homeostasis affect the activity of the Wnt signaling pathway.

NHERF! upregulation does not contribute to MDR in the
CML-TI/IR cells. We evaluated whether the upregulation of
NHERF] in the CML-T1/IR cells contributes to cell survival
in high concentrations of imatinib by increasing the activity
of the MDR protein pumps MRP2 as described in liver
cancer (36). We performed an in vitro MDR assay based on
the cellular efflux of the fluorescent probe calcein. This process
was shown to be performed by the multidrug exporters MDR1
and MRP2 (37,38). Both the CML-T1 and the CML-TI/IR cells
retained 100% of the incorporated calcein (no calcein efflux
was detected). The addition of multidrug export inhibitors CsA
and verapamil therefore had no effect on efflux. This suggests
that these drug exporters are not present/active in CML-T1 and
CML-TU/IR cells (Fig. 3A). Furthermore, while we were able to
detect MRP2 by western blot in the lysates of several cell types
including CML-derived K562 cells, expression of MRP2 in
both the CML-T1 and CML-TI/IR cells was under our detec-
tion limit (Fig. 3B). We concluded that the activity of multidrug
exporters in the CML-TI and CML-TI/IR cells is negligible
and that the increased NHERFI1 expression does not affect the
activity of MDR1 and MRP2 in the CML-TI/IR cells.

Intracellular concentrations of H and Ca’* ions differ in
the CML-TI] and the CML-TI/IR cells. Based on the known
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Figure 4. Cellular pH and calcium ion concentration measurements in
CML-T1 and CML-TI/IR cells. (A) Intracellular pH was determined using
BCECF fluorescence and (B) calcium ion concentration was measured using
Fura-2 probe fluorescence measurements. Each graph shows the average
values from three repeated measurements performed on three biological
replicates.

interplay between NHERF1 and the Na*/H* exchanger NHE3
with a consequent effect on cellular pH (39) we examined
whether the NHERF1 upregulation in the CML-TI/IR cells
affects the intracellular pH. We measured the intracellular
pH and observed increased cytosolic pH in the CML-T1/IR
cells (pH 7.25) compared to the control CML-T1 cells (pH 7.18),
as shown in Fig. 4A.

Since NHERFI was shown to regulate the activity of
nonselective calcium permeable cation channels, namely
TRPC4 and TRPCS5 (34) we examined whether the presence
of upregulated NHERF1 (or the increased cytosolic pH) in
the CML-TI/IR cells also affects the cytosolic concentration
of Ca** (40). Our measurements revealed a 50% decrease in
cytosolic Ca* concentration in the CML-TI/IR cells (Fig. 4B).

In summary, ion homeostasis in the CML-TI/IR cytosol
was altered, with an increased pH and a decreased cytosolic
Ca** concentration compared to the original CMLT1 cells.

Calcium channel blockers and inhibitors of calcium
signaling selectively inhibit the viability of CML-T1/
IR cells. We hypothesized that the increased pH due to
differential Na'/H* exchange (41) and decreased Ca®* concen-
tration in the cytosol (42) contribute to CML-T1/IR survival
in the presence of imatinib. To address whether the inhibi-
tion of Na*/H* exchange selectively affects the growth of the
CML-TI/IR cells, we targeted Na*/H* exchange by amiloride.
Since it is well established that a Na*/Ca** exchanger (NCX)
may also contribute to pH and calcium concentration changes
in the cells (43), we further inhibited Na*/Ca®* exchange
by 3'.4'-dichlorobenzamil hydrochloride (DCB) (44). We
observed that none of the inhibitors had a selective effect on
the viability of the CML-TI/IR cells. Both the CML-TI and
the CML-T1/IR cells tolerated comparable concentrations of
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Figure 5. Effects of selected inhibitors on the viability of CML-T1 and CML-T1/IR cells. Cell viability assay was determined using an MTT assay 3 days
after addition of inhibitors to the cultivation media. Maximal absorbance (highest number of viable cells) of cells cultivated without imatinib was set as 100%.
Each graph represents measurements of at least three biological samples, each further measured in three technical replicates. DCB, 2'4-dichlorobenzamil

hydrochloride; CAI, carboxyamidotriazole.

inhibitors within ICs, values of 15 ¢M for amiloride and 7 uM
for DCB (Fig. 5).

To address whether shifted Ca* homeostasis is crucial for
survival of the CML-TI/IR cells, we exposed the CML-T1 and
CML-TI/IR cells to increasing concentrations of inhibitors of
Ca* transport and Ca** signaling, namely thapsigargin, iono-
mycin, verapamil, and CAI. Thapsigargin inhibits the activity
of sarco/ER Ca® ATPase (SERCA), preventing the uptake
of cytosolic Ca™ into the ER, thus increasing the cytosolic
Ca®* (45,46). lonomycin increases intracellular Ca** by means
of its increased entry across the plasma membrane and/or by

depletion of intracellular Ca®* stores such as ER (47). The
clinically approved drug verapamil blocks voltage-dependent
(L-type) Ca** channels (48). CAl inhibits non-voltage operated
calcium channels and blocks both Ca** influx into the cells
and Ca™ release from the intracellular stores (49). Notably,
CALI has been previously demonstrated to inhibit the growth
of imatinib-resistant CML cell lines in vitro (50) and several
studies have demonstrated a potential anticancer effect of CAl
in vitro (51,52).

In a battery of in vitro cell viability assays we tested the
aforementioned compounds for their toxicity to the CML-T1
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Figure 6. Changes in gene expression of the Wnt signaling pathway and immunodetection of NFAT by western blot analysis in CML-T1 and CML-TI/IR cells.
(A) The heatmap shows genes whose mRNA expression was downregulated (blue) or upregulated (yellow) in the CML-T1/IR cells compared to the CML-TI
cells. (B) NFAT protein expression as determined by western blot analysis in the cell lysates and the nuclei of the CML-T1 and CML-TI/IR cells.

and CML-TI/IR cells. All the tested agents were more toxic
to the imatinib-resistant CML-TI/IR cells (Fig. 5). Among
them, thapsigargin was the most potent in growth inhibi-
tion of CML-TI/IR cells, which were at least 16-fold more
sensitive to this agent compared to the CML-T1 cells. The
1C;, for the CML-T/IR cells was 75 nM while the ICy, in
the CML-T1 cells was not reached at a 1.2 yM concentra-
tion of thapsigargin in the media. The CMLTI-IR cells were
also 5-fold more sensitive to ionomycin (ICs,values 200 nM
for the CML-TI/IR cells and >1.6 uM for the CML-T1
cells). Verapamil was ~3-fold more toxic to the CML-T1/IR
cells (IC;, 30 nM for the CML-T1/IR cells and 90 nM for
the CML-T1 cells) and CAI was 2.5-fold more toxic to the
CML-TI/IR cells (IC5, 200 nM for the CML-TI/IR cells and
1.6 uM for the CML-TI cells).

Altered calcium homeostasis influences numerous
intracellular processes including Wnt signaling. CsA and
tacrolimus (FK-506) were shown to modulate calcium
homeostasis (53,54) and inhibit Wnt-regulated pro-survival
processes in imatinib-resistant cells (56). We, therefore,

evaluated the effect of CsA and FK-506 on the proliferation
of the CML-T1 and CML-T1/IR cells. In our assays both
CsA and FK506 inhibited proliferation of the CML-TI/IR
cells at significantly lower concentrations (3- and 1.8-fold,
respectively) compared to the CML-T1 cells. The 1C;, of CsA
was 4 M for the CML-T1/IR cells and 12 uM for the CML-T1
cells; the ICs, of FK-506 was 50 nM for the CML-T1/IR cells
and 90 nM for the CML-T1 cells (Fig. 5).

In summary, we observed that a disruption of calcium
homeostasis (and to a lesser extent also inhibition of Wnt
signaling), but not the inhibition of Na*/H* or Na*/Ca®*
exchange was selectively toxic to CML-T1/IR cells. The most
effective growth inhibition of CML-T1/IR was achieved by
using the agents causing depletion of the intracellular Ca*
stores with an increase in the Ca®* concentration in the cytosol
(ionomycin, thapsigargin), but also calcium channel blockers
(verapamil) and calcium signaling antagonist CAl. Low
molecular weight antagonists of calcium homeostasis, calcium
transport blockers and calcium signaling inhibitors may be
used to selectively impair the growth of imatinib-resistant
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CML-TI/IR cells, thus suggesting their clinical potential in
TKI-resistant CML.

The Wnt pathway is dvsregulated in the CML-TUIR cells.
NHERFI has been proven to negatively regulate Wnt signaling
via its direct interaction with Fzd receptors (35). The potential
of Wnt signaling serving as a therapeutic target is recently a
subject of intensive studies in the field of cancer therapy and
novel drug discovery (55). We therefore examined whether
NHERFI upregulation (accompanied with altered cytosolic ion
concentration) in the CML-T1/IR cells is associated with altered
Wntsignaling. We analyzed the activity of the Wnt pathway using
RT-PCR Wnt microarray to determine the relative expression
of Wnt target genes and regulatory molecules (Fig. 6A). In the
CML-TI/IR cells, we observed a decreased expression of genes
of the canonical p-catenin-dependent Wnt pathway, namely
TLE1, TLE4, TCF7L2,LEF1,MYC and RHOU. Conversely, the
expression of negative regulators of this pathway, KREMENI
and SFRP5 was increased in the CML-T1/IR cells, indicating
that the canonical f-catenin-dependent Wnt signaling was
decreased in the CML-TI/IR cells.

We also evaluated the expression of genes critical for the
non-canonical CaMKII/Ca>/NFAT Wnt pathway where the
expression of mRNA encoding FZD8 receptor, essential for
this pathway was decreased in the CML-TI/IR cells. This
is contradictory to the results of Gregory et al (56), which
showed that Wnt signaling contributed (via FZD8) to the pro-
surviving effect of the CaMKII/Ca*/NFAT Wnt pathway in
imatinib-resistant cells. To obtain more information on the
status of CaMKI1/Ca**/NFAT Whnt signaling in our cells, we
determined the presence of transcription factor NFAT, the final
effector of this pathway in the cytoplasm and the nuclei of the
CML-T1 and CML-T1/IR cells. NFAT was not detected in the
CML-TI/IR cells (Fig. 6B), while it was clearly detectable in the
CML-T1 cells. The diminished expression of NFAT protein in
the CML-TI/IR cells suggests that CaMKII/Ca>/NFAT Wnt
signaling is decreased in these cells and does not contribute to
the survival against imatinib in our cell model.

All in all, our data suggest that imatinib resistance is
accompanied by significant downregulation of both canonical
and noncanonical CaMKII/Ca*/NFAT Wnt signaling path-
ways in CML-TI/IR cells.

Discussion

The imatinib-resistant CML-T1/IR cells carry the causal
mutation of Y253H in the kinase domain of the BCR-ABL
gene. This mutation is undoubtedly the main driving force of
resistance to imatinib. However, any resistant phenotype is a
result of multiple molecular events including causative, contrib-
uting and adaptive cellular processes, enabling survival of the
resistant cells. Detailed molecular analysis of therapy-resistant
cells potentially opens the path to personalized therapies of
drug-resistant malignancies. Using 2-DE analysis we revealed
a strong upregulation of a multifunctional protein NHERFI.
We demonstrated altered cytosolic pH and decreased calcium
levels in the CML-TI/IR cells. While inhibition of Na*/H* and
Na*/Ca* exchangers has no specific toxic effect in the resistant
CML-TI/IR cells, modulators of cytosolic calcium concen-
tration, calcium channels blockers and calcium signaling
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inhibitors were significantly more toxic to the CML-T1/IR
cells compared to the CML-T1/IR cells. The most prominent
toxic effect we observed using ionomycin and thapsigargin was
presumably caused by toxic elevation of cytosolic Ca®* and/or
by the depletion of Ca** from ER, leading to ER stress, unfolded
protein response and finally to apoptosis (57).

Altered Ca®* concentration in the cytosol may affect the
expression of many proteins and modulate signaling pathways
such as CaMKII/Ca**/NFAT Wnt. This was of particular
interest to us since this calcium-dependent pathway was
previously demonstrated to be critical for the survival of
imatinib-resistant CML cells; NFAT inhibitor CsA effectively
inhibited proliferation of the imatinib-resistant cells (56).
Correspondingly, when we applied NFAT inhibitors, such as
CsA or FK-506, in our experiments, we also observed their
selective toxicity to CML-TI/IR. However, this growth inhibi-
tory effect appeared to be NFAT-independent in our CML-T1/
IR cells, because NFAT was markedly downregulated (if not
absent) in the nuclei of the CML-T1/IR cells.

We, therefore, proposed that the selective toxicity of CsA
and FK-506 in CML-TI/IR cells is due to their direct effect
on calcium homeostasis. The established mechanism of iono-
mycin and thapsigargin toxicity (the inhibitors with the most
pronounced toxic effect to the CML-TI/IR cells) is elevation
of cytosolic Ca® and depletion of Ca® from the ER (47.45).
This suggests that calcium levels in both the cytoplasm
and the ER should be considered as critical for the survival
of CML-TI/IR cells. Our hypothesis of altered calcium
homeostasis was further supported by the results of our 2-DE
analysis, where calreticulin was detected as upregulated in
the CML-TI/IR cells (Table I). Calreticulin is an ER resident
protein, which contributes to proper folding of nascent proteins
and serves as a calcium binding buffer in the ER. If CML-T1/
IR cells require increased expression of calreticulin to main-
tain ER Ca®* homeostasis, blocking Ca®* entry to the ER by
thapsigargin or depleting Ca* from the ER by ionomycin can
substantially reduce their viability. There is evidence that CsA
and FK-506, in addition to their effect on Wnt signaling, may
affect calcium homeostasis directly. CsA inhibits the activity of
SERCA, an ER ATPase pump responsible for Ca™ influx into
the ER from the cytosol (58). FK-506 stimulates the activity
of the ryanodine receptor (Ryr) which acts in opposition to
SERCA and releases Ca>* from the ER to the cytosol (59). Such a
direct toxic effect of these clinically used immunosuppressants
on calcium homeostasis may explain their selective cytotoxic
effect on the CMLTI/IR cells in the absence of NFAT.

In addition to the selective toxicity of the experimental
inhibitors, thapsigargin and ionomycin, three drugs already
clinically established, CsA, tacrolimus (FK-506) and verapamil
displayed similar selective toxicity to the imatinib-resistant
CML-T1/IR cells. Verapamil and tacrolimus are known to
inhibit multi-drug export in cancer cells (60,61). However,
since there was no detectable multidrug-export activity in
the CML-T1/IR cells, we propose that the observed cytotoxic
effect of verapamil and tacrolimus was based on direct disrup-
tion of calcium homeostasis.

Our proteomic and functional analysis of imatinib resis-
tance in CML cells provides a proof-of-concept and a vision
for a future model of personalized TKI-resistant CML therapy,
where the isolation of TKI-resistant cells can be combined
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with proteomic and functional analysis in order to identify
potential therapeutic targets, which may be exploited for selec-
tive elimination of the drug-resistant population of cells.
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Exosomes released by imatinib-resistant K562 cells contain specific
membrane markers, IFITM3, CD146 and CD36 and increase the
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Abstract. Chronic myeloid leukemia (CML) is a malignant
hematopoietic disorder distinguished by the presence of a
BCR-ABLI fused oncogene with constitutive kinase activity.
Targeted CML therapy by specific tyrosine kinase inhibitors
(TKIs) leads to a marked improvement in the survival of the
patients and their quality of life. However, the development
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of resistance to TKIs remains a critical issue for a subset of
patients. The most common cause of resistance are numerous
point mutations in the BCR-ABLI gene, followed by less
common mutations and multiple mutation-independent
mechanisms. Recently, exosomes, which are extracellular
vesicles excreted from normal and tumor cells, have been
associated withdrug resistance and cancer progression. The aim
of the present study was to characterize the exosomes released
by imatinib-resistant K362 (K3562'%) cells. The K562'®-derived
exosomes were internalized by imatinib-sensitive K562
cells, which thereby increased their survival in the presence
of 2 uM imatinib. The exosomal cargo was subsequently
analyzed to identify resistance-associated markers using a
deep label-free quantification proteomic analysis. There were
>3,000 exosomal proteins identified of which, 35 were found
to be differentially expressed. From this, a total of 3, namely
the membrane proteins, interferon-induced transmembrane
protein 3, CD146 and CD36, were markedly upregulated in the
exosomes derived from the K562'% cells, and exhibited surface
localization. The upregulation of these proteins was verified in
the K562'% exosomes, and also in the K562 cells. Using flow
cytometric analysis, it was possible to further demonstrate
the potential of CDI146 as a cell surface marker associated
with imatinib resistance in K562 cells. Taken together, these
results suggested that exosomes and their respective candidate
surface proteins could be potential diagnostic markers of TKI
drug resistance in CML therapy.

Introduction

Chronic myeloid leukemia (CML) is a clonal myeloprolif-
erative disease characterized by reciprocal translocation between
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chromosomes 9 and 22, t(9;22). This translocation results in the
formation of the Philadelphia (Ph) chromosome, which encodes
the fusion BCR-ABLI oncogene coding a constitutively active
Ber-Abl tyrosine kinase (1-3). The approval of the Ber-Abl
inhibitor, imatinib (Glivec®) for clinical use in 2001 led to a
significant improvement in the survival rate and prognosis of
patients with CML (4). However, 10-15% of patients develop
resistance to imatinib or to new-generation Ber-Abl inhibitors (5).
The resistance to TKIs is primarily caused by point mutations
in the Ber-Abl kinase domain, although other mechanisms that
have been proposed include amplification of the BCR-ABLI
gene, overexpression of the Ber-Abl protein or the presence of
additional chromosomal aberrations and mutations (5-8).

An increasing number of studies have suggested that drug
resistance in cancer, including leukemia, could be mediated
by exosomes (9,10). Exosomes are small (30-150 nm) extracel-
lular membrane vesicles, that are released by cells into the
microenvironment upon fusion of multivesicular bodies with
the plasma membrane (11). Exosomes contain proteins, lipids,
mRNA, microRNAs (miRNAs) and DNA (12,13) and may
fuse with other cells (14). They affect numerous physiological
and pathological processes, including cancer (15). Exosomes
derived from CML cells have been shown to modulate leukemia
progression either directly via stimulation of leukemia cells (16),
or indirectly through stimulation of other cells involved in
leukemia biology, such as macrophages, bone marrow stromal
cells and endothelial cells (17-21). Notably, exosomes derived
from imatinib-resistant CML cells have recently been shown
to fuse with imatinib-sensitive CML cells, thereby increasing
their survival in the presence of imatinib (22).

The aims of the present study were: i) To confirm the previ-
ously observed pro-survival effect of exosomes derived from
imatinib-resistant K562 cells (K562™); ii) to characterize the
protein cargo of the exosomes: and iii) to identify potential
specific cell surface markers of imatinib resistance in CML
cells.

Materials and methods

Materials. All chemicals, unless otherwise stated, were
purchased from Merck KGaA.

Cell lines. The human K562 chronic myeloid leukemia
cell line was purchased from the German Collection of
Microorganisms and Cell Cultures, GmbH and cultured in
RPMI medium (Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin G, 100 pg/ml strepto-
mycin and 7.5% sodium bicarbonate at 37°C in an humidified
incubator with 5% CO,. The K562'% cells were derived from
original imatinib-sensitive K562 cells, that had been cultured
in gradually increasing concentrations of imatinib in the
culture medium (from 0.1 to 2 M) for 9 months, as previously
described (23). The concentration of imatinib was increased
by 0.1 #M at each step and was maintained for 15-30 days,
depending on the proportion of surviving cells. The resulting
K562'% cell line was resistant to 2 M imatinib.

Cell viability assay. The K562 and K562' cell lines were
cultured in the presence of different concentrations (0 to 2 yM)
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of imatinib for 3 days. Imatinib toxicity was determined by
measuring cell viability using a Vybrant™ MTT cell prolifera-
tion assay kit (Thermo Fisher Scientific, Inc.), following the
manufacturer's instructions. Proprietary solvent B containing
SDS (from the kit) diluted with 0.01 M HCI was used to solubi-
lize the purple formazan. Absorbance was detected at 570 nm
using a microplate reader (Chameleon; Hidex Oy). Data was
analyzed using MikroWin 2000 software, v4.0 (Mikrotek
Laborsysteme GmbH).

Muitational analysis. The K562 and K562'% cell lines were
analyzed using a next-generation sequencing (NGS) method,
as previously described (24). Briefly, the amplicon library was
prepared using a two-step selective amplification of cDNA,
including the BCR-ABLI kinase domain. At the first step,
BCR-ABLI1 cDNA was amplified, then primers, from the IRON
11 study (25), were used to prepare four 350 bp amplicons of
the kinase domain. Sequencing was subsequently performed
on a GS Junior 454 System, and the data was analyzed using
the Amplicon Variant Analyzer software (both from Roche
Diagnostics). The raw NGS data are freely available via NCBI
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra)
under the project accession number, PRINA664680, while the
imatinib sensitive K562 and the imatinib resistant K562 cells
have the accession numbers, SRX9210642 and SRX9210641,
respectively.

BCR-ABLI gene copy number analysis. The number of
BCR-ABLI gene copies was determined using the quantita-
tive droplet digital PCR (ddPCR) method and a K562 specific
assay based on the break-point sequence of the BCR-ABLI
gene (26). ddPCR was performed using a QX200 Droplet
Digital PCR system and an Auto Droplet Generator (Bio-Rad
Laboratories, Inc.) according to the manufacturer's instruc-
tions. The albumin gene was used as a control for the DNA
reaction load. QuantaSoft™ v1.7.4.0917 software (Bio-Rad
Laboratories, Inc.) was used for data analysis, and samples
were analyzed in quadruplicate.

Measurement of BCR-ABLI transcript levels. Total RNA was
isolated from cells using TRIzol® (Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. cDNA
was synthesized using 200 U M-MLV reverse transcriptase
(Promega Corporation) and random hexamer primers (Jena
Bioscience GmbH) according to the manufacturer's instruc-
tions, with incubation at 37°C for 1 h and denaturation at 95°C
for 5 min. f-Glucuronidase (GUSB) was used as the control
gene (27,28). The primers and probes for BCR-ABLI and
GUSB were designed, and the measurement of the expres-
sion levels were performed, according to the Europe Against
Cancer protocol (29). The method has been standardized in
the project of European Leukemia Net (30). The following
primers and probes were used: GUSB forward, 5'-GAAAAT
ATGTGGTTGGAGAGCTCATT-3, reverse 5-CCGAGT
GAAGATCCCCTTTTTA-3 and fluorescein-containing
probe, 5-FAM-CCAGCACTCTCGTCGGTGACTGTT
CA-BHQI-3"; BCR-ABLI forward, 5"TCCGCTGACCAT
CAATAAGGA-3, reverse 5-CACTCAGACCCTGAGGCT
CAA-3' fluorescein-containing probe, 5-FAM-CCCTTC
AGCGGCCAGTAGCATCTGA-BHQI-3' (Integrated DNA
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Technologies, Inc.). The following thermocycling condi-
tions were used: Initial denaturation at 95°C for 10 min and
45 cycles of 95°C for 15 sec and 60°C for 1 min. For RT-gPCR
gene expression analysis, the ERM-ADG23 reference material
(Join Research Centre, Belgium) (31,32) was used to create the
calibration curve for the determination of the number of copies
of BCR-ABLI1 and GUS gene.

Exosomeisolation. The K562and K562 celllines were cultured
for 5 days in RPMI medium with 10% exosome-depleted FBS.
Exosomes were isolated from 200 ml cell culture media, as
previously described (33). Briefly, conditioned medium was
obtained as the supernatant from the centrifugation of live
cells (300 x g for 10 min at 4°C). Subsequently, dead cells were
removed using a further round of centrifugation (2,000 x g for
10 min at 4°C). The supernatant was filtered [using a Filtropur
S syringe filter (0.22-pym membrane); Sarstedt AG & Co. KG]
to remove larger vesicles and cell debris. The resultant suspen-
sion was then ultracentrifuged (100,000 x g for 70 min at 4°C)
using a Sorvall™ WX+ ultracentrifuge and a T647.5 fixed
angle rotor (Thermo Fischer Scientific, Inc.). Exosome pellets
were resuspended in PBS, and sedimented again (100,000 x g
for 70 min at 4°C).

Exosome visualization using transmission electron micros-
copy/negative staining. Isolated exosomes were resuspended
in Trump's 4F:1G fixative, comprising 86 ml distilled
water, 10 ml 40% formaldehyde (Merck KGaA), 4 ml 25%
glutaraldehyde (Polysciences, Inc.), 1.16 g monosodium
phosphate and 0.27 g sodium hydroxide (34), and adsorbed
on Formvar/carbon coated grids conditioned with 1% Alcian
blue in 1% acetic acid. The adsorbed particles were embedded
in a layer of 2% phosphotungstic acid. Grids were viewed
at 100 kV using a JEM 2000 CX microscope (JEOL, Ltd.)
equipped with an Olympus MegaviewTM II digital camera
(Olympus Corporation).

Farticle size and concentration measurement using tunable-
resistive pulse sensing (TRPS). An aliquot of exosomes
resuspended in PBS was placed in the nanopore NPI50
(gNano; Izon Science). All samples were measured at defined
membrane stretch and with the same applied voltage at two
different pressure levels (5 and |1 mbar). Calibration particles
were measured directly after the sample measurement, and
under identical conditions.

Exosome preparation for tandem mass spectrometry (MS/MS)
analysis. A total of 5 independent isolations of exosomes,
from both the K562 and K562 cell lines, were subjected to
MS/MS analysis. The filter-aided sample preparation method
was used, with some modifications (35). Exosomes in PBS
were resuspended in 100 mM ammonium bicarbonate, trans-
ferred to spin columns (Amicon Ultra 0.5 ml 10 kDa MWCO
centrifugal filters; Merck KGaA) and centrifuged at 26,000 x g
for 20 min at 4°C. The samples were then washed twice with
400 p1 100 mM ammonium bicarbonate and centrifuged again
(26,000 x g for 20 min at 4°C). RapiGest™ (0.1%; Waters
Corporation) dissolved in 100 g1 50 mM Tris/HCI, (pH 7.5) was
subsequently added to the samples in the spin columns, then
the samples were incubated at 95°C 10 min. After allowing
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the samples to cool down, 200 pl 0.1% RapiGest™ in 50 mM
Tris/HCI, (pH 7.5) with 8 M guanidinium chloride was added,
and the samples were subsequently incubated for 20 min
at room temperature. The samples were then centrifuged
at 18,000 x g for 25 min at 25°C. Aliquots of the samples (10 ul)
were taken, and the protein concentration was quantified using
a QuantiPro™ BCA Assay kit (Sigma-Aldrich; Merck KGaA).
Subsequently, the samples were reduced with 100 gl 100 mM
(Tris)2-carboxyethyl phosphine hydrochloride for 30 min
at 55°C in a thermoshaker (Biosan, Ltd.) set at 600 rpm, alkyl-
ated with 100 gl 300 mM iodoacetamide at 37°C for 30 min
in the dark, then centrifuged at 12,000 x g for 35 min at 25°C.
Next, the samples were digested overnight at 37°C using
2 ug sequencing-grade trypsin (Promega Corporation). The
digested samples were then transferred into a new microtube
for subsequent centrifugation (12,000 x g for 35 min at room
temperature). Empore™ Solid Phase Extraction cartridges
(C18; standard density, bed 1.D., 4 mm) (3M Company) were
used to desalt the peptide mixtures. Peptides were eluted in
60% acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA), then
dried in a SpeedVac. Prior to MS analysis, the samples were
resuspended in 30 ul 2% ACN/0.1% TFA.

Liquid chromatography (LC) MS/MS (LC-MS/MS)
LC-MS/MS analysis. An UltiMate™ 3000 RSLCnano system
controlled by Chromeleon software (Dionex; Thermo Fisher
Scientific, Inc.) was used for LC separation. Aliquots (1 ul) of
each sample (10X diluted) were loaded onto a PepMapl00 CI8,
3 um, 100 A, 0.075x20 mm trap column (Dionex; Thermo
Fisher Scientific, Inc.) at 5 yl/min for 5 min. Peptides were then
separated on a PepMap RSLC C18, 2 ym, 100 A.0.075%150 mm
analytical column (Dionex: Thermo Fisher Scientific, Inc.) using
a gradient formed by the mobile phase A [0.1% formic acid (FA)]
and mobile phase B (80% ACN/0.1% FA), running from 4-34%
in 68 min, and from 34-55% of mobile phase B in 21 min, at
a flow rate of 0.3 pl/min at 40°C. Eluted peptides were on-line
electrosprayed into a Q-Exactive™ mass spectrometer using
a Nanospray Flex ion source (Thermo Fisher Scientific, Inc.).
Positive ion full-scan MS spectra (350-1,650 m/z) were acquired
using a 1x10° automatic gain control (AGC) target in the
Orbitrap at 70,000 resolution. The top 12 precursors with charge
state =2 and threshold intensity of 5x10* counts were selected
for higher-energy collisional dissociation fragmentation, with
a dynamic exclusion window of 30 sec. The isolation window
of 1.6 Da and normalized collision energy 27% was used. Each
MS/MS spectrum was acquired at a resolution of 17,500, with a
1x10° AGC target and a maximum 100 msec injection time.

Label-free quantification (LFQ): Raw data processing. The
raw files were further analyzed using MaxQuant software,
v1.5.3.30 (36) |with Andromeda as the search engine (37)]
against the Homo sapiens subset of the SwissProt database
(downloaded on 4th July 2019; 26,468 sequences). Only tryptic
peptides, that were at least 7 amino acids in length, with up to
two missed cleavages were considered. Mass tolerance was set
to 4.5 ppm at the MS level, and 0.5 Da at the MS/MS level. The
oxidation of methionine was set as a variable modification,
and the carbamidomethylation of cysteine was set as a fixed
modification. A false discovery rate (FDR) of 1% was used for
peptide spectrum matches and protein identification using a
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target decoy approach. Relative quantification was performed
using the default parameters of the MaxLFQ algorithm (38),
with the minimum ratio count set to 2.

LFQ: Data analysis. The ‘proteinGroups.txt’ MaxQuant
output file was uploaded into Perseus (39) v1.5.2.6. Decoy
hits, proteins only identified by site, and potential contami-
nants were removed. Protein groups quantified in at least
four replicates out of five were considered for further log,
transformation of the LFQ intensities. Missing values were
imputed from a normal distribution [Gaussian distribution
width, 0.3 standard deviation (SD) and downshift 1.8 SD
of the original data]. Data was normalized using the open
source tool, Normalyzer (http://quantitativeproteomics.
org/mormalyzerde) and the variance stabilization normaliza-
tion method (40). A Student's t-test (permutation based FDR
0.05, S0=0.1) was used for statistical analysis. Finally, proteins
from this group with a fold change at least 1.5 were considered
as being significantly different (P<0.05). Pearson's correlation
test was performed to evaluate the inter-run reproducibility of
individual LC-MS analyses. Proteins with known or expected
cell-surface localization were selected using GenieScore, an
algorithm for the prediction of surface localization (41). The
Exocarta database (www.exocarta.org) was used to compare
the proteins identified with those already found in exosomes.

Western blot analysis. The exosome pellets were lysed in
150 pl lysis buffer containing 140 mM sodium chloride,
10 mM HEPES, 0.15% Triton X100 and a protease inhibitor
cocktail (1 tablet/10 ml; Roche Diagnostics), and subsequently
incubated on ice for 20 min. The exosome samples were
pooled and concentrated in an Amicon Ultra 0.5 ml 3 kDa
MWCO centrifugal filter (Amicon Ultra; Merck KGaA) from
3 or 4 individual isolations, The protein concentration was
determined using a Micro BCA™ protein assay kit (Pierce;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions, and protein samples were immediately frozen
and stored at -80°C.

The cell pellets were lysed in CelLytic™ M lysis buffer
containing protease inhibitor cocktail (1 tablet/10 ml; Roche
Diagnostics) on ice for 20 min. The cleared cell lysates were
collected by centrifugation at 15,000 x g for 20 min at 4°C,
and the protein concentration was then determined using the
Bradford method (Bio-Rad Laboratories, Inc.).

The lysate samples (30-60 ug) were mixed with Laemmli
sample buffer (Bio-Rad Laboratories, Inc.) containing
2-mercaptoethanol and separated on 4-15% or 7.5% (in the
case of Ber-Abl separation) precast gels (Mini PROTEAN"
TGX™; Bio-Rad Laboratories, Inc.). The separated proteins
were transferred onto polyvinylidene fluoride membranes
using the iBlot system, according to manufacturer's instruc-
tions (Thermo Fisher Scientific, Inc.). The membranes were
blocked for | h in SuperBlock™ blocking buffer (Thermo
Fisher Scientific, Inc.) and incubated overnight at 4°C with
primary antibodies diluted to 1:1,000 in PBST (PBS, 0.1%
Tween-20). The following primary antibodies were used:
Anti-c-Abl rabbit polyclonal antibody (cat. no. 28628S; Cell
Signaling Technology, Inc.), anti-Ber-Abl mouse monoclonal
antibody (7C6) (cat. no. ab187831; Abcam), anti-GAPDH rabbit
monoclonal antibody (cat. no. SAB5600208; Merck KGaA),
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anti-IFITM3 (cat. no. 59212; Cell Signaling Technology, Inc.),
anti-CD146 mouse monoclonal antibody (cat. no. 563619;
BD Biosciences), anti-CD36 rabbit monoclonal antibody (cat
no. 14347S; Cell Signaling Technology, Inc.) and EXOAB
antibody kit 1 (Systems Biosciences, LLC) containing rabbit
polyclonal antibodies against CD63, CDS8I, anti-CD9 and
HSP70. After extensive washing in PBST, the membranes were
incubated with secondary horseradish peroxidase-conjugated
anti-rabbit antibody (cat. no. 7074P2) or anti-mouse antibody
(cat. no. 7076P2) (both at 1:20,000 and from Cell Signaling
Technology, Inc.) for 90 min at room temperature. Protein
bands were detected with an enhanced chemiluminescence
detection reagent (Cytiva) using a G:BOX imager (Syngene
Europe), and quantified using Imagel software, v1.8.0
(National Institutes of Health).

Exosome fluorescent labeling and uptake monitoring. Fresh
exosomes were washed and resuspended in PBS at room
temperature. A 10 mM stock solution of carboxyfluorescein
succinimidyl ester (CFSE) (Invitrogen; Thermo Fisher
Scientific, Inc.) was diluted to a final concentration of 20 uM
and added to the exosomes. The suspension was subsequently
mixed and incubated for 25-30 min at room temperature in
the dark. The labeling process was stopped by adding 4 ml
of cold complete media, containing 10% FBS on ice for
5 min. CFSE-labeled exosomes were diluted in 60 ml PBS,
collected by ultracentrifugation (100,000 x g for 70 min
at 4°C) and resuspended in 1.5 ml cell culture media with
K562 cells (500,000 cells/ml). CFSE-positive cells were
observed under a FluoView FV1000 confocal laser scanning
microscope (Olympus Corporation) using an UPlanSAPO
60x NA1.35 oil immersion objective (magnification, x60). A
488 nm laser was used for CFSE excitation, and fluorescence
emission was detected with a high sensitivity GaAsP detector
at 500-600 nm. Fluorescent images were processed using the
FluoView softwarel(FV10 ASW v3.1; Olympus Corporation).

Exosomes and cell co-cultivation. The K562 cells were
co-cultured with either K562'"%-derived or K562-derived
exosomes for 4 h, and then treated with 2 yM imatinib for 48 h.
Cell viability was measured using a Vybrant® Cell Proliferation
Assay kit (Thermo Fisher Scientific, Inc.); proprietary solvent
B containing SDS was mixed with 0.01 M HCI and used to
solubilize the purple formazan. The absorbance was measured
at 570 nm using a microplate reader (Chameleon; Hidex Oy).

FACS analysis. The K562 and K562™® cells (1.5x10° cells)
were washed in washing buffer (PBS supplemented with 0.1%
BSA and 2 mM EDTA), centrifuged at 300 x g for 10 min
at room temperature, then resuspended in washing buffer.
Aliquots (50 pl) of the cell suspension (100,000 cells/tube)
were transferred to FACS tubes and 1 pl anti-IFITM3 AF405
(cat. no. ITA8095; 1:50: G-Biosciences: Geno Technology,
Inc.), 1 pl anti-CD146 (cat. no. 563619; 1:50; BD Biosciences)
and 2 ul anti-Hu CD36 FITC (cat. no. 1F-451-T100; 1:25;
EXBIO Praha, a.s.) were added. The samples were incubated
in the dark for 30 min at room temperature, then washed
again with 1 ml of washing buffer, prior to centrifugation
(300 x g for 5 min at 25°C). Washing buffer (250 ul) was
added to the cell pellet, and the samples were analyzed using
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flow cytometry, in triplicate, using BD FACSCanto™ II Cell
Analyzer (BD Biosciences). The data was analyzed using
BD FACSDiva software (v6.1.3; BD Biosciences). MFI was
determined for the whole sample, and the fraction of positively
stained cells (P2) was determined as the percentage of the
parent population.

Statistical analysis. The data are expressed as the mean + SD,
from at least three replicates. Statistical analysis was performed
using GraphPad Prism v8.0 software (GraphPad Software,
Inc.). Relative resistance of K562 and K562™ cells to imatinib
was evaluated using an unpaired Student's t-test. For the inves-
tigation of cell survival following exosome exposure, one-way
ANOVA with Tukey's post hoc test was used to determine the
statistical significance. P<0.05 was considered to indicate a
statistically significant difference.

Results

Development of imatinib resistant K562 cells.
Imatinib-resistant K562'™® cells were derived from the originally
imatinib-sensitive K562 cells [half-maximal inhibitory
concentration (ICs,),0.25-0.35 M |. The K562'™% cells proliferated
in imatinib concentrations exceeding 2 M (Fig. 1).

Characterization of the K562'% cells: Mutation analysis and
BCR-ABLI gene expression. A mutation in the kinase domain of
BCR-ABLI is the most common mechanism by which imatinib
(and other TKIs) resistance develops in patients with CML (7).
To investigate the mutational status of the BCR-ABLI kinase
domain in the K562 cells, NGS sequencing was performed;
however, no mutations in the kinase domain, with variant allele
frequency >1% were found. In patients with TKI resistance
but without a kinase domain mutation, an amplification of the
BCR-ABLI gene is typically found (7). Therefore, ddPCR was
used to identify the number of BCR-ABLI gene copies. and
it was revealed that the K562' cells harbored a 2-fold higher
number of BCR-ABLI gene copies compared with that in
imatinib sensitive K562 cells (data not shown).

As the BCR-ABLI gene amplification may result in over-
expression of the BCR-ABLI gene and increase the levels of
the Ber-Abl protein, the mRNA and protein expression levels
were compared between the K562 and K562'® cell lines. The
results revealed increased expression levels of BCR-ABLI
mRNA (Fig. 2A) and of the Ber-Abl protein (Fig. 2B).

Exosome characterization. The exosomes were isolated
from the K562 and K562'F cell culture supernatants using
ultracentrifugation. The exosome purity was verified using
transmission electron microscopy, revealing round or
cup-shaped vesicles, ranging between 50-150 nm in diam-
eter (Fig. 3). The qNano/TRPS analysis of the exosomes
confirmed comparable size distributions of the vesicles, with
the highest peak occurring at 100-110 nm. The number of
exosomes isolated from the cell media of the K562'% cells
(1.67x10" particles/ml) was ~2 times higher compared with
that in the K562 cells (8.14x10" particles/ml) (Fig. SI).

To further confirm that the pelleted material represented
exosomes, the presence of ‘exosomal markers’ i.e. proteins
commonly found in exosomes (CD63, CD9, CD81, HSP70
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Figure 1. Relative viability of the K562 and K562'% cells cultured in the
presence of imatinib for 3 days. The viability was assessed using a MTT
assay. Error bars indicate + SD of three independent measurements.,
IR, imatinib-resistant.
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Figure 2. BCR-ABLI mRNA and Ber-Abl protein expression levels in the
K562 and K562'% cells. BCR-ABLI (A) mRNA and (B) protein expres-
sion levels in the K562 and K562'™ cells were determined using reverse
transcription-quantitative PCR and western blot analysis, respectively.
IR, imatinib-resistant.

K562"F exosomes

K562 exosomes

Figure 3. Exosomes from the K562 and K562™ cells were visualized
using transmission electron microscopy. Exosomes were defined as round
or cup-shaped vesicles, at sizes between 50-150 nm. Scale bar, 100 nm.
IR, imatinib-resistant.

and GAPDH) (42), was confirmed using western blot analysis
(Fig. 4). As the CML landmark fusion protein, Ber-Abl was
overexpressed in the K562'® cells, it was also possible to show
the presence of the Ber-Abl protein in the corresponding
exosomes.

Uptake of K562 derived exosomes by the K562 cells.
K562-derived exosomes have been previously shown to
be taken up by various cell types, such as bone marrow
stromal cells, macrophages, endothelial cells and leukemic
cells (16,17,19-21.43). Notably, exosomes derived from
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Figure 4. Presence of exosomal markers in the exosomes and cell lysates.
Western blot analysis was used to detect the expression levels of known
exosomal markers and the Ber-Abl protein in exosomes isolated from the
K562 and K562™ cells, and in corresponding cells. For Ber-Abl, CD9 and
HSP70, 30 pg total protein was loaded for both exosomes and lysates, while
60 peg protein was loaded for CD63 and CDBI. Exosomes and cell lysates that
were [0 be probed by the same antibody were always loaded together on a
single gel/membrane; the signals obtained are therefore comparable between
exosomes and cell lysates. [rrelevant lanes have been cropped from the figure.

imatinib-resistant CML cells have been recently shown to
fuse with, and confer drug resistance traits to, imatinib-sensi-
tive CML cells (22). In the present study, the fusion of
K562™-derived exosomes (labelled with fluorescent CFSE)
with K562 cells, and the fusion of K562-derived exosomes
with K562 cells, was confirmed following a 4-h incubation
(Fig. 5). CFSE-positive K562 cells were detected using
confocal microscopy, as soon as | h after the addition of the
labelled exosomes, with the maximum uptake occurring after
4 h, as determined in a pilot time-course experiment (data not
shown).

Exosomes from K562'% cells increase survival of K562 cells
in the presence of imatinib. Min et al (22) demonstrated that
exosomes released from imatinib-resistant K562 cells were
able to transfer drug-resistant traits to imatinib-sensitive K562
cells. To confirm this observation, K562'®- or K562-derived
exosomes were isolated and incubated with K562 cells for 4 h,
prior to the addition of imatinib (2 #M) for 2 days. As shown
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Figure 5. Internalization of the exosomes by the K562 cells visualized using
confocal microscopy. The K562' exosomes loaded with CFSE (green) were
internalized into the K562 cells and visualized in the cytoplasm after a 4-h
incubation. Similarly, exosomes released from the imatinib-sensitive K562
cells were internalized into the K562 cells. Scale bar, 20 pm. CFSE, carboxy-
fluorescein succinimidyl ester; IR, imatinib-resistant.

in Fig. 6, exosomes derived from the K562'® cells significantly
increased the survival rate of imatinib-sensitive K562 cells
in the presence of imatinib, compared with the K562 cells
incubated with exosomes derived from K562 cells, and also
compared with the K562 cells treated with no exosomes. The
control exosomes derived from the K562 cells; however, had
no measurable effect on cell viability (Fig. 6).

Therefore, it could be hypothesized that the specific
composition of the K562'"-derived exosomes was responsible
for the enhanced survival of the K562 cells. To characterize
the unique protein content of the exosomes and to identify their
specific (preferably surface) markers, a detailed proteomic
analysis was subsequently performed.

LEQ proteomic analysis of the exosomes. Exosomes derived
from the K562 and K562™ cells were subjected to LFQ
proteomic analysis. A total of 10 samples of the respective
exosomes, obtained from five independent isolations of both
the K562'" and K562 cells, were analyzed using LC-MS/MS
(Q-Exactive). With the FDR set to 0.01, between 1,072 and
1,751 exosomal proteins were identified in each sample: in
total, 3,218 unique exosomal proteins were identified. Of
those, 2,693 proteins were listed in the Exocarta database
of exosomal proteomes (www.exocarta.org); therefore, the
present study identified 525 novel exosomal proteins.

To determine the quantitative robustness of the label-free
analysis, the quantitative similarity of all the LC-MS/MS runs
was examined. Correlation analysis revealed good inter-sample
reproducibility, with Pearson's correlation coefficients in the
range of 0.723-0.971 (Fig. S2). The LFQ analysis provided
semi-quantitative data for 1,241 proteins (Table ST).

Differentially abundant proteins. A total of 35 proteins
with significantly different quantities were identified in the
K562"%-derived exosomes compared with the K562-derived
exosomes (fold change >1.5) (Fig. 7 and Table I). Of these
35 proteins, 28 were found to be upregulated, while 7 were
downregulated, in the K562™ exosomes. The most upregulated
proteins in the K562'™ exosomes included interferon-induced
transmembrane protein 3 (IFITM3), desmoglein-2 (DSG2),
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Figure 6. Incubation of the K562'* exosomes with imatinib-sensitive K562
cells increases the cell viability of the K562 cells in the presence of 2 M
imatinib. One-way ANOVA with Tukey's post-hoc test was used. The mean
values + SD were calculated from three independent experiments. IR,
imatinib-resistant.
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Figure 7. Differentially abundant exosomal proteins were identified using
label-free quantification proteomic analysis of the K362 and K562'%
exosomes. Proteins with positive log2 fold change were upregulated in the
K562'% exosomes, while negative fold-change indicated proteins were down-
regulated in the K562™ exosomes. Only the proteins above the black line
indicating statistical significance (false discovery rate <0.035, S0=0.1) were
considered.

cell-surface glycoprotein MUCI8 (CDI146) and platelet
glycoprotein 4 (CD36). Among the most downregulated
were collagen a-1 (XV) chain, galectin-3-binding protein
(LGALS3BP), laminin subunit -1 (LAMBI), bone marrow
stromal antigen 2 (BST2) and epidermal growth factor-like
protein 7 (EGFLT).

The most highly upregulated proteins (at least 5-fold)
were further investigated with special focus on proteins
localized on the cell or exosomal membrane. Among the
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Figure 8. Confirmation of the differential abundance of IFITM3, CDI146 and
CD36 in the exosomes and cells using western blot analysis with specific
antibodies. Protein samples (60 mg) were separated on precast 4-15% SDS
PAGE gels. Trrelevant lanes have been cropped from the figure. IFITM3,
interferon-induced transmembrane protein 3; IR, imatinib-resistant.

candidates selected by the LFQ proteomic analysis, three
such proteins were identified using GenieScore, an algorithm
for the prediction of surface localization (41): IFITM3,
CDI46 (MUCI8) and CD36. The presence of these proteins
was confirmed in the exosomes and also in the cells of their
origin using western blot analysis with specific antibodies
(Fig. 8).

The western blot data confirmed the upregulation of all
three proteins in the K562"-derived exosomes, as well as in
the ‘source’ K562'% cells. Therefore, the upregulated surface
membrane proteins could potentially serve, not only as
exosomal markers, but also as cell-surface markers specific
for a resistant population of the K562 cells.

IFITM3 and CDI46 as specific surface markers of
imatinib-resistant K562 cells. To determine the potential of
the identified proteins as cell-surface markers of imatinib
resistance, flow cytometric analysis of the K562 and K562'%
cells was performed using antibodies against IFITM3, CDI146
and CD36. Live cells were used to determine the cell-surface
expression of the putative markers.

Flow cytometry revealed markedly increased surface
expression levels of IFITM3 and CD146, and to a lesser extent
also of CD36, in K562'® cells compared with the K562 cells
(Fig. 9). CD146 was detected in 96.2% of the K562'® cells
compared with 0.7% of the K562 cells, while [FITM3 was
detected in 51.6% of the K562™® cells compared with 4% of
the K562 cells. Anti-CD36 antibody stained 10.5% of the
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Table I. Differentially abundant proteins in the K562'*-derived exosomes, as compared with that in the K562-derived exosomes.

A, Upregulated protein in K562™ exosomes

Protein Gene Fold  Unique Permutation-based
Protein names IDs names change peptides MS/MS FDR
Interferon-induced transmembrane protein 3 Q01628 IFITM3 87.5 1 24 <0.001
Desmoglein-2 Ql4126 DSG2 10.9 10 33 0.002
Cell surface glycoprotein MUCIT8 P43121 MCAM 9.6 11 28 <0.001
Platelet glycoprotein 4 P16671 CD36 8.4 7 18 0.005
Unconventional myosin-1d 094832  MYOID 7.6 21 41 0.004
CD2-associated protein QI9Y5K6  CD2AP 6.7 29 105 0.004
Multivesicular body subunit 12A QI96EYS5 MVBI2A 6.2 2 19 0.001
Golgi integral membrane protein 4 000461 GOLIM4 6.0 18 37 <0.001
Protein TFG Q92734  TFG 5.9 3 9 <0.001
Melanoma-associated antigen 4 P43358 MAGEA4 5.8 9 20 <0.001
Spastin QI9UBPO  SPAST 5.7 9 19 <0.001
Melanotransferrin P08582 MFI2 5.1 10 19 <0.001
Charged multivesicular body protein 4a Q9BY43 CHMP4A 438 9 35 0.001
Tetraspanin-18 Q96SJ8  TSPANIS8 46 3 13 0.003
Rab11 family-interacting protein 1 Q6WKZ4 RABIIFIPI 4.1 16 37 0.003
STAM-binding protein 095630  STAMBP 4.1 9 16 0.003
Rac GTPase-activating protein 1 QYHOH5 RACGAPI 38 10 18 0.002
Hepatocyte growth factor-regulated tyrosine 014964  HGS 38 15 45 0.003
kinase substrate
Protein tweety homolog 2 QIBSA4  TTYH2 37 3 13 0.002
Toll-interacting protein Q9HOE2  TOLLIP 37 4 24 0.002
Vacuolar protein sorting-associated protein 4A  Q9UN37  VPS4A 35 11 76 <0.001
Syntenin- | 000560  SDCBP 3.6 22 207 <0.001
Hemoglobin subunit & P02100 HBEI 36 11 56 <0.001
Charged multivesicular body protein 4b Q9H444  CHMP4B 33 15 86 <0.001
Crk-like protein P46109 CRKL 3.0 12 56 <0.001
L-aminoadipate-semialdehyde QINRN7  AASDHPPT 2.6 6 10 0.002
dehydrogenase-phosphopantetheinyl transferase
Hemoglobin subunit P02008 HBZ 23 13 217 0.001
Heat shock protein 105 kDa Q92598  HSPHI 2.0 19 79 <0.001
B, Downregulated proteins in K562 exosomes

Protein Gene Fold  Unique Permutation-based
Protein names IDs names change peptides MS/MS FDR
DNA topoisomerase 2-f§ Q02880  TOP2B 2.8 7 23 0.002
Tyrosine-protein Kinase receptor UFO P30530 AXL -3.8 7 21 0.002
Tripeptidyl-peptidase 2 P29144 TPP2 44 57 211 0.003
Epidermal growth factor-like protein 7 Q9UHF1  EGFL7Y -4.5 4 10 0.002
Bone marrow stromal antigen 2 Q10589 BST2 -4.5 6 17 0.003
Galectin-3-binding protein Q08380  LGALS3BP  -59 6 17 0.001
Collagen a-1(XV) chain P39059 COLI5A1 7.9 15 102 0.002

Positive fold change indicates upregulation, while negative fold changes indicates downregulation in K562 -derived exosomes. FDR, false

discovery rate; MS, mass spectrometry.

K562 compared with 3% of the K562 cells. The analysis
demonstrated that CDI146 expression, in particular, clearly

distinguishes K562 from K562'% cells, and therefore it may be
used as a reliable cell-surface marker of imatinib resistance in
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Figure 9. Surface-marker analysis of the K562 and K562'% cells. Flow cytometry was used to confirm the increased expression of CD146, IFITM3 and CD36 on
the surface of the K562'% cells. The mean MFI and P2 values + SD were calculated from three independent experiments. Representative graphs from repeated
experiments are shown. IFITM3, interferon-induced transmembrane protein 3; MFI, mean fluorescence intensity: IR, imatinib-resistant.

these cells. In addition, promising results were also obtained
with IFITM3.

Discussion

Incubation of isolated and carefully characterized
K562""-derived exosomes with K362 cells, prior to exposure to
imatinib, slightly, but significantly, increased the survival of the
K562 cells in toxic doses of imatinib (2 M), Thus, the results
confirmed the observation Min er al (22) made in the same
cell line, providing further evidence for the role of exosomes
in the horizontal transfer of information among cancer cells,
including pro-survival signals or a drug-resistance trait.

To what extent an exosome-mediated survival plays in the
development of resistance to imatinib in patients with CML
remains to be determined. A complex interaction between
the resistant cells, exosomes and target cells can be hypoth-
esized. The whole process can be spatially separated between
the bone marrow and peripheral blood, and may include
other than leukemic cells, for example, stromal cells in bone
marrow, macrophages or endothelial cells (17,19-21). In addi-
tion, it could also be hypothesized that time may also play its
role, namely with respect to potentially continuous production
of exosomes in vive. Furthermore, considering that several
distinct molecular mechanisms of resistance to imatinib have
been described (7,8), the role of exosome-mediated survival
may differ among patients with CML. We propose that each
individual mechanism of imatinib resistance may manifest
with a different phenotype of the resistant cell population,
affecting protein expression, cellular proliferation rate and
other cellular properties, including exosomal content and

the rate of exosome shedding. Mutations in the BCR-ABLI
kinase domain, which prevent interaction of imatinib with the
Ber-Abl protein, are the most common cause of resistance to
imatinib in patients with CML (7). However, the K562'% cells
in the present study did not possess any mutations in the kinase
domain; instead, BCR-ABLI amplification resulted in over-
expression at the mRNA and protein levels, which is another
mechanism of resistance that has previously been described
in specific patients with CML (6,44). This may suggest that
the observations in the present study may be specific for the
underlying mechanism of resistance in the model used, i.e. the
overexpression of BCR-ABLI.

The role of exosomes in cancer progression and drug
resistance establishes their potential as a source of biomarkers
for monitoring the progression of the disease, the emergence
of drug resistance, or the effects of a therapeutic interven-
tion (9,15). A detailed characterization of the specific protein
cargo of the exosomes and identification of resistance-associ-
ated markers on the surface of K362™ exosomes and K562%
cells was, therefore, performed. The LFQ proteome analysis
identified over 3,000 exosomal proteins and provided relative
quantitation for 1,241 of them. These datasets represent, to the
best of our knowledge, the largest set of exosomal proteins
derived from leukemic cells. Among the proteins with signifi-
cantly different abundance in the K562'* exosomes, the focus
was directed to molecules known (or expected) to be localized
on the surface of the cells and exosomes. Surface localiza-
tion ensures proteins are easily accessible as markers or drug
targets. A total of 3 significantly upregulated (i.e., >7-fold
according the LFQ data) membrane proteins with predicted
surface localization were identified in the K562™ exosomes:
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IFITM3, CDI46 and CD36. Notably, all three putative
marker proteins have been previously associated with cancer
progression (45-57).

IFITM3 is a member of the interferon-induced trans-
membrane protein family (58), that is known for its antiviral
activity, and has been associated with multiple viruses,
including Middle East respiratory syndrome coronavirus
(MERS-CoV) and severe acute respiratory syndrome corona-
virus (SARS-CoV) (59). IFITM3 has also been found to be
overexpressed in patients with AML and in human cell lines
derived from gastric, lung, oral and breast tumors (45-49) and
has been implicated in cancer progression (45.46), with either
pro-proliferative and/or pro-migratory roles (47,48). High
expression levels of IFITM3 protein have been associated with
poor prognosis in acute myeloid leukemia (49).

CDI146 is a transmembrane glycoprotein, that was first
identified in malignant melanoma, where it contributed to
metastasis (50). CD146 protein overexpression in various
types of malignancies, such as melanoma, ovarian and
breast cancer, and lung tumors, has been associated with
tumor progression, angiogenesis and metastasis (51-53),
and its expression has also been associated with drug
resistance (54,55).

CD36 is a hematopoietic marker of a subpopulation
of primitive (i.e., less differentiated) and blast crisis CML
cells (56). Notably, these cell types are known to be less sensi-
tive to imatinib (57). An increase in the protein expression level
of CD36 could, therefore, potentially mark a sub-population of
K562'® cells with a less differentiated myeloid phenotype.

Using specific antibodies, it was possible to confirm the
increase of all three putative marker proteins in both the K562
exosomes and the K562'% cells. Finally, to confirm the differ-
ential expression of IFITM3, CDI146 and CD36 proteins on
the surface of the K562'® cells and to validate their utility
as potential marker of imatinib resistance, flow cytometric
analysis of live K562 and K562 cells was performed using
specific antibodies. The results confirmed that CDI146 could
be a reliable positive marker of imatinib resistance in the K562
cells, which could be used to distinguish and separate popula-
tions of K562'% cells using flow cytometry. IFITM3 and CD36
displayed lower differences in expression levels, comparing
between the K562 and K562 cells, and, therefore, have a
lower level of accuracy in terms of distinguishing between the
resistant and the sensitive cell populations.

Due to their resistance-specific overexpression on the
cell surface, CDI146 and IFITM3 could be, at least theo-
retically, exploited as drug targets for molecular therapy
in imatinib-resistant CML. In agreement with this, CDI146
has been considered to be a promising therapeutic target in
CDI46-positive cancers, such as melanoma (60). The thera-
peutic potential of anti-CDI46 antibodies for cancer therapy
is already being evaluated (61). Similarly, IFITM3 inactiva-
tion (knockdown) studies (49,50) have also provided strong
support for its future anti-cancer pharmacological potential.

The present study did not address the mechanism of
exosome-mediated survival. However, several possible
mechanisms may be proposed or envisioned. For example,
we hypothesize that exosomes carrying the molecular target
of the drug could shift the drug/target ratio in the recipient
cells upon fusion. In the present study, BCR-ABLI fusion gene
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amplification and overexpression were identified in the K562'®
cells, which resulted in upregulation of the fusion kinase in the
K562 exosomes. The process of the causative kinase being
delivered by K562'® exosomes to the recipient K562 cells
may, thus, hypothetically shift the imatinib/Ber-Abl ratio and
increase the survival rate of the K562 cells.

Alternatively,and additionally, exosomes may transfer other
pro-survival molecules or their precursors, namely proteins,
RNAs or DNAs. In their original study, Min et al (22) identified
miR-365 as a molecule partly responsible for the pro-survival
effect of exosomes derived from imatinib-resistant K562 cells.
However, the beneficial effect of miR-365 alone was lower
compared with the administration of the whole exosomes (22),
suggesting that other molecules are involved in the process.
It is, therefore, possible to hypothesize that IFITM3 could be
a potential pro-survival candidate molecule, as it regulates
STAT3 phosphorylation (62) and signaling, leading to cell
proliferation, angiogenesis and drug resistance (63). Similarly,
CDI146 could theoretically contribute to survival of the target
cells, as it mediates chemoresistance in small-cell lung
cancer and in breast cancer through the activation of AKT
kinase (54,55). However, whether the CDI146 and/or IFITM3
molecules contained within the ‘resistant’ exosomes are able
to actually exert their signaling function in the recipient cells,
thereby stimulating their survival in the presence of imatinib,
remains to be determined.

It is well-known that the K562 cells represent a single
cellular model of CML, which may differ significantly from
the complex and heterogeneous situation in CML in vivo.
Whether the markers identified in the K562'® model are also
overexpressed in the leukemic cells of patients with imatinib
resistant CML remains to be verified. Unfortunately, such a
confirmatory study will be complicated by several factors.
The therapy of patients with limited response to imatinib is
promptly changed to a newer TKI (64), typically without bone
marrow sampling. Therefore, leukemia cells from patients
with CML that are truly resistant to imatinib are very rare.
The future study would be required to include a large number
of bone marrow samples obtained from patients with different
degrees of response to imatinib. Secondly, the mechanisms
of imatinib resistance may differ between patients, with and
without mutations in the Ber-Abl kinase domain, and the
study must include both types of patients. Thirdly, the neces-
sary isolation of Ph-positive leukemia cells from the complex
bone marrow samples may severely limit the cellular material
available for the verification of the candidate protein expres-
sion. Nevertheless, performing the verification study would be
essential before proposing CD146 and IFITM3 as novel and
clinically relevant markers of imatinib resistance, or potential
drug targets for imatinib resistant CML.
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