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ABSTRACT

Chronic myeloid leukemia (CML) is a rare disease caused by the presence of Philadelphia
chromosome as a result of the fusion between the Breakpoint Cluster Region (BCR) gene in
chromosome 22 and the Abelson tyrosine-protein kinasel (ABLI) gene in chromosome 9.
This fusion encodes a tyrosine kinase (TK) constitutively expressed in CML cells. Imatinib
(IM) is the first line TK inhibitor used in CML treatment. Molecular detection of BCR-ABL1
transcription is crucial for diagnosis and treatment strategies. Point mutations in the ABL1
gene contribute to resistance against TKIs, suggesting a need for modification in treatment
protocols. In a high percentage of CML patients, poor response with relapses and disease
progression is associated with resistance through various mechanisms, including dysregula-
tion of the c-MYC proto-oncogene.

Gold nanoconjugates (Au-nanoconjugates) have shown improved efficacy in gene si-
lencing approaches towards cancer therapy. Herein, we evaluated the silencing potential of
AuNPs functionalized with antisense oligonucleotides targeting el4a2BCR-ABL1 or the c-
MYC alone and combination, demonstrating efficient silencing of gene expression and
downregulation of protein levels in IM-senstive and IM-resistant cell lines. Combining TK
inhibitor (IM) with other kinase inhibitors showed synergistic activity in IM-sensitive cell
line. Moreover, the effect of the Au-nanoconjugates with danusertib (Danu), volasertib (Vola)
and adavosertib (Adavo) on IM-resistant cells was also analyzed and showed a synergistic
effect.

These Au-nanoconjugates may be useful to tackle IM-resistance mechanisms and pro-
vide an additional tool for future combinatory schemes to fight CML with imatinib re-
sistance.

Key Words: Anti-sense oligonucleotides, BCR-ABL1, chronic myeloid leukemia, c-
MYC, gold nanoparticles
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RESUMO

A leucemia mieloide crénica (LMC) é uma doenca rara causada pela presenca do
cromossoma filadélfia derivado da fusdo entre o gene Breakpoint Cluster Region (BCR) no
cromossoma 22 com o gene Abelson Tyrosine-Protein Kinase 1 (ABL1) no chormossoma 9.
Este gene de fusdo codifica para uma tirosina quinase (TK) constitutivamente activa nas
células de doentes com LMC. O Imatinib (IM) é um inibidor especifico da oncoproteina BCR-
ABL1 usado como primeira linha no tratamento da LMC. A detecgdo molecular do transcrito
BCR-ABL1 é crucial para o diagnostico e para as estratégias de tratamento da LMC.
Mutacolles pontuais no gene ABLI contribuem para a resisténcia aos TKIs, levando a
necessidade de modificacdo nos protocolos de tratamento. Numa elevada percentagem de
doentes com LMC, observa-se uma falha na resposta terapéutica com progressao da doenca,
associada a varios mecanismos moleculares de resisténcia, incluindo a desregulacdo do
proto-oncogene c-MYC.

Os nanoconjugados de ouro (Au-nanoconjugados) demonstraram uma eficacia
melhorada em abordagens de silenciamento de genes para terapia do cancro. Neste estudo,
avalidmos o potencial de silenciamento de AuNPs funcionalizadas com oligonucleétidos
anti-sentido dirigidos a el4a2BCR-ABL1 ou c-MYC isoladamente ou em combinacao,
demonstrando um silenciamento eficiente da expressao génica e a regulacdo negativa dos
niveis proteicos em linhagens celulares sensiveis e resistentes ao IM. A combinacdo do
inibidor da TK (IM) com outros inibidores da quinase mostrou atividade sinérgica na
linhagem celular sensivel a IM. Para além disso, o efeito da conjugacdo dos Au-
nanoconjugados com os inibidores danusertib (Danu), volasertib (Vola) e adavosertib
(Adavo) mostrou um efeito sinérgico em células resistentes ao IM.

Este trabalho demonstra a utilidade dos Au-nanoconjugados para contornar os
mecanismos de resisténcia ao IM, fornecendo uma ferramenta adicional para futuros

esquemas combinatérios no combate a LMC resistente ao IM.
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INTRODUCTION

Part of the literature review presented in this chapter has been published, whole or in part,
elsewhere. The author of this thesis reviewed and critically discussed the references cited in
the text.

Abdulmawjood B, Costa B, Roma-Rodrigues C, Baptista PV, Fernandes AR. Genetic Bi-
omarkers in Chronic Myeloid Leukemia: What Have We Learned So Far? Int ] Mol Sci. 2021
Nov 19;22(22):12516. doi: 10.3390/ijms222212516. PMID: 34830398; PMCID: PMC8626020.



1.1 Leukemias

Hematologic malignancies are defined as those affecting bone marrow, blood cells, and lym-
phatic system [1]. Leukemia, lymphoma, and myeloma are the most commonly noted types
of hematological malignancies [2]. These forms of cancer are the most prevalent affecting
children and adolescents [2]. Various disruptive biomolecular abnormalities, including
chromosomal aberrations and/or genetic mutations, may emerge throughout distinct phases
of hematopoietic development, leading to diverse cancer subtypes and clinical manifesta-
tions [3]. Leukemia is a kind of cancer characterized by the abnormal multiplication of white
blood cells (WBCs) present in the bone marrow, which can be either a primary or secondary
process [4].

Leukemia is markedly different from other cancer forms and can affect people of any
age, owing to the considerable variety of WBCs in the body. Moreover, demographic factors,
including race, age, and lifestyle, do not reduce the risk, in contrast to most malignancies.

Annually, there are more than 50,000 new leukemias diagnoses [2].

1.1.1 Classifications

Throughout the twentieth century, the taxonomy of leukemia gradually evolved to encom-
pass more precisely defined entities characterized by phenotypic, genetic traits, morphologi-
cal and unique clinical presentations. The World Health Organization (WHO) endorsed this
integrated approach in their 2008 categorization of hematopoietic neoplasms and more re-
cently, in the 2016 revision. The diagnosis and classification of acute myeloid leukemia
(AML) underwent major changes in 2022 with the introduction of the WHO 5th edition and

the International Consensus Classification (ICC) of hematopoietic neoplasms [5]

Leukemia is categorized as chronic or acute according to the rate of growth and as myeloid
or lymphoid depending on the cell of origin. The primary subtypes are acute myeloid leu-
kemia (AML) and chronic myeloid leukemia (CML), which affect the myeloid lineage; and
acute lymphoblastic leukemia (ALL); and chronic lymphocytic leukemia (CLL), which affect
the lymphoid lineage [6]. The most common characteristics of the different types of leuke-

mia are described in Table 1.1.



Table 1.1 — Most common characteristic of different types of leukemia in what concerns the type of cells in-

volved, cytology information, common genetic alterations, symptoms, affected age, prevalence and respective

references.

Types  Cell in- Cytology Common genetic Symptoms Afected Ref
volved alterations age

AML  Immature Oncogene t(15;17)(q22,q21)  Anemia,
myeloid mutations, PML-RARA, spontane-  Adults [7]
lineage single myelo- inv16(p13;q22)or ous bleed- [8]
cells blast muta- t(16;16)(p13;,q22) ing

(marrow) tion, Cytoge- CBFB-MYHII,
netic abnor- t(8;21)(q22;q922)
malities RUNX1-

RUNX1T1,
t(9,11)(p22;,923)
KMT2A-MLLT3

CML  Myeloid Chromosomal t(9;22)(q34;q1) Anemia, In adults

stem cells translocation, BCR-ABL1 low plate- and rare in [7]
(marrow)  granulocytes let count, children [6]
enlarged
spleen
ALL Immature Chromosomal t(12;21)ETV6- Disturb
B or T cell aberration RUNX1, marrow Children [7]
(lymph t(1;19)TCF3-PBX1 function [9]
nodes) t(9;,22)BCR-ABL1
CLL Peripheral Chromosomal del(13q), Swelling of Commonly
lymphoid  abnormalities  del(17p)P53, lymph affects [7]
Bor T cell del(11q)ATM nodes, people [10]
(lymph Trisomy 12 spleen in- over 60 of
nodes) crease age

ALL is the predominant form of this leukemia, representing over 80% of all acute leukemia
occurrences. It can be categorized into B-cell precursor (BCP-ALL/B-ALL) or T-cell linage (T-
ALL) type, with the former comprising around 85% of ALL cases [11]. BCP-ALL and T-ALL
immunophenotypes encompass several subgroups characterized by several chromosomal

abnormalities, which are suggested to represent leukemia-initiating lesions [12]. In pediatric



patients diagnosed with B-ALL, prevalent chromosomal translocations comprise t(12;21) ETS
variant transcription factor 6 (ETV6)- runt-related transcription factor 1 (RUNXI) (25%),
t(1,9) Transcription Factor class C (TFC3)- pre-B-cell leukemia transcription factor 1 (PBX1)
(5%), t(9;22) breakpoint cluster region (BCR)-abelson murine Leukemia virus homologl
(ABL1) (3%), and translocations including the mixed-lineage leukemia 1 (MLL) gene with
distinct partner fusion genes (5%) [9].

CLL is distinguished by the expansion of monoclonal lymphoid cells. It predominantly
impacts adults aged 60 to 70. CLL is often regarded as an indolent disease, indicating that
not all diagnosed individuals necessitate immediate treatment; therapy usually starts after
the emergence of symptoms [6]. CLL and small lymphocytic lymphoma (SLL) exhibit dis-
tinct clinical symptoms of the same underlying illness, frequently categorized together as
CLL [10]. About 80% of CLL patients display at least 1 of 4 prevalent chromosomal abnor-
malities: a deletion of 13q14.3 (del[13q]), deletion of 11q ataxia-telangiectasia mutated gene
(ATM) (del[11q]), deletion of 17p tumor protein p53 (ITP53) (del[17p]), or trisomy 12 [13]. The
predominant mutation is (del[13q]), observed in roughly 55% of cases [13]. TP53 mutations
occur in 4-37% of CLL patients and correlate with a significantly adverse outcome in multi-
ple studies [13].

AML is a hematological illness marked by the clonal proliferation of genetically modi-
fied hematopoietic stem cells and progenitor cells inside the bone marrow. These genetic
alterations confer a proliferative advantage and impair normal hematopoiesis [14]. AML
constitutes 15-20% of pediatric acute leukemia cases and around 80% of adult leukemia cas-
es. Although it is the predominant type of leukemia in neonates and adults, it constitutes a
minor proportion of leukemia cases in infancy and adolescents [14]. The principal cytogenet-
ic subgroups with favorable karyotypes encompass AML, characterized by the translocation
between chromosomes 15 and 17 [t(15;17)(q22,q21)]. Promyelocytic leukemia (PML)- retinoic
acid aeceptor-alpha (RARA) and core-binding factor beta subunit (CBFB)-myosin heavy
chain 11 (MYH11) encompass the cytogenetic and molecular subgroups of inversion 16
[inv16(p13;q22)] or t(16;16)(p13;q22) and t(8;21)(q22;q22) [8]. Intermediate karyotypes, pre-
dominantly including diploid karyotypes, are observed in roughly 40-50% of patients [8].
Unfavorable karyotypes including complicated karyotypes (characterized by three or more
chromosomal abnormalities), the majority of MLL translocations (involving 11q23), and vari-
ous other particular karyotypes [8]. Furthermore, patients exhibiting translocations that af-
fect chromosome 3q26.2, the locus of the MECOM (myelodysplastic syndrome 1 (MDS1) and
etopic viral integration site 1 (EVI1) complex locus) gene demonstrate a markedly unfavora-

ble prognosis [15].



CML generally arises from the reciprocal translocation and fusion of the BCR gene on chro-
mosome 22 and the ABL1 gene on chromosome 9, resulting in the dysregulated tyrosine ki-
nase located on chromosome 22, known as the Philadelphia (Ph) chromosome [16]. As a re-
sult, it induces a monoclonal population of defective granulocytes, primarily neutrophils,

basophils, and eosinophils [6].

1.1.2 Chronic myeloid leukemia

CML is a malignant myeloproliferative disease marked by the clonal expansion of hemato-
poietic stem cells. CML was the first tumor associated with a chromosomal anomaly [1], and
its pathophysiology has been extensively investigated [17]. Moreover, CML was the first leu-
kemia identified, attributed to Rudolph Virchow, David Craigie and John Hughes Bennet
who conducted autopsies on patients exhibiting analogous symptoms, including fever, leu-
kocytosis, hepatosplenomegaly [18], and an atypical morphology of blood and viscosity,
characterized by Alfred Velpeau in the 19th century as “thick blood”[19]. Peter Nowell and
David Hungerford in 1960, reported the discovery of an aberrant "minute chromosome" in
individuals with chronic granulocytic leukemia, following the refinement of a method for
detecting chromosomes in mitotic cells (karyotyping) [20]. This discovery was the first de-
scription of the correlation between chromosomes abnormalities and cancer. Subsequently,
this chromosome was named as the Ph chromosome [21]. In 1973, Janet Rowley, using chro-
mosomal staining methods, identified the Ph chromosome as originating from a reciprocal

translocation between chromosomes 9 and 22 ((9,22)) [22].

1.1.2.1 Disease characterization

CML advances through three distinct phases. The process initiates with a chronic phase (CP),
associated with leukemia stem cells (LSCs) [16]. During this phase, unregulated clonal pro-
liferation of leukemia progenitor cells (LPCs), results in characteristic symptoms, including
splenomegaly, malaise, loss of weight, anemia, pain in the upper left quadrant and lethargy
[16]. Nevertheless, 15% of patients are asymptomatic, being detected accidentally, via normal
laboratory examinations [16]. Furthermore, if the immune system of the patient remains
functional, they may remain asymptomatic for a prolonged period [16]. Untreated (CP-CML)
will typically advance to accelerated phase (AP-CML) or blast phase (BP-CML) within an
average of 3 to 5 years. The transition to AP-CML and BP-CML encompasses a spectrum of
clinical manifestations (e.g., fever, bone pain, splenomegaly), additional chromosomal altera-

tions, and blast cell counts [23].



Age, geographic, and racial disparities may contribute to the diversity in incidence between
different registries, and the predisposing factors for the disease remain poorly understood
[24].

According to global cancer statistics from the American Institute for Cancer Research,
the global incidence of CML varies between 0.7 and 1.5 per 100,000 individuals [25]. Exten-
sive population-based research on CML has been conducted in the USA and Europe, notably
in the United Kingdom, the Netherlands, Sweden, and France [24]. Asian countries show
lower incidence rates of CML, which predominantly affects a younger demographic, with a
greater proportion of patients classified in the high and moderate Sokal risk categories [24].
An elevated prevalence of CML has been noted among Japanese atomic bomb survivors [24].
A correlation between the incidence of CML and lifestyle, dietary variables, as well as an
elevated risk of disease progression associated with tobacco smoking has been documented
[26]. Occupational pesticide exposure is regarded as a possible risk factor; yet a robust link
with CML has not been proven [27]. The median age for the diagnosis of CML is between 57
and 60 years, with a male-to-female ratio of 1.2 to 1.7 [28,29].

1.1.2.2 Molecular biology

As stated, the Ph chromosome is the principal molecular hallmark of CML. The fusion of the
ABL1 gene on chromosome 9 with the BCR gene on chromosome 22 gives rise to this condi-
tion (Figure 1.1) [16]. This fusion results in the production of an oncoprotein known as BCR-
ABL1, with constitutive tyrosine kinase activity. This constitutive activity results in insuffi-
cient cell differentiation, unregulated replication, and resistance to apoptosis [16]. The
(t(9;22)) chromosomal breakpoints are extensively distributed, especially at the ABL1 locus
[22], however splicing of the main transcript results in a BCR-ABL1 mRNA isoforms. The two
predominant fusions are referred to as e13a2 (BCR exon 13 fused with ABL1 exon 2) and
el4a2 (BCR exon 14 fused with ABLI exon 2) [30]. These two chimeric mRNAs have been
also identified as b2a2 and b3a2, with b2 (BCR exon 13) and b3 (BCR exon 14) representing
the second and third exons inside the traditionally characterized major breakpoint cluster
region (M-BCR) [31]. e13a2 and e14a2 encode a 210 kDa BCR-ABL1 protein (p210); however,
el4a2 BCR-ABL1 is 25 amino acids bigger than e13a2, attributable to the supplementary ami-
no acids encoded by BCR exon 14. The e13a2 and el4a2 BCR-ABL1 variants collectively rep-
resent 98% of CML patients, and mostly predominantly express el4a2. In 10% of the CML
cases, expression of both isoforms (e13a2 and el4a2) is observed [30].

In 2% of CML cases, atypical BCR-ABL1 fusions arising from BCR breakpoints outside
the M-BCR region (Figure 1.1) may be found (e.g. ela2, e6a2, e8a2, e19a2, e13a3, and el4a3)



[16]. Among these atypical fusions, the el19a2 transcript encodes a p230 BCR-ABL1 fusion
protein, arising from the micro breakpoint cluster region (u-BCR) located between exons 19
and 20 of BCR gene. This fusion is frequently associated with neutrophilic chronic myeloid
leukemia (CML-N) [16]. The ela2 transcript encodes a small p190 BCR-ABL1 isoform, arising
from the minor breakpoint cluster region (m-BCR) located between exon 1 and exon 2 of BCR
gene (the predominant isoform in BCR-ABL1 positive ALL) is detected in 1% of CML cases

and is associated with a poor prognosis [30]
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Figure 1.1 — The formation of the Philadelphia chromosome. The Philadelphia (Ph) chromosome arises from the
translocation of the Abelson murine leukemia (ABLI) gene on chromosome 9 and the breakpoint cluster region
(BCR) gene on chromosome 22. Three breakpoint sites may be implicated in this translocation: i) intron 13 or 14 of
BCR, referred to as the major breakpoint (M-BCR), ii) intron 1 of BCR, identified as the minor breakpoint (m-
BCR), and iii) exon 19 of BCR, termed the micro breakpoint (p-BCR). The ABL1 breakpoint often occurs in the
region between exons 1b and 2. Retrieved from Abdulmawjood et al., (2021) [16].

1.1.2.3 Variations of the Philadelphia Chromosome
While 90% of CML patients present with Ph positive chromosome (Ph+), about 5 to 10 % lack

it and may present other abnormalities [32]. It may be in a single form (including 22q11 and
a single breakpoint) or in a more complex form (including 9q34, 22q11, and multiple addi-
tional breakpoints) [33]. Variations arise from breakpoints in genomic hotspots, frequently

located in CG-rich areas that are susceptible to chromosomal breaks and repair mechanisms



[16]. Cytogenetics, particularly karyotyping, is the definitive method for identifying Ph*
chromosomes and assessing cytogenetic response [16]. Identifying further chromosomal ab-
normalities is essential, particularly in Ph*/negative clones throughout treatment, as they
may indicate clonal development towards more complex and serious disorders such as
myelodysplastic syndrome or AML [16]. Most of studies demonstrate no differences in
prognosis between standard and variant translocations [32,34-38]; however, some suggest
inferior outcomes associated with Ph+ variants [39-42].

Indeed, in a study including 250 Mexican Ph* CML patients, in 90.4% a single p210 BCR-
ABL1 isoform was present, whereas in around 7% of Ph* CML patients, both b3a2 and b2a2
isoforms were detected [43]. Only 5% of the patients exhibited the co-expression of
p190/p210 BCR-ABL1 fusions, and those with co-expression of at least 2 or all
p190/p210/p230 BCR-ABL1 fusions demonstrated a worse prognosis [43]. In a study pub-
lished by Vinhas et al., [42] a CML patient, resistant to IM treatment, no ABL1 mutations were
detected but BCR-ABL1 expression and ABLI phosphorylation were observed due to the
presence of double Ph* cells with 2 protein isoforms, the common p210 and the uncommon
p195 isoform. The patient started bosutinib and later exhibited a favorable response. This

work underscores the importance of discovering numerous transcripts to enhance treatment
[42].

1.1.24 Genetic Biomarkers in CML

Genomic instability leads to modifications in DNA, characterized by increased mutation
rates, microsatellite instability, and further chromosomal abnormalities [44]. The BCR-ABL1
fusion gene is the primary driver of gene deregulation in CML and the primary therapeutic
target using tyrosine kinase inhibitors (TKIs) in this disease. BCR-ABL1 gene deregulation
and other chromosomal abnormalities drive genomic instability, crucial for the progression
from CML-CP to the more aggressive CML-BP [45]. Evaluation of BCR-ABLI gene expres-
sion levels can enhance diagnosis and prognosis of CML [16].

Indeed, CML progression typically occurs by an initial evasion of cellular differentiation
and resistance to programmed cell death, involving increased expression of genes stimulat-
ing different proliferation signaling pathways, modifications of cell adhesion markers and
secondly, modifications in gene expression during treatment may lead to relapse, suggesting
that progression continues in a subset of CML cells [16]. Other genes, such as transforming
growth factor beta (TGF-f), tumor necrosis factor (TNF), TP53 and vascular endothelial
growth factor A (VEGFA), may act as possible biomarkers for prognosis and therapeutic re-

sponsiveness or resistance [46-52]. Epigenetic modifications, including DNA methylation



and histone modification, together with the expression of long noncoding RNAs (IncRNAs)
and microRNAs (miRNAs), may also play a role in CML transformation/progression
[51,53,54].

Epigenetic dysregulation collaborates with genetic abnormalities to creat an environ-
ment that promotes formation, maintenance and progression of tumor [51]. Alterations or
reprograming in epigeneteic pathways resulting in changes in histon modifications, DNA
methylation and transcriptional dysregulation throughout the progression of CML [55]. Ab-
normal epigenetic regulation in the expression of some genes associated with CML may sig-

nificantly influence its pathogenesis and the mechanisms affecting therapeutic responsive-

ness [54].

1.1.24.1 Genomic instability in CML

Transitioning from CML-CP to CML-BP involves increased genomic instability of LSCs,
leading to microsatellite variations, telomerase activity, and cytogenetic instability [56-59].
LSCs heterogeneity, where TKI-resistant quiescent LSCs present in the bone marrow micro-
environment [59,60] interacts with adjacent stromal cells promoting genomic instability and

facilitating BP-CML development [59, 61] (see Figure 1.2).
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Figure 1.2 — BCR-ABL1 protein activity in CML. The persistent of BCR-ABL1 protein kinase activity promotes
excessive proliferation of leukemia stem cells (LSCs), leading to chronic phase (CP). The development of re-
sistance to tyrosine kinase inhibitors (TKI), along with a distinct bone marrow microenvironment and the buildup
of reactive oxygen species (ROS), induces genomic instability in quiescent leukemia stem cells (LSCs), leading to
an accelerated phase (AC) that culminates in a blast crisis with worsened symptoms. Retrieved from Pawlowska et
al., (2015) [62].

Compared to normal cells that effectively repair DNA damage, LSCs possess impaired
DNA repair mechanisms due to mitochondrial alterations induced by Rac2-MRC-clII
GTPase activity in BCR-ABL1-positive cells [63], leading to elevated levels of reactive oxygen
species (ROS), namely superoxide anions (O ‘) associated with single- and double-strand
DNA damage [64,65], leading to further increase genomic instability of LSCs cells (Figure
1.2). Moreover, elevated levels of telomerase activity and enhanced proliferation due to de-
fective checkpoint regulatory proteins may also contribute to this genomic instability of CML
[66,67]. Prevalent genetic alterations have been observed in CML cells at both the chromo-
somal (e.g., monosomy 7, trisomy 8, duplication of Ph, duplication of chromosomes 19, 21 or
17, isochromosome 17 or loss of chromosome Y) [68,69] and gene levels (see Table 1.2). In-
deed, the use of bioinformatic tools and molecular data from patients databases allows us to
retrieve information incorporated into multiple studies, to identify the genes and molecular
pathways most frequently altered in CML [49]. For a more detailed description about the
altered genes and their molecular pathways in CML please see Abdulmawjood et al., (2022)
[16], Ochi et al., (2023) [70] and Alkhatabi et al., (2024) [71].
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Table 1.2 — Genes whose expression is altered in CML.

Gene (Pro- Lo NCBI Gene . . .
. Description Protein function CML analysis Reference
tein) ID
Cell division, adhesion,
ABL1 ABL proto-oncogene 1, Chronic phase
) 25 differentiation, and o [49]
(ABL1) non-receptor tyrosine Blast crisis
response to stress
Regulation of cell pro-
AKT1 AKT serine/ threonine 507 liferation, survival, me-  Chronic phase [49]
(AKT1) kinase 1 tabolism, and angio- Blast crisis
genesis
ataxia-telangiectasia
ATM (ATM) mutated ser- 472 Cell cycle checkpoint Blast crisis [46]
ine/threonine kinase
BCL2 apoptosis regula- ) i Chronic phase
BCL2 (BCL2) 596 Regulation of apoptosis [49]
tor Blast crisis
BTK (BTK) Bruton tyrosine kinase 695 B-cell development TKIs! resistance [72]
Cyclin dependent ki- Regulation of cell cycle
CDKN2A 1029 Blast crisis [46]
nase inhibitor 2A progression
Regulation of cell cycle
MYC proto-oncogene,
c-MYC  (c- o progression, apoptosis, Good response to
bHLH transcription 4609 [46]
MYC) and cellular transfor- TKIs!
factor )
mation
Chronic phase
CTNNB1
Catenin beta 1 1499 Cell adhesion Blast crisis [46,49]
(CTNNB1)
TKIs! resistance
E2F transcription factor Good response to
E2F (E2F) 1869 Cell cycle regulation [40]
1 TKIs?
EGFR Epidermal growth fac- 1956 Cell proliferation Chronic phase [49]
(EGFR) tor receptor Blast crisis
FYN proto-oncogene, Regulation of cell sChronic phase
FYN (Fyn) 2534 [49]
Src family tyrosine growth Blast crisis
Cytokine involved in
inflammatory response, )
Chronic phase
IL1B (ILB1) Interleukin 1 beta 3553 cell proliferation, dif- [49]

ferentiation, and apop-

tosis

Blast crisis
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Regulation of cell

Chronic phase
JAK2 (JAK2) Janus kinase 2 3717 growth, development, [49]
Blast crisis
and differentiation
Regulation of prolifera-
MAPK1 Mitogen-activated pro- 5504 tion, differentiation, Chronic phase 149]
(MAPK1) tein kinase 1 transcription, and de- Blast crisis
velopment
Regulation of prolifera-
MAPK3 Mitogen-activated pro- 5505 tion, differentiation, Chronic phase [49]
(MAPK3) tein kinase 3 and cell cycle progres- Blast crisis
sion
) Regulation of cell pro-
platelet-derived growth ) i ) ) i
PDGFR-3 liferation, survival, dif-  Chronic phase
factor receptor, beta 100487523 o o [49]
(PDGFRB) ] ferentiation, chemotax- Blast crisis
polypeptide : —
is, and migration
PTKB2 Protein tyrosine kinase 185 Calcium-induced regu- ~ Chronic phase [49]
(PTKB2) 2 beta lation of ion channels Blast crisis
SRC proto-oncogene, ]
) Regulation of cell Chronic phase
SRC (SRC)  non-receptor tyrosine 6714 o [49]
. growth Blast crisis
kinase
Regulation of cell pro- i
TGFB1 Transforming growth Chronic phase
7040 liferation, differentia- o [49]
(TGFB1) factor beta 1 Blast crisis
tion, and growth
Regulation of cell pro- i
TGFB2 Transforming growth Chronic phase
7042 liferation, differentia- o [49]
(TGFB2) factor beta 2 ) Blast crisis
tion, and growth
Cytokine is involved in ~ Chronic phase
TNFA (TNF) Tumor necrosis factor 7124 ) o [49]
inflammatory response. Blast crisis
Chronic phase
Regulation of cell-cycle, o
TP53 (p53) T tein p53 7157 tosi d autoph Blast crisis
umor protein apoptosis, and autoph-
P P P pop P Mutations correlated [49-52,73]
a
&Y to poor prognosis
Proliferation and mi- )
VEGFA Vascular endothelial ) Chronic phase
7422 gration of vascular en- o [49]
(VEGFA) growth factor A Blast crisis

dothelial cells
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Moreover, next generation sequencing (NGS) and fluorescent in situ hybridisation (FISH)
technologies allowed to analyse the relationship among the copy number, expression, and
activity of BCR-ABL1 with the copy number, mutational status, and expression of telomere
maintenance genes in 5 BCR-ABLI1 positive cell lines (K562, MEG-A2, MOLM-1, KU-812, and
LAMA-84) [48]. Despite no pathological alterations were detected in telomere-associated
genes, mutations and/or copy number variations in tumor suppressor genes, namely TP53
(loss and mutations), ataxia telangiectasia mutated (ATM) (mutations), and cyclin-dependent
kinase inhibitor 2A (CDKN2A) (deletion) were observed [48]. Nevertheless, a connection be-
tween BCR-ABLI1 expression and telomere length was identified, consistent with another
research [66]. The significance of TP53 mutations or function loss, particularly at (codon 72),
has been previously demonstrated to be critical for CML progression and resistance to ther-
apy [50-52,74-77]. Analysis of NGS data indicated that the deletion of CDKN2 and mutations
in the ATM and in the homologous ataxia telangiectasia and rad3-related protein (ATR) gene
contributed to the progression of CML and enhanced genomic instability [78-80].

Moreover, some studies performed in cell lines demonstrated the involvement of DNA
damage repair (DDR) in TKI resistance. The increase of alternative nonhomologous DNA
end joining (NHE]) factors poly(ADP-ribose) polymerase 1 (PARP1), werner Syndrome ATP-
dependent helicase (WRN), and DNA ligase Illa, together with the downregulation of canon-
ical NHE] proteins artemis and DNA ligase 1V, illustrates the involvement of the inefficient
and error-prone alternative NHE] pathway in TKI-resistance [81,82]. Moreover, other in vitro
models of TKI-resistance demonstrated the activation of the base excision repair genes me-
thyl-CpG binding domain protein 4 (MBD4) and Nth endonuclease IlI-like 1 (NTHL1) in TKI-
resistance [83,84].

The evidence indicates that the impairment of DNA damage repair in CML is directly
implicated in resistance to TKIs and the progression of CML. The dysregulation of these pro-
cesses can indirectly contribute to resistance by causing genomic instability, leading to the
accumulation of point mutations and chromosomal abnormalities [85]. Point mutations in
the ABL1 kinase domain can inhibit the binding of TKIs. Additionally, point mutations and
chromosomal abnormalities may activate alternate cellular signaling pathways that contrib-
ute to TKl-resistance, including the phosphatidylinositol 3-kinase (P13K)/ AKT ser-
ine/threonine kinase 1 (AKT), Janus kinase (JAK)/ signal transducer and activator of tran-
scription (STAT), rat sarcoma virus RAS/ mitogen-activated protein kinase (MAPK), and SRC

proto-oncogene, non-receptor tyrosine kinase (SRC) pathways [86].
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1.1.24.2 Epigenetic Regulation in CML

The epigenetic status of a cell can be modulated through histone modification, DNA methyl-
ation, and post-transcriptional regulation by non-coding RNAs. These mechanisms can in-
fluence the cell at several levels: by modifying DNA conformation and its suitability for tran-
scription, damage, or repair; by influencing RNA expression levels and stability; and by gov-

erning protein translation or post-translational changes (Figure 1.3) [53].

 NUCLEUS

| Histone modiﬁcations]

OO

Histone

{ | DNA Methylation |
RV DN A /

AT 1 -
IR A Transc r.lptlon
regulation

NN mMRNA =

Genetic |/ RISC
silencing

| mrrer JMature miRNA

('();;1;;ic|11c11lzlr)-' mRNA

CYTOPLASM

Figure 1.3 — Epigenetic regulation in CML. Histone modification is essential in gene regulation. DNA methyla-
tion typically inhibits gene transcription via DNA methyltransferases (DNMTs) and methyl-cytosine dioxygenas-
es at cytosine residue inside CpG dinucleotides. Non-coding RNAs are essential in modulating gene expression,
either through miRNA-induced silencing complexes (miRISCs) that target mRNA for degradation, or through
IncRNAs that participate in the regulation of gene transcription, post-transcriptional processing, and epigenetic

modifications. Retrieved from Abdulmawjood et al., (2021) [16].

Histone modifications have a critical function in the regulation of gene transcription [16].
These modifications mostly encompass methylation, phosphorylation, acetylation [16], and
other post-translational alterations [16]. Numerous data indicate that the activation of onco-
genes and the inactivation of tumor suppressor genes correlate with the progression of CML
[87]. Dynamic alterations in histone modifications are associated with loss-of-function muta-
tions in genes implicated to CML [88-90]. Histone hypoacetylation in promoter areas leads to

the silencing of pyruvate dehydrogenase complex, El-alpha polypeptide 1 (PDHI) [91],
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hence reducing the levels of mRNA and protein of BCR-ABL1 in CML and LAMA-84 cells
[92]. Conversely, histone hyperacetylation enhances the expression of genes such as p21 and
p27 [54].

DNA methylation is a critical epigenetic process that plays a significant role in chroma-
tin architecture and the regulation of gene expression [16]. Dysregulation of DNA methyla-
tion has a crucial role in solid tumors and leukemias, including CML [16]. Research indicates
that the tumor suppressor metastasis suppressor protein 1 (MTSS1) is frequently downregu-
lated in both leukemic stem cells and progenitor cells in CML, although its expression nor-
malizes during TKI therapy, leading to decreased cell proliferation and motility [93]. Moreo-
ver, hypermethylation of the hypermethylated in cancer 1 (HICI) gene, a repressor that
modulates sirtuin 1 (SIRT1) expression, leads to SIRT1 overexpression in CML, particularly
as CML advances [94-96]. Finally, the CD70/CD27 axis has been demonstrated to induce
non-canonical Wnt signaling in the presence of TKI, contributing to the survival of leukemic
stem cells [97].

Non-coding RNAs (ncRNAs) are important in modulating gene expression throughout
several stages, including transcription, RNA processing, and translation [16]. In CML, de-
regulated miRNAs function as both oncogenes and tumor suppressors genes [16]. IncRNAs
have been identified as significant regulators of gene expression [98], comprising approxi-
mately 200 nucleotides in length [99]. These IncRNAs have diverse roles in gene regulation,
encompassing transcription, epigenetic modifications, and post-transcriptional processes
such as mRNA splicing and stability [100-104]. Certain IncRNAs have been recognized as
critical biomarkers for many cancer types [105-108]. In CML, a new IncRNA known as
IncRNA-BGL3 has been identified as a crucial regulator of BCR-ABL1-mediated cellular
transformation [109,110]. For a more detailed review of IncRNAs in CML please see Dutta et
al., (2024) and Rudich et al., (2022) [111, 112].

1.1.2.43 miRNAs Dysregulation in CML

miRNAs are short, conserved non-coding RNA sequences, generally measuring approxi-
mately 20 to 23 nucleotides in length, that modulate gene translation. They are essential in
various biological processes by preferentially binding to mRNA transcripts, slowing transla-
tion, and decreasing protein production (Figure 1.4) [16]. It is believed that miRNAs govern
around 60% of the transcriptome, influencing essential cellular processes such as prolifera-
tion, development, differentiation, cell fate determination, and death [113]. Moreover, miR-
NAs have demonstrated their significance as crucial biomarkers for tumor detection and

monitoring, as they can be identified in body fluids (e.g. peripheral blood, urine, etc) [99].
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Figure 1.4 — Biogenesis and molecular processing/action of miRNAs. Pri-miRNAs are generated in the nucleus
and then identified and cleaved by Drosha into a smaller stem-loop structure known as pre-miRNA. Pre-miRNAs
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ture miRNAs, which will incorporate into the miRISC. The efficacy of genetic silence or translation inhibition is
dependent upon the degree of homology between miRNAs and their corresponding target regions, predominant-
ly located inside the 3'-UTRs of mRNAs. Retrieved from Abdulmawjood et al., (2021) [16].

The regulation of carcinogenesis in CML is a complex process involving multiple vari-
ables, including several dysregulated miRNAs (Table 1.3) [114]. Specific miRNAs have been
associated with patient responses to TKIs, including imatinib (IM), the first TKI used in CML
treatment (see Table 1.3) [115]. Patients that respond to TKI exhibit elevated levels of miR-
NA-26a, miRNA29¢c, miRNA-130b and miRNA-146a relative to non-responders [115]. This
variance may result from the downregulation of their targets, such as cellular inhibitor of
apoptosis protein-1 (cIAP1) and myeloid cell leukemia sequence 1 (MCL1), which are essen-
tial for tumor cell survival following TKI therapy [16]. The overexpression of miRNA-23a,
miRNA-30a, miRNA-30e, miRNA-203, miRNA-320, and miRNA-424, which target BCR-
ABL1, is advantageous for TKI-responsive patients [115]. Specifically, miRNA-451 levels can
act as an effective biomarker for predicting TKI response and are associated with a positive
prognosis [116], as it directly targets ABL1 and BCR-ABL1 [115]. For a more detailed review
in miRNAs in CML please see Rudich et al., (2022) [112].
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Table 1.3 — miRNAs involved in CML phenotype.

. Expression . . .
miRNA i CML Process involved/Biological relevance References
in

One of the most highly expressed miRNAs in various can-
cers, associated with drug resistance. Lower levels at di-
agnosis indicate a better response to TKI treatment. Serves
miRNA-21 Upregulated [114,117-119]
as a marker for disease progression, with higher expres-
sion from CP to BP. Its inhibition causes G1-phase arrest,

reduced growth, and apoptosis.

Expression is inversely related to MCL-1 and BCL-2 levels.

miRNA-29b Downregulated Its reduced expression contributes to the avoidance of [120]
apoptosis.

Plays a role in suppressing autophagy, thereby enhancing

IM-induced cytotoxic effects. Higher expression is ob-
miRNA-30a Downregulated

served in IM responders. Its levels are inversely correlated [121,122]

with the Sokal score and BCR-ABL1 after treatment.

Linked to reduced BCR-ABL1 expression, inhibition of cell
miRNA-138 Downregulated proliferation, and increased apoptosis induced by IM

[123]
treatment.
Frequently silenced in CML due to monoallelic loss and
promoter hypermethylation. IM treatment reverses pro-
miRNA-203 Downregulated moter methylation, leading to increased miRNA-203 ex- [124125]

pression, which reduces BCR-ABLI1 levels and inhibits
CML cell proliferation.

Serves as a biomarker for disease progression, with ex-
pression decreasing from CP to BP. A reciprocal regulato-

miRNA-451 Downregulated ry relationship exists between miRNA-451 and BCR-ABLI. [114,126-129]
Its levels at diagnosis predict TKI treatment outcomes, and

it is involved in IM resistance.

Involves a regulatory pathway miRNA-144/451 with c-
miRNA- MYC. Expression is lower in IM-resistant patients (where
Downregulated ) ) )
144 /451 c-MYC is overexpressed). Restoring miRNA-144/451 lev- [130]

els sensitizes CML cells to IM treatment.

Acts as a prognostic biomarker, with higher expression at

miRNA-486-
s Downregulated diagnosis linked to better overall outcomes and quicker [131]
P achievement of complete hematologic response to IM.

17



1.1.2.5 Diagnosis

CML diagnosis depends on physical examination, medical history, and laboratory results,
including cytogenetic and molecular analyses. By integrating this information, healthcare
providers can determine the illness stage and suggest appropriate monitoring and treatment
strategies [17]. CML is frequently identified during normal medical examinations or via
blood testing in asymptomatic patients [132]. The diagnosis of typical chronic CML is simple
and requires confirming the presence of the Ph chromosome abnormality t(9;22), in instances
of continuous unexplained thrombocytosis or leukocytosis [133]. This can be accomplished
through standard cytogenetics (Karyotype) or molecular cytogenetics (e.g. FISH) or by mo-
lecular analyses that detect BCR-ABLI transcripts such as qualitative (e.g. reverse transcrip-
tion nested polymerase chain reaction (RT- nested PCR) or reverse transcription quantitative
polymerase chain reaction (RT-qPCR) testing that allows to measure the levels of BCR-ABL1
transcripts [133]. FISH analysis depends on the co-localization of extensive genomic probes
targeting the BCR and ABLI genes [133].

Atypical chronic myeloid leukemia (aCML) is defined by the absence of the Ph chro-
mosome and the absence of BCR-ABLI rearrangement [17]. It affects around 5% of CML pa-
tients, presenting with leukocytosis accompanied by a left shift, splenomegaly, and signifi-
cant myeloid dysplasia [17]. These individuals typically exhibit a bad prognosis and a re-
duced response to the treatment [17]. Given that most patients are presented without symp-
toms and required differential diagnosis with other systemic and hematological disorders,
various laboratory tests are crucial for the CML diagnosis such as blood count, bone marrow

aspiration, karyotyping, cytogenetics and both qualitative and quantitative PCR [134].

1.1.2.6 Therapies

TKIs constitute the gold standard treatment for Ph* CML-CP, recognized for achieving ex-
ceptional rate of hematological, molecular and cytogenetic responses [135]. IM was the first
TKI licensed by the U.S. Food and Drug Administration (FDA) for the treatment of CML
[136]. IM interacts with the BCR-ABLI kinase domain (KD) that adopts an inactive confor-
mation within a pocket designated for the binding of ATP, hence inhibiting the phosphoryla-
tion of tyrosine on the protein substrate and the consequent activation of the phosphorylated
protein [136]. Its efficacy encompasses all stages of CML, and clinical trials have shown that
most of patients treated in the CML-CP reach a normal life expectancy [137-141]. Deep mo-
lecular response (DMR) is characterized by <0.01% IS of BCR-ABLI levels, with distinct
thresholds for MR4 (<0.01% IS), MR4.5 (<0.0032% 1IS), and MR5 (<0.001% IS) [2]. DMR has

been identified in > 80% of patients, with over 70% maintaining remission post-treatment
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cessation. This achievement has led to the idea of treatment-free remission (TFR), which re-
duces low-grade adverse effects such as muscle cramps and exhaustion [2].

As a result of decreased efficacy of IM in patients with mutations in the KD of BCR-
ABL1 protein, that induces resistance to IM, second generation TKI such as dasatinib, bosu-
tinib, and nilotinib were developed [142]. Mutations in the kinase domain associated with
resistance to IM occurred in 4.6% of 1551 CP-CML patients over a decade [2]. These second
generation TKIs induce more rapid responses than IM when used as a second-line treatment
[16]. Third generation (TKIs), including ponatinib and asciminib (ABL001), are designed to
target specifically the BCR-ABL1-T315I and compound mutations [16]. ABLO01 functions as
an allosteric inhibitor of ABL1 kinase via binding to the myristoyl pocket in place of the cata-
lytic pocket of BCR-ABL1 [16].

1.1.2.6.1 Therapies other than TKIs

In the last twenty years, targeted therapy with TKIs such as IM, nilotinib, dasatinib, bosu-
tinib, and ponatinib has shown significant outcomes. Nevertheless, the heterogeneity of the
disease and development of resistance continues to pose considerable difficulty in the man-
agement of CML [143,144]. Both primary and secondary resistance to TKIs can be induced by
BCR-ABL1-independent signals, thereby enhancing the self-sustenance of the LSC clone
[145].

Aurora kinase inhibitors (AURK-Is) block the serine/threonine kinase activity of the
Aurora kinase (AURK) family, which controls cell division. Dysregulation of AURK activity
can lead to chromosomal abnormalities and DNA changes that promote cell transformation
[144]. In hematological malignancies like CML, AURK is typically overexpressed, rendering
AURK inhibitors an attractive therapeutic strategy for treatment [146]. AURKSs are regarded
as promising therapeutic targets for the development of anticancer pharmaceuticals. The
relationship between BCR-ABL1 and AURK in the pathogenesis of CML remains incomplete-
ly defined; however, the efficacy of AURK inhibitors in the therapy of CML has been exten-
sively researched [147,148].

Danusertib (Danu), a dual inhibitor of AURK and ABL1 (including both wild-type and
mutant variants, including T315I), has demonstrated encouraging efficacy in leukemia and
solid malignancies [144]. Danu specifically reduces the proliferation of immortalized BCR-
ABL1-positive cells and CML CD34-positive progenitors from patients who exhibit either
sensitivity or resistance to TKls [149,150]. Danu has demonstrated acceptable dose-
dependent toxicities and encouraging efficacy in advanced and resistant ALL, and CML pa-

tients during phase II clinical trial [151]. In this clinical trial, 4 of 29 patients with accelerated
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or blast phase CML exhibited a response, all of whom have the T3151 BCR-ABL1 mutation
[151]. These findings facilitate additional preclinical and clinical progress [151].

The polo-like kinase (PLK) family, which includes PLK1, PLK2, PLK3, PLK4, and
PLK5, comprises serine/threonine protein kinases [152]. PLK1 predominantly expressed in
the late G2 and M phases, controls mitosis and exhibits elevated expression in numerous
malignancies, which is associated with unfavorable prognosis [153]. In CML, PLK1 is present
in its phosphorylated state in both K562 cells line and primary CML cells [154]. Inhibition of
BCR-ABL1 by IM or nilotinib diminishes PLK1 expression, suggesting that BCR-ABL1 facili-
tates PLK1 production [154]. Inhibition of PLK1 in CML cells leads to cell cycle arrest and
apoptosis [154]. The PLK1-targeting agent BI 2536 inhibits the proliferation of both imatinib-
sensitive and IM-resistant CML cells, including those harboring the T315 mutation of BCR-
ABL1 [154].

Volasertib (Vola), a low molecular weight molecule, is one of the most prominent PLK
inhibitors, demonstrating significant anti-leukemic efficacy [152]. The combination of Danu
and Vola in both sensitive and resistant CML cell lines has been shown to inhibit prolifera-
tion and trigger considerable caspase-dependent death. Notably, in contrast to IM, these two
TKIs function by targeting different pathways. Both Danu and Vola induce a significant ele-
vation in the number of cells in the G2/M phase [145].

Weel G2 checkpoint kinase (Weel), a serine/threonine protein kinase, is crucial for the
G2/M phase checkpoint and DDR [155,156]. In response to DNA double-strand breaks
(DSBs), the ATR and ATM pathways are activated, with ATM activating Checkpoint kinase 2
(CHK2) and ATR activating CHK1, which collectively activate Weel [157]. Upon activation,
Weel phosphorylates the Tyr15 site of CDKI, thereby inhibiting its activity, postponing cell
progression into the M phase, and facilitating DNA replication [158-160]. The upregulation
of Weel is correlated with several cancers, like lung cancer, breast cancer, hepatocellular
carcinoma, and leukemia, and is associated with tumor development and worse prognosis
[161-168]. Weel is extensively engaged in DNA damage response signaling and the repair of
double-strand breaks. Inhibiting the overexpression of Weel has demonstrated therapeutic
advantages in CML, particularly in CML-sensitive cases [157]. Weel facilitates cell prolifera-
tion and IM resistance in CML by modulating DNA damage response via the ATM- gamma
histone variant H2AX (yH2AX) - mediator of DNA damage checkpoint 1 (MDC1) pathway,
rendering it a potential therapeutic target [157,169]. Adavosertib (Adavo) is a selective small
inhibitor molecule of the Weel TK, an essential regulator of the intra-S and G2/M phase cell
cycle checkpoints. Weel can regulate DNA replication and mitosis by phosphorylating and
inhibiting CDK 1 and 2 [170]. Furthermore, Adavo enhances the efficacy of chemotherapeu-
tic drugs by impairing the DNA damage response, leading to buildup of DNA damage [171].
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The effectiveness of Adavo in conjunction with other anticancer treatments has been exam-
ined in preliminary clinical trials [172-174]. The combination of Adavo and bortezomib
markedly enhanced apoptosis in multiple myeloma cell lines compared to the administration
of either agent individually [175]. Furthermore, Adavo enhanced the sensitivity of myeloid
leukemia cells (AML, CML, and myelodysplastic syndrome (MDS)) to the inhibitory effects

of cytarabine, resulting in higher apoptosis in these neoplastic cells [176].

1.1.2.7 Drugs resistance mechanisms

Despite the significant success of TKI therapy, approximately 50% of patients who discon-
tinue medication develop a recurrence due to their failure to eradicate persisting CML cells
[177]. Furthermore, around 20% of CML patients have inadequate responses to initial thera-
py, with 5-10% advancing to blast crisis [178]. This process is associated with the emergence
of resistance, which constitutes a "bottleneck to cure" [179]. TKI resistance may be influenced
by both dependent and independent BCR-ABL1 pathways, contingent upon their relation-
ship with the ABL1 KD [180]. Although considerable advancements have been achieved in
knowing the BCR-ABL1-dependent mechanisms of resistance, which depend on the reactiva-
tion of BCR-ABL1, the mechanisms of BCR-ABL1-independent resistance remain more ob-

scure [181].

1.1.2.7.1 BCR-ABL1-dependent resistance

In CML, BCR-ABL1-dependent pathways represent well-defined forms of TKI resistant
treatment [182]. BCR-ABL1-dependent processes encompass BCR-ABL1 mutations, gene am-
plification, and upregulation [180]. The T315] mutation in BCR-ABL1 protein was the first
mutation identified in in CML patients with IM resistant and is the most challenging one
[182]. The T315I mutant variant of BCR-ABLI is lacking threonine residue at position 315,
which functions as a gatekeeper [16]. Mutation of this residue to isoleucine blocks TKI entry
into the hydrophobic pocket while permitting ATP access [16]. Despite the encouraging ef-
fectiveness of asciminib, especially against the T315] mutation, certain CML patients develop
mutations in the myristoyl-binding pocket [183]. Some mutations such as V468F, 1502L,
P465S, C464W, and A337V have been demonstrated to confer resistance to asciminib while
maintaining the sensitivity to ATP-competitive kinase inhibitors [184,185]. Mutant clones
possessing mutations in the KD and myristoyl-binding site exhibited asciminib or ponatinib
resistant; however, this resistance was significantly decreased when combing these two ther-
apies [177].
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Genomic instability leads to the accumulation of mutations in the ABL1 KD and other
molecular or chromosomal abnormalities [180]. Conversely, the increase of BCR-ABL1 fusion
proteins may induce genomic instability in CML cells [186]. Partial deletions of PR-domain
zinc finger protein 16 (PMRD16) and runt-related transcription factor 1 (RUNX1), the expres-
sion of the PMRD16/RUNX1 fusion, and mutations that activate GATA-binding protein
2 (GATA2) have been linked with the progression of CML, also may be recognized in the
disease [180]. The extent of BCR-ABLI transcript overexpression associated with IM re-
sistance has been investigated in both cell lines and patients, with estimates varying from
several-fold increases to over one log. This has been investigated in cell lines, revealing a

two- to ten-fold elevation in BCR-ABL1 target protein expression [187-190].

1.1.2.7.2 BCR-ABL1-independet resistance

Approximately 50% of CML patients exhibiting inadequate responses or disease progression
had KD mutations, whereas the remainder exhibits other resistance mechanisms [191]. Tu-
mor growth happens when critical cellular pathways, including the MAPK/ extracellular
signal-regulated kinase (ERK) pathway JAK2/STAT, PI3K/AKT/ mammalian target of ra-
pamycin (mTOR) and (RAS/ rapidly accelerated fibrosarcoma (RAF)/MEK/ERK), are in-
vaded by oncogenes or when direct stimulation of the elements or upstream activators of
these cascades [182]. These modifications can modify sensitivity to small inhibitors mole-
cules employed in treatment of cancer [182].

The MAPK/ERK pathway, a critical downstream signaling pathway of BCR-ABL1, fa-
cilitates cell proliferation and survival in BCR-ABL1-positive cells [192]. TKIs can inhibit this
mechanism through inhibition of BCR-ABLI and triggering apoptosis of CML cells. Nonethe-
less, independent stimulation of the RAS pathway may result in resistance to TKIs [193,194].
The JAK/STAT signaling pathway is a significant downstream route of BCR-ABL1 that in-
fluences survival, proliferation and treatment of the resistance in CML. This pathway en-
compasses critical effectors including STAT3 and STAT5 [177]. Deininger et al. conducted a
study indicating that the phosphorylation of STAT3 at Y705 confers resistance to TKIs in
CML CD34+ cells [195]. mTORC1 is a downstream effector of AKT and can be stimulated by
phosphorylated AKT [196]. A study by Burchert et al. demonstrates that PI3K/AKT/ mTOR
signaling is elevated when responded to IM, hence facilitating resistance to IM [197]. A study
by Mancini et al. indicated that the AURK A/ PLK1/ forkhead box M1 (FOXM1) axis is an-
other mechanism involved in BCR-ABL1 independent resistance [198]. The amplification and
hyperactivation of this axis, found in primary patient cells and resistant cell lines, induces IM
resistance by activating many pathways that increase the proliferation and survival of leu-
kemic hematopoiesis [198]. The JAK/STAT, RAS/MAPK, and PI3K/AKT pathways can reg-
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ulate Cellular myelocytomatosis (c-MYC) mRNA expression and increase c-MYC stability
[199]. -MYC is an inherently disordered protein that is part of the basic helix-loop-helix-
leucine zipper (BHLHZip) family found in the cell nucleus [200]. The carcinogenicity of c-
MYC can increase the transcription levels of high-affinity target genes or induce saturation;
furthermore, it can upregulate or downregulate low-affinity target genes, converting normal
cells into tumor cells [201]. The aberrant kinase activity of BCR-ABL1 enhances c-MYC tran-
scription and translation, a critical phase in the disease's progression to blast crisis [202]. The
inhibition of BCR-ABL1 tyrosine kinase activity by IM markedly reduces c-MYC expression
and hematological tumor features in CML cells [203]. The downregulation of c-MYC is an
essential process in imatinib-induced apoptosis in chronic myeloid leukemia [201]. c-MYC
suppressed erythroid differentiation and apoptosis induced by IM or dasatinib, demonstrat-
ing its essential role in drug sensitivity [201]. c-MYC overexpression has been linked to
worse IM responses in untreated CML patients and non-responders, perhaps because of its
role in promoting chromosomal instability [202].

Moreover, BCR-ABL1 independent resistance is associated with the expression levels
and functioning of solute carrier (SLC) transporters, categorized into influx and efflux types
depending on their transport mechanisms [180]. The impact of efflux transporters on IM
pharmacokinetics has been extensively studied, and their elevated expression is typically
associated with variation in IM response [204,205[. The most extensively researched trans-
porter protein is P-glycoprotein (P-gp), which can eject IM from leukemic cells [206]. This
protein is encoded by the ATP binding cassette subfamily B bember 1 (ABCB1) gene, part of
the ATP-binding cassette subfamily B, often known as MDR1 (multidrug resistance 1) [207].
A study by Ammar et al. showed that the overexpression of P-gp on lymphocytes is substan-
tially connected with the poor molecular response to IM in patients with CML [208].

1.1.2.8 Gene therapy in CML

Gene therapy use genetic material that can change the respective encoding protein or alter
the biological properties of tissues in several ways, including the replacement or inactivation
of malfunctioning genes, and the introduction of novel genes. The increasing knowledge of
tumor cells and their surroundings has encouraged the application of gene therapy through
novel delivery mechanisms and advanced gene expression systems to get effective cancer
treatment. These systems include Antisense oligonucleotides (ASOs), zinc finger nucleases
(ZENs), clustered regularly interspaced short palindromic repeats/CRISPR-associated pro-
tein 9 (CRISPR/Cas9), and small interfering RNA (siRNA) [209]. For a more detailed review

of nucleic acid therapeutics for myeloid leukemias please see Kovecses et al. (2024) [210].
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1.1.28.1 ASOs

Antisense technology is a useful tool for modulating gene expression and addressing human
disorders. ASOs are synthetic single-stranded DNA analogues, often 15-30 base pairs in
length that are complementary to a specific mRNA sequence [211]. ASOs target RNA by
binding specifically to sequences, hence altering oncogene expression. ASOs operate by acti-
vating RNase H, which cleaves DNA /RNA hybrids, inhibiting translation, or altering alter-
native splicing, which leads to the destruction of cells possessing the specified gene marker
[201].

A study by Rowely et al., [212] found that circular ASOs targeting the BCR-
ABL1 junction efficiently suppressed the proliferation of CML cells. In a separate study,
Ashizawa et al., [213] examined BP1001, an ASO targeting the Grb2 gene, an essential partner
of the BCR-ABL1 protein in CML evolution. BP1001 demonstrated preclinical efficacy in re-
ducing CML burden and is undergoing further development as a therapeutic option [213]. A
recent study by Hoshiki et al., [214] employing DNA/RNA heteroduplex oligonucleotides
(HDOs) demonstrated that the naked BCR-ABL1-targeting antisense double-stranded DNA
oligonucleotide (ADO) was markedly more effective than siRNA in decreasing of BCR-ABL1
mRNA expression in CML cell lines [214]. Furthermore, ADO reduced the BCR-ABL1 pro-
tein levels in a dose-dependent strategy that impaired cell proliferation and enhanced the
effect of IM [214].

1.1.2.8.2 ZFNs

ZFNs are synthetically engineered by combining a site-specific zinc finger protein with the
non-specific cleavage domain of the Fokl restriction endonuclease. The DNA-binding com-
ponent has 3-6 zinc finger repeats, each able to recognize 9-18 base pairs. A ZFN typically
comprises three zinc fingers, each specific to a three-base pair DNA sequence, creating a
three-finger array that binds to a 9-base pair target site with the non-specific cleavage do-
main [216,217]. Gene disruption via ZFN was first demonstrated in 1994 when a three-finger
protein was engineered to precisely inhibit the production of the BCR-ABLI human onco-
gene in a murine cell line [218]. In 2018, Wenli Feng's team demonstrated that alternative
genome-editing nucleases, like ZFNs, might likewise destroy the BCR-ABL1 oncogene. By
targeting exon 1 of BCR with a pair of ZFNs, they generated a premature stop codon, leading
to a shortened oncoprotein. This leads to increased apoptotic rates and less proliferative po-

tential in the modified cells [219].

1.1.28.3 CRISPR/Cas9
CRISPR/Cas9 gene editing technology, a promising cancer gene-suppression therapy, pos-

sesses the potential to permanently eliminate genes responsible for tumor survival, thereby
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addressing the limitations of repeated dosing inherent with conventional cancer treatments
and enhancing therapeutic efficacy [220]. The CRISPR/Cas9 system comprises two compo-
nents: Cas9, a nuclease that cleaves DNA at a designated spot, and a single guide RNA
(sgRNA) that directs Cas9 to the precise DNA locus. Due to the necessity of manipulating
the nuclear genome, the components of this complex must be translocated into the nucleus
[221,222]. In recent years, gene editing methodologies, primarily CRISPR/Cas9, have gar-
nered considerable attention in leukemia research. The CRISPR/Cas9 system has been doc-
umented to effectively suppress the BCR-ABLI oncogene, counteracting its tumor-promoting
activity [223]. In a CML xenograft model, subcutaneous injection of altered single-cell-
derived clones did not result in tumor development. The findings indicate that
CRISPR/Cas9 technology may serve as a promising therapeutic option for CML patients
exhibiting TKI resistance [223].

In 2017, Garcia-Tunon et al., employed CRISPR/Cas9 technology to target BCR-ABL1-
positive CML and demonstrated the effective inhibition of the p210 variant of the BCR-ABL1
fusion gene in both a Boff-p210 leukemia cell line and a murine disease model [224]. Recent-
ly, Vuelta et al., developed an innovative CRISPR/Cas9 short-deletion strategy that effective-
ly targets the BCR-ABLI oncogene in both murine and human cell lines, and for the first
time, in primary leukemic stem cells (CD34+ from CML patients and Scal+ from a CML mice
model) [225]. They reported that CRISPR/Cas9-modified LSCs reduced the tumorigenic ac-
tivity and restored multipotency [225]. The administration of these modified LSCs demon-
strated considerable therapeutic advantages in orthotopic patient-derived xenografts (PDXs)
and CML mice models [225].

For a more detailed review of the role of CRISPR technology in CML please see Kaur et
al. (2024) [226].

1.1.284 siRNA
siRNAs act by selectively silencing genes associated with the disease through sequence-
specific binding [227]. Synthetic siRNAs possess a unique structure characterized by a short
double-stranded RNA sequence including sense (non-guide) and anti-sense (guide) strands,
approximately 21 bp in length, with phosphorylated 5" ends and hydroxylated 3' ends, with
two nucleotides overhanging at the 3' end of each strand [228]. Moreover, the design of siR-
NA sequences facilitates the targeting of previously deemed undruggable genetic regions,
thereby addressing a significant obstacle in tailored medicine [227].

SiRNA has been investigated over the past 15 years as an alternative therapeutic strat-
egy for leukemia in both in vitro and in vivo models [229]. In the context of CML therapy,
siRNA targeting the BCR-ABL gene was administered in K562 cells utilizing various lipopol-
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ymers: palmitic acid, a-linolenic acid, and cholesterol served as lipid modifications on PEI
(PEI-PA, PEI-aLA, and PEI-Chol, respectively) [230-232], which resulted in reduced cell via-
bility, enhanced apoptosis, and increased drug sensitivity in IM-resistant cells. Finally, the
administration of BCR-ABL1 siRNA/PEI-aL A lipopolymer was investigated in solid K562
tumors, which inhibited the growth of subcutaneous tumors in a CML mouse model [233].

For a more detailed review of siRNA role in CML targeting please see Vysochinskaya et
al. (2024) [234].

1.2 Nanomedicine

Nanomedicine can be defined as the use of nanotechnology for medical applications [235-
237]. Nanotechnology, which deals with technology at the nanoscale (size between 1 to 100
nanometers (nm)), exhibit unique physical and chemical features that can be precisely ad-
justed to enhance interactions with the various biological systems toward enhanced delivery
and specific targeting of therapeutics, optimized imaging modalities and diagnostic [238].

Nanoscaled particles have transformed drug delivery by enabling the selective target-
ing of therapeutic agents at the organ, tissue, and cell-specific levels, hence reducing the ex-
posure of healthy tissues to pharmaceuticals [239]. Nanomedicines have markedly enhanced
drug delivery systems, tackling issues such as inadequate pharmacokinetics, restricted bioa-
vailability, and increased toxicity linked to traditional pharmaceuticals [240]. Nanoparticles
and liposomes have significantly improved the therapeutic indices of drugs through targeted
delivery, controlled release, and enhanced solubility and stability [241]. These innovations
have resulted in more efficacious treatments with diminished side effects, e.g. reduced toxici-
ty and enhanced pharmacokinetic parameters, including distribution, prolonged circulation
time, targeted controlled release, elevated intracellular concentration, and improved solubili-
ty and stability of drugs within the organism [242].

Nanomedicines have already made their way to the clinics, particularly through lipo-
some-mediated drug delivery systems and the encapsulation of medications like Doxorubi-
cin [243]. Lipid nanoparticles have encouraging efficacy in facilitating the delivery of syn-
thetic chemicals - nanodrugs [244].

Incorporating mRNA and therapeutic proteins has strongly beneficted from nanomed-
icine concepts (e.g. SARS-CoV-2 vaccines) [245]. Lately, the utilization of nanomedicine and
immunotherapy has arisen in the treatment of diverse cancers, suggesting that the combina-
tion of these two therapeutic approaches may establish novel paradigms in cancer treatment
[246].
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Still, safety issues still need to be addressed with the use of nanomedicines, highlight-
ing the need for a comprehensive understanding of the essential properties that affect the

interaction of nanomaterials with tissues and organs [247]

1.2.1 Nanomedicine for diagnostics and therapeutics

Nanomedicines provide unique physicochemical features not only as drug-delivery nanocar-
riers but also as synthetic scaffolding for imaging probes used in cancer diagnosis [248]. The
efficacy and application of these systems are determined by their chemical composition
(such as metallic, lipidic, polymeric, and inorganic types), structural attributes, including
surface properties (such as charge and hydrophobicity), physical characteristics (such as size,
shape, and stiffness), and surface functionalization with targeted ligands and functional

groups [249].

1.21.1  Specific targeting and EPR

Tumor tissue targeting is primarily dependent on the impaired tumor vasculature and inad-
equate tumor lymphatic system, allowing nanoscale particles to passively diffuse towards
and accumulate in fast growing solid tumors via the enhanced permeability and retention
(EPR) effect [250]. The EPR effect has been fundamental to the advancement of cancer nano-
medicine, e.g. the first FDA-approved nanomedicine, Doxil® (PEGylated liposomal doxoru-
bicin), and Apealea® (paclitaxel micellar), both rely on the EPR effect to induce clinical out-
come [250]. Also, standard clinical practice has incorporated at least fifteen cancer nanomed-

icines, all of which utilize EPR-mediated passive tumor targeting [250].

1.2.1.1.1 Passive targeting
The EPR effect underpins passive targeting, a crucial mechanism for the accumulation of
potential nanocarriers in tumors [251]. Passive targeting effect depends on tumor biology,
involving aspects like the extent of vascular and lymphatic vessels synthesis, perivascular
tumor infiltration, and intra-tumoral pressure. These factors, in conjunction with the physical
and chemical features of nanoparticles, dictate the efficacy of passive nanomedicine targeting
[238]. The efficacy of targeting is significantly dependent on blood circulation time. Particle
sizes ranging from 5 to 250 nm can diffuse through compromised vasculature and accumu-
late over time, due to the lack of functional lymphatic drainage [238].

Nanoparticle sizes must be selected considering the interactions between nanoparticles

and biological tissues and organ physiology [252]. Surface characteristics, including hydro-

27



phobicity and charge, are crucial in affecting cellular absorption rates and protein photo-
chemical alterations [253]. Hydrophilic and negatively or neutral particles have reduced non-
specific internalization rate and reduced in vivo circulation half-lives in contrast to hydro-
phobic and positively charged particles [253]. Stability, a crucial factor influencing the circu-
lation time of nanoparticles, is also essential for effective tumor acccumulation. Research
indicates that drug leakage from stable nanoparticles frequently occurs prior to reaching

their intended target, making premature drug release a critical factor affecting efficacy [238].

1.21.1.2 Active targeting

Active targeting refers to a specific ligand-receptor interaction that transpires following
blood circulation and extravasation. It mostly depends on the biological interaction between
target cells and the ligands on nanoparticles [254], i.e. particular ligands are used to identify
and attach to receptors exclusive to the target cell [255]. An essential element of this strategy
is the ligand-mediated identification of the target substrate receptor [256]. Ligand and target
interaction can induce intramembrane folding, resulting in nanoparticle uptake by receptor-
mediated endocytosis. After internalization, endogenous particles are conveyed to the nucle-
ar endosome, where additional particle processing and drug release transpire [238]. This
targeted delivery enables the nanoparticle to infiltrate the cell and discharge its therapeutic
cargo. Active targeting focuses on specific cells, thereby reducing the effects on healthy tis-
sues and improving the treatment's therapeutic efficacy [257]. Multiple studies emphasize
the efficacy of cell targeting, demonstrating a substantial increase in cellular nanoparticle

uptake in vitro [258].

1.2.1.2 Phototherapy
Photodynamic therapy (PDT) and photothermal therapy (PTT) are novel light-mediated ap-

proaches in cancer treatment. PDT uses light-activated photosensitizers (PSs) to generate
dangerous ROS inside neoplastic cells, resulting in their annihilation [259]. Nonetheless, PDT
encounters difficulties caused by tumor hypoxia, restricted tissue penetration of short wave-
length light, aggregation-stimulated quenching of PSs, and the possible phototoxicity arising
from systemic distribution of PSs [260]. These challenges can be overcome by nano-
photosensitizers, which offer improved photophysical characteristics and enable regulated
administration of PSs [238]. For instance, Liang et al. created a TME-responsive
AuNC@MnO2 (AM) nanoplatform for oxygen-enhanced PDT, which successfully inhibits

the growth and metastasis in breast cancer metastatic cells [261].
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Additionally, Li et al. synthesized thiolated heparin-pheophorbide A (PhA) linked hy-
brid nanoparticles of iron oxide and gold (Fe304/AuNP) to efficient monitoring of PDT
[262]. Magnetic nanoparticles, including magnetite (Fe304), can be transported to the target-
ed area using an external magnetic field [263]. PS-conjugated magnetic nanoparticles have
been utilized for PDT [264]. Conversely, PTT operates by exploiting the heightened thermal
sensitivity of malignant cells and transforming light energy into heat, resulting in intra-
tumoral damage [238]. This methodology employs several near-infrared (NIR) nanomateri-

als, including carbon nanotubes and gold nanorods, among others [265,266].

Chen et al., designed a nanocomplex system for simultaneous fluorescence optical im-
aging and magnetic resonance imaging [267]. This system is called a gold nanoshell-based
system which is utilized for targeting cancer and PTT for HER2 overexpressing and drug-
resistant ovarian cancer cells (OVCAR3) [267]. This nanocomplex system afterward treated
with NIR laser which selectively eliminates OVCARS3 cells [267]. McGrath et al. have proven
the production and efficacy of palladium gold nanostructures for improved PTT applications
[268]. The efficacy of photothermal applications was further validated by the eradication of
HelLa cells in vitro and the elimination of cervical cancer cells of male B9 mice in HeLa tumor
xenografts, utilizing a combination treatment with 808 nm diode laser radiation [268]. To
achieve combined PDT/PTT with photodecomposable, photothermal, and photodynamic
characteristics, SP3ANPs were synthesized from self-assembled PEGylated cypate, which
comprises PEG and an Indocyanine green (ICG) derivative [269]. It can produce singlet oxy-
gen for PDT and induce photothermal effects for PTTand exhibits significant accumulation
in tumors because of the presence of PEG on its surface and its small size (~60 nm) [269].

These attributes render it a viable option for application in image-guided PDT/PTT [269].

1.2.1.3 Imaging

Conventional non-invasive imaging modalities, including computed tomography (CT),
magnetic resonance imaging (MRI), positron emission tomography (PET), and single photon
emission computed tomography (SPECT), are essential, however having difficulties with
sensitivity and specificity, hindering thorough disease assessment [270]. Nevertheless, these
techniques can only assess alterations on the tissue surface at a relatively advanced stage of
disease progression; however, enhancements can be achieved through the application of con-
trast and targeting agents utilizing nanotechnology to augment resolution and specificity by
pinpointing the diseased area at the tissue level [271]. Medical imaging contrast agents cur-

rently used are predominantly tiny compounds characterized by rapid metabolism and non-
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specific distribution, which may consequently lead to adverse toxic side effects [272]. The
dimensions of the nanoparticles markedly affect their biodistribution, blood circulation half-
life, cellular absorption, tissue penetration, and targeting efficacy (see above the EPR effect),
which will improve the signal to noise ratio of these imaging strategies [272].

For instance, superparamagnetic iron oxide (SPIO) and ultrasmall SPIO are utilized in
MR, AulNPs in CT, quantum dots (QDs) and upconversion nanoparticles (UCNPs) in OI, and
carbon nanotubes and gold nanorods in photoacoustic contrast [273]. Moreover, nanoparti-
cles coated iodine (CT contrast agent) enhanced imaging results while reducing cytotoxicity
of iodine [238]. Nanoparticles-enhanced CT imaging and SPECT/CT demonstrated signifi-
cant potential for cancer diagnosis at early stages, as evidenced by promising outcomes in
breast cancer and melanoma models [274,275]. AuNPs possess significant potential in SPECT
imaging and may serve as a contrast agent [269]. An investigation demonstrated another
approach for functionalizing AuNPs with mannose. Technetium (99mTc)-radiolabeled
AuNPs functionalized with mannose can monitor and accumulate in lymph nodes. It may
serve as a SPECT contrast agent for lymphatic mapping [269]. Giovinazzo et al. examined an
indirect method for visualizing liposomal drug delivery, utilizing Tc-99m sulfur colloid
(TSC, Technecoll®) to elucidate the distribution of PEGylated liposomal doxorubicin (Dox-
il®) [276]. TSC and other Tc-99m-labeled colloids are clinically authorized and routinely em-
ployed for lymphoscintigraphy and cancer staging [277].

1.2.1.4 Theranostics

Theranostics is the combination of therapeutics and diagnostics in one system/device, which
has gained momentum through the development of nanomedicine [278]. Nanotheranostics
involves the application and advancement of nanomedicine techniques for enhanced
theranostics, specifically through the utilization of nanosystems (e.g. polymer conjugates,
dendrimers, micelles, liposomes, metal and inorganic nanoparticles, carbon nanotubes, and
biodegradable polymer nanoparticles) to attain sustained, controlled, and targeted delivery
of diagnostic and therapeutic agents [279]. Nanotheranostics hold potential for severe dis-
eases such as cancer, cardiovascular disorders, and AIDS, offering the possibility of less bur-
densome treatments and improved prognoses, thereby conserving resources and boosting
patients' quality of life [279].

For instance, iron oxide nanoparticles (IONPs) coated with human serum albumin
provides a biocompatible material for a chemotherapeutic drug, PSs, and imaging [280]. Ex-
tensive investigations were conducted on polymeric conjugates concerning drug transport,

biodistribution, and pharmacological efficacy [281]. Polymeric micelles, and nano-core/shell
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structures formed by amphiphilic co-polymers, were extensively evaluated as theranostic
carriers and imaging probes [282-285]. The amphiphilic block co-polymers encapsulated
SPIO or Mn-SPIO nanoparticles and are utilized for MRI [286]. B-cyclodextrin (B-CD) has
effectively encapsulated SPIONs and small molecule anticancer agents [287].

Guo et al. introduced a new multifunctional nanoenzyme-driven theranostic mole-
cule—PPy@MnQO2-BSA(Ce6) —engineered for MRI-controlled PDT and PTT in oncology
[288]. The nanoparticles were using the polymerization of pyrrole followed by oxidation
with high-valent manganese salts, specifically potassium permanganate (KMnO4). The com-
pound was subsequently stabilized using bovine serum albumin (BSA). The primary focus of
the synthesis was the functionalization with chlorine 6 (Ce6), which gives the entire nanopar-
ticle with distinctive and critical activities, including the generation of oxygen and ROS, as
well as the conversion of photons to heat PPy@MnO2-BSA(Ce6) has the potential for moni-

toring and precisely targeting the cancer microenvironment [288].

1.2.2 Gold nanoparticles

Gold has maintained a dynamic emphasis within the innovation community, dating back to
ancient times when it was primarily utilized for coloring glass and ceramic decorations [289].
The application of molecular structures of gold in the clinicals has been used to mitigate
rheumatoid arthritis [290].

AuNPs are easy to synthesize in aqueous media and offer adjustable physicochemical
characteristics dependent on size [291]. For example, AuNPs can be easily functionalized
with various biomolecules, such as ligands, DNA, proteins, and polymers [292-295]. Moreo-
ver, AuNPs possess a distinctive local surface plasmon resonance (SPR) suitable for optical
imaging and and sensing applications [291]. The AuNP SPR depends on the particle size,
morphology, and aggregation state. Furthermore, AuNPs exhibit good chemical stability and
biocompatibility [291].

Due to their properties and apparent lack of acute toxicity when used in low dosages,
AuNPs have been used in several nanotheranostics applications mainly via intravenous ad-
ministration. Upon entering the bloodstream, nanoparticles encounter an environment
abundant with cells and proteins. Small particles with sizes lower than 3 nm can pass
through the endothelium of lung and muscle capillaries; however, nanoparticles with size
lower than 60 nm can enter the endothelium of kidney, liver, and spleen because of their
wider interstices which facilitate the entrance of nanoparticles [296]. Smaller nanoparticles
have the possibility to infiltrate cells and can be identified in cell nuclei, resulting in further

DNA damage [297]. Subcutaneous, intramuscular, or topical delivery of colloidal drug carri-
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ers typically prolongs the retention of the drug carrier compared to the free drug, with the
carriers predominantly maintained by local lymph node. The distribution in vivo is signifi-
cantly influenced by the nanoparticle's size, shape, surface charge, and surface hydrophobi-
city [298].

AuNPs can also be combined with other nanomaterials. For example, Fe304, which is
approved by the FDA as negative contrast agent, resulting in Fe304@AuNPs with unique
magnetic properties and a gold coating, providing photothermal, photodynamic, or SERS
capabilities and targeting antibody action [299]. lancu et al examined the physical and biolog-
ical characteristics of these nanoparticles and achieved stable nanoparticles that induced a
negative T2 signal in vivo upon injection into rats, indicating their potential as negative con-

trast agents in MRI. A decrease in cytotoxicity was also noted [300].

1.2.21 AuNPs for gene therapy/gene silencing delivery

Nanoparticles have been proven to be suitable vehicles for gene therapy, being easy to pro-
duce and bind nucleic acids, with minimal immunogenicity and toxicity [301]. AuNPs for
gene therapy in vitro and preclinical animal models show high payload capacity, low toxici-
ty, effective cellular uptake, rapid endosomal escape, prolonged half-life, effective and selec-
tive gene silencing and transfection, as well as the ability to broadly activate the innate im-
mune response [302].

The modification of AuNPs surface is crucial for their cellular absorption [302]. AuNPs
can effectively bind to amine and thiol groups, enabling their functionalization with diverse
biological molecules for therapeutic purposes [303]. AuNPs can incorporate therapeutic
agents, like siRNA, therapeutic oligonucleotides and drugs [304]. Chemical functionalization
of AuNPs with polymeric stabilizers like polyethylene glycol (PEG), imparts a neutral charge
to the surface, which is crucial for enhancing biocompatibility, circulation duration and solu-
bility in biological systems [304]. Furthermore, the neutralization of charged nanoparticles
ensures minimal adhesion to circulating plasma proteins, hence preventing the clearance of
AuNPs from circulation by phagocytosis [305]. Moreover, AuNPs can be functionalized with
targeting-specific elements, such antibodies and peptides, to enhance their effectiveness in
targeted drug delivery [306].

Gene silence includes the intracellular administration of siRNA or ASOs to modulate
gene expression [305]. Most of gene silencing strategies target related oncogenes such as
BCR-ABL1, ¢-MYC, KRAS, and EGFR, which induce aberrant cell proliferation through

heightened gene expression or enhanced activity of the resultant oncoproteins; they can also
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suppress tumor suppressor genes that typically inhibit cell proliferation and tumorigenesis;
or affect other genes associated with tumor survival [307].

DNA and RNA are characterized by their pronounced negatively charge, which can
associate with cationic AuNPs by ionic interactions [308,309]. AuNPs can be functionalized
using thiolated oligonucleotides, alkythiol-terminated oligonucleotides, cysteamine-
terminated miRNAs, or amine-terminated siRNAs [305].

For instance, AuNP-based dendrimers (Au DENPs) have effectively facilitated the de-
livery of vascular endothelial growth factors (VEGF) or B-cell lymphoma/leukemia 2 protein
(BCL-2) siRNA to a human glioma cell line [310]. Additionally, it has been employed to ad-
minister a BCL-2 siRNA to a human cervical cancer cell line [311].A distinct investigation
indicated that the AuNP-folic acid combination was employed to transport functional siRNA
to silence RELA expression in prostate cancer cells [312]. Furthermore, the AuNP-folic acid
combination effectively inhibited the proliferation of MDA-MB-231 breast cancer cells in
vitro [312]. The effectiveness of RNAi AuNP-based nanocarriers against the c-MYC proto-
oncogene has been established [312].

Moreover, Anti-VEGF siRNAs were administered to US87MG cells utilizing AuNPs
conjugated with cell-penetrating peptides, resulting in gene silencing that decreased tumor
growth in mice after 3 days [313].

In addition to gene silencing therapy and gene construct delivery, AuNPs may be uti-
lized for the distribution of genome editing products [313]. A notable instance of genome
editing via AuNPs was a proof-of-concept work by Raes et al. [314], in which nanosphere
AuNPs were employed indirectly to facilitate pore formation for the transport of CRISPR-
based tools. SPR was utilized for photoporation to generate vapor bubble cavitation in sev-
eral adherent and suspension cells, facilitating the entry of Cas9 and sgRNA complexes into
the cells [314]. The genetic product complexes significantly diminished EGFP expression
levels by over 80% in H1299-EGFP lung cancer cells while exhibiting low cytotoxicity [314].

1.2.3 Nanomedicine in CML

At present, organic nanomaterials provide the foundation of FDA-approved or clinically
investigated nanomedicine for hematological malignancies [315]. Conventional treatment for
CML includes chemotherapy, radiation, immunotherapy and phototherapy. Chemotherapy
agents such as cisplatin and carboplatin exhibit adverse effects due to their neurotoxic and
nephrotoxic properties [316]. Although various treatments for CML exist, nanomedicine of-
fers a distinct advantage due to the dimensions of nanoparticles and their capacity to exclu-

sively target cancer cells [316].
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For example, Lui et al. [317] aimed to utilize a CRISPR/Cas9 system for CML treatment
by encapsulating a CRISPR/Cas9 plasmid (pCas9) that expresses Guide RNA (gRNA) to
target the BCR-ABL1 (pCas9/gBCR-ABL1) within PEG-b-poly (lactic acid-co-glycolic acid)
(PEG-PLGA)- based cationic lipid-assisted polymeric nanoparticles (CLANSs). The synthe-
sized nanoparticles effectively targeted the CML-associated BCR-ABL1 gene while sparing
the corresponding gene in normal cells, therefore enhancing the rates of survival in CML
animal model. Furthermore, an antisense oligonucleotide developed by Vinhas et al. [318].
Specifically targeted the expression of el4a2 BCR-ABL1 in K562 cells. The AuNDPs effectively
silenced the genes, resulting in a substantial rise in cell mortality. The alteration in BCL-2
and BAX protein expressions, the increase in caspase-3 activity, and the detection of apoptot-
ic bodies in cells treated with the Au-nanoconjugate signify the compound's ability to induce
apoptosis in K562 cells. Moreover, Fan et al. [319] synthesis a double oligopeptide-
conjugated nanoparticles to target the osteoblastic and vascular niches in bone marrow. The
synthesized nanoparticles improved the stability and loading effectiveness of arsenic triox-
ide, specifically targeting cancer lesions to eradicate primitive CML cells, while also enhanc-
ing the protective effects of arsenic trioxide on original CML cells and diminishing the size of
the K562-HUVEC organoid.

Another study by Min et al., [320] which employed exosomes by collecting them from
IM resistant CML cells and utilizing them as vectors for the delivery of miR-365. The effec-
tive absorption of exosomes by CML cells was accomplished, together with the successful
targeting of receptors on recipient cells, resulting in the accumulation of miRNA in the target
tissues. Liu et al. [321] encapsulated homoharringtonine, a therapeutic agent for patients re-
sistant to TKIs, within PEGylated liposomes, demonstrating comparable safety and reduced
toxicity relative to unencapsulated medication. Furthermore, Elderdery at al., [322] used CuO-
TiO, -Chitosan-Berbamine nanocomposites against K56 cell line in a dose-dependent way
using ICsp of 113.54 g/ mL which results in the death of CML cells through targeting of BCL-
2 and BAX and increasing the p35 levels which results in mitochondrial apoptosis.

Additionally, Jiang et al., [323] synthesized a poly(d,lactide-co-glycolide) nanopartciles
loaded with Anti-BCR-ABL1 antibodies and labeled with transferrin on the nanopartciles
surface ( Ab@Tf-Cou6-PLGA NPs) to target CML cells. The results demonstrate that Ab@Tf-
Cou6-PLGA NPs was effectively able to degrade the BCR-ABL1 oncoprotien in CML cells.
Moreover, Amerigos at el., [324] utilized solid lipid nanoparticles (MTO/BE-SLNs) to over-
come MDRI1 in CML cells by co-encapsulation a chemotherapeutic drug of mitoxantrone and
P-gp inhibitor of B-elemene inside the MTO/BE-SLNs. The results show that the MDR1 was
overcome by blocking the intracellular ATP and p-glycoprotien by p-elemene.
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The discovery of several indicators and molecular actors in the pathogenesis of CML is
anticipated to facilitate the development of a nanomedicine-based therapy to enhance treat-

ment strategies.

1.2.3.1 AulNPs - From research lab to clinics

The first clinical trial evaluating the application of AuNPs s as a drug delivery system was
carried out by Libutti et al. (NCT00356980) in 2010 [325]. This work formulated recombinant
human tumor necrosis factor alpha (thTNF) for administration as a therapeutic agent. PEG
and rhTNF were conjugated to a colloidal gold nanoparticle (27 nm), a system designated as
CYT-6091. This solution was provided within a vein to individuals aged eighteen years and
older with advanced and/or metastatic solid organ malignancies. The results demonstrated
safe, systemic administration of 1.2 mg of rhTNF without the dose-limiting toxicities, which
included hypotension and hepatotoxicity, formerly seen with native rhTNF [325]. The preva-
lent negative effects associated with CYT-6091 treatment comprised hypokalemia, hypo-
phosphatemia, hypoalbuminemia, elevated aminotransferases and lymphopenia. AuNPs
and the drugs encapsulated within them may induce systemic toxicities and unfavorable
occurrences; however, these issues were mitigated through appropriate protocol manage-
ment, and none were deemed dose-limiting toxicities. The data indicate that although ad-
verse implications were noted, they were manageable and should not undermine confidence
in the safety of AuNPs. Furthermore, CYT-6091exhibited non-antigenicity and was infre-
quently detected in healthy tissue [325].

In 2020, a pilot clinical trial was conducted by Khoobchandani et al., [326] which exam-
ined an oral nano-mediated medication, Nano Swarna Bhasma (NSB), which consists of
AuNPs functionalized with phytochemicals derived from mango peel for treatment of breast
cancer [326]. NSB offers a reproducible and scientifically verifiable formulation of 'Swarna
Bhasma', an ancient Indian Ayurvedic medicine recognized for its anti-cancer properties,
although hindered in development due to the scarcity of reproducible Ayurvedic formula-
tions. In the trial, 6 patients with invasive breast cancer were allocated into two groups, re-
ceiving either "Standard of care treatment" comprising doxorubicin and cyclophosphamide,
or "Standard of care treatment" with NSB. The study outcomes revealed that hyperacidity
and widespread weakness were observed in 1 patient from each therapy group. A single
instance of severe anemia was documented only in the NSB medication adjuvant cohort,
although it was deemed unrelated to NSB [326]. The authors believe that NSB has shown
satisfactory safety as an adjuvant therapeutic drug in the treatment of breast cancer of hu-
man [326].
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AuNPs were also utilized to facilitate gene silencing by RNAIi. In 2021, Kumthekar et al.,
[327] conducted a clinical trial (NCT03020017) evaluating the efficacy and safety of an RNAi-
based nanoparticle formulation, NU-0129, for glioblastoma therapy. The research sought to
inhibit the BCL-2-like protein 12 (BCL2L12) oncogene to enhance the prognosis of glioblas-
toma by reducing tumorigenic BCL2L12 derivatives. NU-0129 consists of a spherical gold
nanoparticle core covalently linked to BCLI2L12-targeting siRNA, together with an oligoeth-
ylene glycol backfill. 8 patients with recurrent glioblastoma, aged between 32-66 years, re-
ceived an intravenous administration of 0.4 mg/kg of NU-0129 and were evaluated every
week over a 21-day period for adverse effects [327]. Throughout the follow-up time, 7 ad-
verse events were recorded; yet only 2 were deemed severe: lymphopenia and hypophos-
phatemia. These symptoms were potentially associated with the NU-0129 formulation and
showed improvement by the conclusion of the follow-up period. As an AuNPs-based drug
delivery system, the NU-0129 therapy shows well tolerated without linked to long-term tox-
icity [327].
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1.3 Scope of The Thesis

The treatment of chronic hematological malignancies is advancing rapidly, with newer tar-
geted therapies increasingly being used in place of conventional chemotherapy. Nanomedi-
cine, particularly AuNP-based technology, may provide additional tools for the develop-
ment of molecularly targeted therapeutic strategies for CML management.

In CML, the molecular hallmark of disease is BCR-ABL1 fusion transcript provides an opti-
mal molecular target for the demonstration of gene silencing approaches based on AulNP
vectorization. Since this oncogene triggers the downstream overexpression of c-MYC it can
also be used as a molecular target for combinatory approaches towards improvement of the
silencing capability of the regulatory pathway.

Despite the enormous success of TKIs therapy, several challenges remain. For instance,
resistance to IM has been related to BCR-ABL1- dependent or -independent mechanisms,
and induction of c-MYC might be triggered via BCR-ABL1 leading to high levels of c-MYC
that correlate with poor response to IM and, at molecular level, to genomic instability. Addi-
tionally, combination of Au-nanoconjugates with TKIs and/or other kinase inhibitors such
as Danu, Vola and Adavo could provide an effective treatment option for CML patients.

The main objective of this thesis was to develop new combinational targeted strategies

to tackle imatinib resistance in CML. The work has been broadly divided into three stages:

1. Characterization of BCR-ABL1 fusion transcripts in patient samples to support the
identified molecular target sequences and optimize the recognition of point-mismatches in
ABL1 domain associated with TKI resistance in CML.

2. Individual and combinational strategies for specific and selective gene silencing via
Au-nanoconjugates to downregulate BCR-ABL1 and ¢-MYC and demonstrate the capability
to counteract imatinib resistance.

3. Combining of Au-nanoconjugates with TKIs (IM) and other kinase inhibitors (Danu,

Vola and Adavo) targeting CML sensitive and resistance cell lines.
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CLINICAL SAMPLE CHARACTERIZA-
TION

2.1 Introduction

The Ph chromosome is the hallmark of CML. In most CML Ph+ cases, BCR-ABL1 fusion tran-
scripts, such as el13a2 or el4a2, both encoding the p210 fusion protein (with a molecular
weight of 210 kDa) are present [328]; nevertheless, in a minority of cases other oncogenic
isoforms, such ela2 or e19a2, associated to p190 or p230, respectively, may be present (alone
or in combination with p210) due to the varying BCR breakpoint regions [329]. The use of
sensitive molecular diagnostics techniques, that allow a precise identification of the BCR-
ABL1 transcript in each individual patient, is critical, for diagnosis and also for selecting the
most precise targeted therapy [330]. Moreover, the transcript type is believed to have a sig-
nificant prognostic value [330].

For 15-30% of CP-CML patients, that initiated a first-line TKI therapy, no optimal re-
sponse is achieved, which indicates that some TKI resistance mechanism is present. In 25-
50% of those patients experiencing treatment failure, BCR-ABL1 KD mutations are present
[331]. In this regard, screening for mutation status is crucial, as these mutations are involved
in the mechanisms contributing to TKI resistance, either from pre-existing mutations (prima-
ry resistance affects one-third of patients) or mutations that develop because of TKI treat-
ment pressure (acquired resistance). Patients who do not respond to IM, dasatinib, nilotinib,

bosutinib, and ponatinib should be treated based on the outcomes of the mutational analysis
[332].

This chapter reports the screening of BCR-ABLI transcripts in samples from patients to

identify BCR-ABL1 KD mutations in CML patients that might be associated to resistance to
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TKIs. For those patients where mutations are not found, other resistance mechanisms might
be considered such as overexpression of P-gp. In this regard, the outcome of this chapter was
considered as a molecular basis for determining the subsequent work strategies by providing
information on which cell models should be used to better mimic the most common BCR-
ABL1 transcript in the studied populations and the eventual molecular alterations associated

with TKI resistance.

2.2 Materials and methods

2.2.1 Identification of BCR-ABL1 transcripts in patients’ samples

2.21.1 Patients samples

A total of 10 patients sent for the hematology department of Hospital dos Capuchos (Lisbon,
Portugal) for leukemia diagnosis were included in this study. Written informed consents
were obtained from each individual patient, and the study was previously approved by
Hospital dos Capuchos Ethics Committee. All approved ethical requirements for sample
collection at diagnostics (peripheral blood (PB) in ethylenediaminetetraacetic acid (EDTA)-
treated tubes), assortment, processing, and analysis required by the Ethics Committee have
been strictly followed. Patient’s physical, hematological (WBC counts) were consistent with

CML. Fluorescence in situ hybridization (FISH) for BCR-ABL1 was positive for all patients.

2.21.2 Extraction of RNA from peripheral blood and cDNA synthesis

Briefly, 5 mL of PB from each patient were mixed with 10 mL of red blood cells lysis solution
(6 mM MgClz, 10 mM NaCl, 10 mM Tris-HCI pH 7) and centrifuged (400 x g, 5 min). The
procedure was repeated 1x to lyse any residual red blood cells. Total RNA extraction from
white blood cells pellet was performed using SV Total RNA Isolation System (Promega,
Madison, WI, USA), according to the manufacturer’s instructions. For that, cell pellets were
lysed (solution containing 4 M guanidine thiocyanate, 0.1 M Tris-HCl pH 7.5, and 1 % (v/v)
B-mercaptoethanol) and subsequently centrifuged (13000 x g, 10 min) to clear all the precipi-
tated proteins and cellular debris. Nucleic acids were precipitated with 30 % (v/v) ethanol;
bound to the silica surface of glass fibers; and washed (60 mM potassium acetate, 10 mM
Tris-HCl pH 7.5, and 60 % (v/v) ethanol). DNase I treatment on-column lasted for 15 min at
room temperature to remove any genomic DNA from lysates. After two washing steps, RNA

was resuspended in nuclease-free water and stored at =80 °C until use. As a control, total
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RNA was also extracted from p210 BCR-ABL1 expressing cell lines: K562 (e14a2) and BV173
(e13a2). RNA concentration and purity were determined by UV-Vis spectroscopy. Total
RNA extracted (100 ng) was reverse transcribed into cDNA, using the NZY M-MuLV First-
Strand cDNA Synthesis kit (Nzytech, Lisbon, Portugal).

2.2.1.3 Nested PCR

Nested- PCR amplification of BCR-ABL1 was performed in two setups: one that identifies the
p210 isoforms of BCR-ABL1 (el4a2 or el3a2) and another that identifies rarer isoforms, such
as the p195 (e6a2) — see primers in Table 2.1. The PCR mixture components included 1x NH4
reaction buffer (Bioline, Taunton, MA, USA), 2.5 mM MgCl», 0.15x Hi-Specific additive (Bio-
line), 200 uM dNTPs, 400 nM primers, and 0.02 U/uL BIOTAQ DNA polymerase (Bioline).
Outer PCR was performed using 3 uL of cDNA in a 50 pL-reaction, under the following
conditions: initial denaturation at 95 °C for 5 min; 30 cycles of 94 °C for 30 sec, 55 °C for 30
sec, 72 °C for 1 min; and a final extension step at 72 °C for 10 min.

Inner PCR was performed using 1 uL of outer PCR product in a 50 pL-reaction, under
the following conditions: initial denaturation at 95 °C for 5 min; 30 cycles of 94 °C for 15 sec,
55 °C for 30 sec, 72 °C for 1 min; and a final extension step at 72 °C for 10 min. A control
PCR, for the amplification of ABL1, was performed using primers (Table 2.1) and the same
conditions described for the outer PCR.

All PCR products were analyzed in a 2 % (w/v) agarose gel electrophoresis and subse-
quently investigated by Sanger sequencing (SS) at STABVIDA (Setuibal, Portugal). The pres-
ence of mutations in the ABLI kinase domain was also investigated by nested PCR using

primers (Table 2.2) followed by SS.
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Table 2.1 — Nested-PCR primers for ABLT and BCR-ABLI molecular analysis of p210 and rare isoforms (p190,

p195, and p200) in CML [333].

ABL1 - Control p210 p190, p195 or p200
For For For
5GGCCAGTAGCATCTG | 5’GAAGTGTTTCAGAAGCTTCTCC | 5’GACTGCAGCTCCAATGAGAAC
Outer | ACTTTG (ABL1 exon 2) (BCR exon 12) (BCR exon 1)
PCR Rev Rev Rev
5 ATGGTACCAGGAGTG | YGTTTGGGCTTCACACCATTCC 5GTTTGGGCTTCACACCATTC
TTTCTCC (ABL1 exon3) | (ABL1 exon 3) (ABL1 exon 3)
For For
5 CAGATGCTGACCAACTCGTGT | 5CAGAACTCGCAACAGTCCTTC
Inner (BCR exon 13) (BCR exon 1)
N/A
PCR Rev Rev
S5TTCCCCATTGTGATTATAGCCTA | 5 TTCCCCATTGTGATTATAGCCT
(ABL1 exon 3) A (ABL1 exon 3)
Final
ela2 - 381 bp
PCR el4a2 - 360 bp
296 bp eba2 - 1023 bp
prod- el3a2 - 284 bp
) e8a2 - 1284 bp
uct size

For, forward; Rev, reverse; N/ A, not applicable
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Table 2.2 — Nested PCR primers for BCR-ABLI amplification and subsequent analysis of ABLI mutational status
in CML. Modified from van Dongen et al., 1999 [333].

p210 (e14a2)

Outer PCR BCR- For 5 TGCTGACCAACTCGTGTGTGA (BCR exon 13)
ABL1 fusion Rev 5 CTTCGTCTGAGATACTGGATTCCT (ABL1 exon 9)
Inner PCR ABL1 For 5 GCAACAAGCCCACTGTCTAT (ABL1 exon 4)
exons 4-7 Rev 5" TGTTGTAGGCCAGGCTCTC (ABL1 exon 7)

Inner PCR ABL1 For 5 TGAGCAGGTTGATGACAGG (ABL1 exon 7)

exons 7-9 Rev 5" TGAGATACTGGATTCCTGGAAC (ABL1 exon 9)

For, forward; Rev, reverse
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2.3 Results

2.3.1 BCR-ABLI1 transcripts in clinical samples

Nested-PCR has numerous advantages, with the enhancement of DNA amplification speci-
ficity being essential, as it employs two sets of primers in two consecutive PCRs. Molecular
analyses are essential for diagnostic assessment and allow tracking treatment response in
individuals with CML [334].

Of the 10 patients, 8 harbored the e14a2 (80%) variant and the remaining expressed ela2

(20%) Table (2.2) and Figure (2.1 and 2.2). Subsequently, the resulting amplicons were sub-

jected to direct SS for the identification of possible mutations.
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Table 2.2 — BCR-ABLI1 transcripts in clinical samples.

Ref Sample BCR-ABL1 Transcript fusion
no type

1 PB p190; ela2

2 PB p190; ela2

3 PB p210; el4a2
4 PB p210; el4a2
5 PB p210; el4a2
6 PB p210; el4a2
7 PB p210; el4a2
8 PB p210; el4a2
9 PB p210; el4a2
10 PB p210; el4a2
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Figure 2.1 — Example of the different BCR-ABLI transcripts in clinical samples. Nested-PCR amplifica-
tion of BCR-ABLI1 transcripts from CML patients. PCR products (1 ul) were resolved via a 2 % (w/v)
agarose gel electrophoresis; Ladder - GeneRuler DNA Ladder Mix SM0331 (Thermo Scientific, Waltham,
MA, USA)
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Figure 2.2 — Sequence analysis of BCR-ABLI from patient samples. a) Sanger sequencing of PCR prod-

uct represented the el4a2 transcript in CML patient. b) Sanger sequencing of PCR product represented

the ela2 transcript in CML patient.

Our nested-PCR results indicated that the majority of CML patients exhibit the e14a2 BCR-
ABLI1 transcript (80%), whereas the remaining others exhibited the ela2 BCR-ABL1 transcript

(20%). The resultant PCR products were further evaluated using Sanger sequencing, the gold

standard for confirmation of the fusion sequence.

These data align with several studies documenting the prevalence of BCR-ABLI tran-

scripts across various populations. Numerous studies indicate that over fifty percent of CML

patients exhibit the el4a2 variant, with over ninety-five percent of cases linked to the el4a2

and/or el3a2 BCR-ABLI1 variants [335-339].
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2.3.2 Mutational status of ABL1 kinase domain in CML patients

Amplification of the target sequences of ABL1 kinase domain of CML patients was also per-
formed via PCR (Figure 2.3). Afterward, the PCR products were sequenced to analysis ABL1
mutational region of transcript fusions. The results have not shown any associated mutations in re-
gions (exons 4-7) or (exons 7-9) in ABL1 KD of the patient samples.

3000bp

Figure 2.3 — ABLI kinase domain amplification. a) represent nested-PCR amplification of ABLImutational region
exons (4-7) from CML patients. b) represent nested-PCR amplification of ABLImutational region exons (7-9) from
CML patients. PCR products (1 pl) were resolved viaa 2 % (w/v) agarose gel electrophoresis; Ladder - GeneRuler
DNA Ladder Mix SM0331 (Thermo Scientific, Waltham, MA, USA

Advanced molecular approaches are designed to identify BCR-ABL1 transcript levels
for monitoring treatment response (molecular responses) associated with these transcript
levels [330]. Transcript typing is essential for identifying minimal residual disease and
achieving a molecular response by facilitating targeted therapy [330]. Despite the significant
success of TKI therapy, 20-30% of patients exhibited either primary or secondary resistance
to treatment during the progression of the disease [340]. The predominant mechanism linked
to resistance is the emergence of point mutations in the BCR-ABL1 gene [341]. Sanger se-
quencing is the preferred technique for identifying BCR-ABL1 KD mutations due to its high-
er efficiency and precision [341].

The resultant PCR products were further evaluated using SS, the gold standard for

identifying gene variants and quantifying mutational burden, which is crucial in the charac-
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terization of clonal disorders such as CML. The sequencing examination of clinical samples
revealed no mutations linked with the ABL1 KD. Considering the attained nested-PCR re-
sults on the samples retrieved from patients, it becomes clear that the best-matching cell
model for subsequent studies is the K562 cell line (ATCC® CCL-243T™) [243].

The imatinib-resistant derived cell line (K562-IM) has been generated from K562 cell
line by increasing the concentration of IM for more than 50 passages [344]. In order to better
characterize the mechanism responsible for the resistance of this cell line, we have: i) as-
sessed BCR-ABL1 mutational status using nested-PCR amplification and ii) assessed of
MDR1 expression on K562-IM cells via RT-qPCR and western blot.

Figure 2.4 shows the nested-PCR amplification of p210 BCR-ABL1 (el4a2) transcript
and the mutational regions of ABL1 KD in K562-IM cell line. Sequencing results of the nest-
ed-PCR products did not show any associated mutations in the ABL1 KD regions (exons 4-7
and exons 7-9; Figure 2.5).

K562-IM K562-IM K562-IM
ABL1 mutational ABL1 mutational P210 BCR-ABL1
region exons (4-7) region exons (7-9) (elda?2)

3000 bp

Figure 24 — ABLI and BCR-ABL1 amplification. Nested-PCR amplification of BCR-ABL1 el4a2 isoform and
ABL1 from K562-IM cells. PCR products (1 pl) were resolved via a 2 % (w/v) agarose gel electrophoresis; Ladder -
GeneRuler DNA Ladder Mix SM0331 (Thermo Scientific, Waltham, MA, USA).
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Figure 2.5 — Sequence analysis of BCR-ABL1 and ABL1 in K562-IM cell line. (a) BCR-ABLI fusion (e14a2 isoform);

(b) BCR-ABL1 fusion (el4a2 isoform) break point; (c) ABL1 mutational region (exons 4-7); (d) ABL1 mutational
Afterward, the expression of MDR1 was also analyzed in K562 and K562-IM to further un-

derstand the mechanism of resistance in K562-IM cell line. The results of RT-qPCR and west-
ern blot demonstrated that the resistance mechanism in K562-IM was associated with the

overexpression of MDR1 compared to K562 cell line Figure 2.6.

region (exons 7-9).
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Considering that no ABL1 KD mutations were identified in the patients” samples, additional

resistance mechanisms might be considered, such as overexpression of MDR1, similarly to
K562-IM cell line Figure 2.6.

P-glycoprotein
(170 kDa)

B-actin (42 kDa)

K362  K562-IM

'

Y
- -

b)

Expression Levels of P-Glycoprotein

(normalized to control)

10 -

K562 K562-IM

Figure 2.6 — Overexpression of MDR1 (P-glycoprotein) in K562-IM when compared with K562 parental cells line.
(a) Western blot images of P-Glycoprotein and p- actin in K562 and K562-IM cells (b) Expression levels of P-

glycoprotein in K562-IM normalized to K562. Band quantification was first normalized against $-actin (loading

control) and, subsequently, to the control condition (K562 cells). Error bars represent the standard error of the

mean of three independent experiments. *p<0.05 relative to respective controls, Tukey’s test statistical signifi-

cance.

Data indicate that both cell lines exhibit the e14a2 BCR-ABLI isoform and lack any mutations

in the ABLI KD. In CML, BCR-ABL1 mutations and variations in multidrug resistance trans-

porters are likely the most common TKIs-resistance mechanisms [345]. The overexpression of

MDR1 has been identified as a mechanism of resistance to IM [346]. Our data indicates that

the K562-IM cell line exhibits a BCR-ABL1 independent mechanism due to the overexpres-
sion of MDR1 (when compared to K562 cell line).
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2.4 Conclusion

Molecular detection of BCR-ABL1 transcription is essential for the diagnosis of CML, and its
molecular quantification is crucial for evaluating treatment strategies and clinical interven-
tions. Recent advancements in the treatment of CML via molecular monitoring have success-
fully lowered morbidity and mortality rates. Advanced molecular techniques are designed to
detect BCR-ABL1 transcript levels for monitoring molecular responses associated with these
transcript levels. In the context of CML, point mutations in the ABLI gene pose a challenge
for clinical guidelines, as various mutations contribute to resistance against TKIs, suggesting
a potential need for modification in the treatment protocol.

Herein, the objective was not to provide for a broad assessment of transcript and/or
mutation profiles for patients, but rather to characterize the molecular starting point of the
hypotheses put forward in the core of the Thesis, i.e. the relevance of the cell models used in
the next chapters, their transcript signatures and the absence of mutations in the ABL1 KD in
patients as well in both cell lines (sensitive and resistant to IM) that could be a target for gene

silencing.
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3.1 Introduction

CML is a rare malignant proliferative hematopoietic cell disorder with a global incidence of 1
to 2 cases per 100,000 adults [29]. The Ph chromosome is the main molecular hallmark of
CML, which results from the translocation t(9;22)(q34;q11.2) yielding the BCR-ABL1 fusion
gene [138], encoding a fusion oncoprotein (BCR-ABL1) with constitutively active tyrosine
kinase activity. BCR-ABL1 persistently activates several signaling pathways causing uncon-
trolled cell differentiation, unrestricted replication, and resistance to apoptosis [138,346].

TKIs are the mainstay of CML treatment [347] and were specifically designed to selec-
tively hinder the kinase activity of the fusion oncoprotein, weakening the interaction be-
tween BCR-ABL1 and ATP, blocking cell signaling and, consequently, reducing cell prolifer-
ation and inducing death of CML clones [85]. The first line TKI for CML is IM, which has
been associated with the development of resistance in some patients with advanced-stage
CML [208]. About 40% of CML patients fail TKI therapy in the presence of sustained BCR-
ABL1 inhibition and resistance is attributed to kinase independent mechanisms [348], where
increased activity in RAS, RAF, MEK, ERK-MAPK signaling pathway might be the trigger
for BCR-ABL1-independent IM resistance [349].

c-MYC is an intrinsically disordered protein that belongs to the BHLHZip family pre-
sented in the cell nucleus [200]. c-MYC regulates as many as 15% of all human genes [200],
with particular significance for genes involved in the control of normal cellular functions
including growth, proliferation, differentiation, progression of cell cycle, maintenance of cell
size, genomic integrity, angiogenesis, and apoptosis [350]. Expression of c-MYC is tightly
controlled in normal cells (protooncogene) but becomes dysregulated and overexpressed in
most human cancers [351], making it one of the most important human oncogenes. Altera-
tion of c-MYC levels can help or prevent oncogenic transformation and tumor progression
[352].

The oncogenic potential of c-MYC stems from its function as a transcriptional regulator
that binds DNA on heterodimerization with MAX. Once dimerized, the cc-MYC/MAX com-
plex acts as a master transcriptional regulator by binding via its basic region to a specific
DNA consensus called E-box [200]. Many signaling pathways, including the PI3K /AKT and
RAS, RAF, MEK and ERK, can regulate c-MYC mRNA expression and promote c-MYC sta-
bility [199]. The carcinogenicity of c-MYC can raise the transcription level of high-affinity
target genes or push them to saturation; furthermore, it can up or down regulate low-affinity
target genes, transforming normal cells into tumor cells [353]. In CML, BCR-ABL1 aberrant
kinase activity induces c-MYC transcription and translation, which is a critical step of disease

progress into blast crisis Figure (3.1) [202].
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Figure 3.1 — Signaling pathways mediated c-MYC levels through BCR-ABL1 in CML. (a) the induction of c-MYC
by BCR-ABL1 occurs mainly via JAK2 activation, which positively regulates c-MYC levels. Furthermore, BCR-
ABL1 indirectly activated c-MYC via PI3K/AKT, Ras-Raf-MEK-ERK MAPK; (b) c-MYC controls the expression of
many genes that are involved in the regulation of cell cycle progression, apoptosis, proliferation or metabolism.
Retrieved from Abdulmawjood et al., [201].

The inhibition of BCR-ABL1 tyrosine kinase activity by IM strongly reduces c-MYC
expression and hematopoietic tumoral features of CML cells [203]. Importantly, c-MYC
downregulation represents a key step for IM-induced cell death in CML [203]. c-MYC antag-
onized IM or dasatinib induced erythroid differentiation and apoptosis [354], suggesting its
vital roles in drug sensitivity. Nevertheless, overexpression of c-MYC has been correlated to
poor IM-responses in untreated CML patients and non-responding patients, possibly
through promotion of genomic instability [202].

Antisense technology is a great tool to manipulate gene expression within cells and to
treat human diseases [355]. ASOs are synthetic single-stranded DNA analogues, usually in
the range of 15-30 base pairs in length and complementary to a target mRNA sequence [356].
In cancer, ASOs have been used to target oncogenic RNAs via sequence-specific binding to
modify the expression of oncogenes [318]. The use of ASOs for gene silencing has re-
emerged due to its combination with nanotechnology-based vectorization strategies, pivotal
for the development of optimized nanomedicines against cancer. AuNPs have demonstrated

great efficiency in gene silencing approaches towards cancer therapy [357-35], particularly as
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vehicles for antisense DNA and siRNA therapy, which are easily internalized by cells and
effective in silencing gene expression. Our group has already reported the efficient silencing
of e14a2 BCR-ABLI1 fusion transcript on K562 cells line at different time points by using Au-
nanoconjugates [357].

Herein, we used AuNPs functionalized with ASOs targeting each individual mRNA in
an IM-resistant K562 cell line model, to efficiently silence the el4a2 BCR-ABL1, c-MYC or
both simultaneously. Gene silencing leads to a reduced expression at the protein level, which
results in increased death of IM resistant cells. These findings may hint at the possibility to
develop combined regiments, using Au-nanoconjugates for specific gene silencing as an ad-

juvant treatment to overcome toxicity and resistance mechanisms related to TKIs in CML.

3.2 Materials and Methods

3.2.1 Extraction and purification of RNA

RNA extraction from cell lines was performed using TRIsure (Bioline, Taunton, USA) follow-
ing the manufacturer’s instructions. Briefly, a 2 x 105 cells per well (24-well plates) were cen-
trifuged at 300 x g for 5 min at room temperature, and the supernatant discarded. The pellets
were then rinsed with 1 mL PBS and centrifuged at 300x g for about 5 min at room tempera-
ture and the supernatant discarded. Afterward, 300 pL of TRIsure was added to pellet and
incubated for 5 min at the room temperature. Then added 100 pL of chloroform, carefully
stirred, and centrifuged for 5 min at 12,000 x g. The result of the aqueous phase was then
transferred to a new tube (1.5 mL), with 200 pL of isopropanol. This mixture was kept at
room temperature for about 10 min and then centrifuged at 12,000 x g for 10 min at 4°C and
the supernatant discarded. The pellet was washed with 500 uL of 75% ethanol and then al-
lowed to dry. RNA was resuspended in DECP-treated water and kept at -80°C.

RNA purity and quantification was assessed using a Nanodrop 1000 spectrophotometer.

3.2.2 ¢cDNA synthesis

For cDNA synthesis, 100 ng of total RNA was reversely transcribed to cDNA by using the
NZY-M-MuLV First-strands cDNA synthesis kit (Nzytech, Lisbon, Portugal) following the
manufacturer’s instructions. The 100 mg of RNA was mixed with ZYRTEC 2x Master Mix
and NZYM-MuLV RT Enzyme Mix., along with DEPC-treated water and incubated for 10

min at 25°C followed by 50 min at 37°C. Reaction was cooled on ice and the enzyme heat-
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inactivated for 5 min at 85°C. After adding NZY RNase H, the mixture was incubated for 20
min at 37°C. The resulting cDNA was kept at 4°C until use.

3.2.3 Synthesis and characterizations of AuNPs

Citrated capped AuNPs (citrate-AuNPs) were synthesized using Lee and Meisel's citrate
reduction protocol with slight modifications [318,344,360]. A diluted solution of tetrachloro-
auric acid (100 mL, 1 mM) in water was continuously heated till boiling and then rapidly
mixed with a hot solution of trisodium citrate (5 mL, 2% w/v). When a deep red color starts
to be observed, it indicates the formation of AuNPs. The solution was continuously stirred

for 15 min and then allowed cool and equalized the room temperature. The sterile-filtered
method was performed for AuNP@citrate by using 0.2 pm filter syringe Supor™ Mem-
brane, REF 4645, United States) and then stored at 4°C until used. The AuNPs were charac-

terized by UV-Vis spectroscopy, transmission electron microscopy (TEM), and dynamic light
scattering (DLS).

For the UV-Vis spectroscopy, spectra were taken in the range between 400 and 800 nm
at room temperature using Suprasil® cuvettes with 1 cm path quartz. For the DLS, the hy-
drodynamic and Z-potential were determined by a Nanoparticles Analyzer-100 using a 90°
scattering angle at 25°C. The AuNP solutions were diluted with milliQ water to reach 4 nM

as a final concentration before the analysis.
For TEM analysis, 10 uL of citrate-AuNP were uploaded on a carbon copper grid and

washing with milliQ water 2 times and let it dry. TEM was performed as a service at

Instituto Superior Técnico, Universidade de Lisboa (Portugal).

3.2.4 Synthesis and characterizations of Au-nanoconjugates (PEG and
ASO binding)

AuNPs were subsequently functionalized with thiol-modified polyethylene glycol
(PEG) to attain 30% of coverage. Briefly, 14 nM of citrate-capped AuNPs were incubated
with 0.028% (w/v) SDS (Sodium dodecyl sulphate) (CAS: 151-21-3, Sigma-Aldrich), and
0.003 mg/mL of PEG (O-(2-Mercaptoethyl)-O'-methyl-hexa(ethylene glycol) (MW= 356.48
g/mol) (Ref 672572, Sigma-Aldrich), for 16 h under agitation [344]. Afterwards, the solution
was centrifuged for 45 min at 14,000x g at 4°C to remove the unbound PEG.

To infer the amount of PEG conjugated to the AuNDPs, the amount of free thiol in the

supernatants was assessed via Ellman’s assay. (5,5-dithio-bis-(2-nitrobenzoic acid, Cat. No.
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22582, Thermo Scientific™, United States) [237]. The last PEG concentration that had no de-
tectable thiols in the supernatant was defined as 100% coverage.

Conjugation of ASO with AuNP@PEG was performed according to Pedrosa at el. [344],
and using the sequences; 5 TTTCGGCGCTGAAGGGCT TTTGAACTCCGAAA-3' targeting
the el4a2 BCR-ABL1 and 5GCGCCCA TTTCTTCCAGATATCCTCGCTGGGCGC-3' target-
ing the c-MYC. The AuNP@PEG solution was mixed with purified thiol-modified oligonu-
cleo-tide with a ratio of 1 to 100 (AuNP:oligos). Afterwards, a solution of 10 mM phosphate
buffer pH = 8, 2% SDS (AGEI) was added to a final concentration of 10 mM phosphate buffer
(pH = 8) and 0.01% (w/v) SDS. Subsequently, the ionic capacity of the solution was consist-
ently elevated in increments of 50 mM by adding 10 mM phosphate buffer pH =8, 1.5 M
NaCl, 0.01% SDS (AGE II) in appropriate volumes to a final concentration of 10 mM phos-
phate buffer (pH = 8), 0.05 M NaCl and 0.01% (w/v) SDS solution. Serial additions of AGE II
were performed to attain final concentrations of 0.1, 0.2 and 0.3 M of NaCl. The mixture was
then allowed to equilibrate overnight at room temperature. Then, the functionalized
AuNP@PEG with ASO were distributed in 2 mL tubes and centrifuged for 40 mins at 14,000
x g. After removing the supernatant, the oily pellet was subjected to two washes with 10 mM
phosphate buffer at pH 8, followed by a single wash with 10 mM phosphate buffer at pH 8
containing NaCl. The pallets then mixed, and the functionalized AuNP@PEG with ASO con-
centration was subsequently measured by the Lambert-Beer law assuming a calculated mo-
lar absorbance of surface plasmon resonance (SPR) peak (at 522 nm) of 2.33 x 108 M -1 cm -1
[361].

Afterward, UV-vis spectroscopy was used to measure supernatant to quantifying the
oligonucleotides number using Nanodrop 1000 Spectrophotometer (Fisher scientific, Portu-
gal). The quantity of oligonucleotides conjugated to the surface of AuNP was determined by
subtracting amount of oligonucleotides in the supernatant from initial total amount of oligo-
nucleotides. Moreover, the oligonucleotides number that bound to the surface of AuNPs was
further assured by utilizing Quant-iT ssDNA Reagent (USA).

The Au-nanoconjugates were stored in the dark at 4°C. The characterizations of AuNP
func-tionalized with PEG (AuNP@PEG) and PEG with oligonucleotides (AuNP@PEG@e14a2
and AuNP@PEG@c-MYC) were performed using UV-vis and DLS as described above.

3.2.5 Maintaining and culturing cells

K562 is an immortalized cell line distinguished by the presences of el4a2 BCR-ABL1 fusion
gene (CLL-243, ATCC) that derived from CML patients in BC phase. The THP1 cell line
characterized by the lack of BCR-ABL1. These cells lines serve as positive and negative con-
trols for the detection of BCR-ABL1 mRNA. K562-IM is an IM resistant cell line which was
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established by our lab group by incubating K562 sensitive cell along with increasing IM (IM
from Selleck Chemicals) concentrations, beginning with 0.01 pM and ends with 1 pM with

over than fifty passages, while preserving culture conditions to verify the resistance pheno-
type caused by increasing MDR1 expression [344] (results in chapter 2, Figure 2.6).

Both k562 and k562-IM cell lines were cultured in Dulbecco's modified Eagle (DMEM)
medium, while THP1 was cultured in Roswell Park Memorial Institute (RPMI) medium.
DMEM and RPMI were supplemented with 5% CO2, 10% FBS at 37°C as well as 99% of the
ratio of moisture in the air. However, DMEM medium was additionally supplemented with
1 uM of IM in K562-IM to sustain the selective pressure of IM along with the overexpression
of MDR1 [344].

3.2.6 Cell challenge with Au-nanoconjugates

Cells were cultured in a density of 2x105 cells/well (24 well plate) or 0.1x105 cells/well (96
well plate). Both cell lines underwent treatment with Au-nanoconjugates for duration of 24 h
in vitro studies. The time point was chosen according to Vinhas et al. [318] which showed
that challenging cells with Au-nanoconjugates for 24 h resulted in significantly decreased
expression of the e14a2 BCR-ABL1 fusion transcript in k562 cell line.

The K562 and K562-IM cell lines were used for the studies of el14a2 BCR-ABL1 targeting.
Both cell lines were challenged with AuNP@PEG @14a2 (0.35 nm), which corresponds to 30
nM oligonucleotide with a ratio of Au:oligonucleotide = 1:84, for 24 h. The same cell lines
were also used for targeting c-MYC by challenged the cells for 24 h with AuNP@PEG@c-
MYC (0.6 nm) which corresponding to 45 nM oligonucleotide with ratio of
(Au:oligonucleotide = 1:75).

In the combination strategy, both cell lines were also used for the synchronous targeting
of BCR_ABL1 and c-MYC (AuNP@PEG®@el4a2 and AuNP@PEG@c-MYC, respectively).

The concentrations of AuUNP@PEG@el4a2 and AuNP@PEG@c-MYC were determined based
on previous studies [318].

For comprehensive analysis, the concentrations of oligonucleotide were maintained as
the same concentrations of the individual experiments. Additionally, AuNP@PEG was used
as a standard for all silencing experiment findings. For the K562-IM cell line, cells treated

with 1 uM of IM served as a control for the normalization of AuUNP@PEG.
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3.2.7 Analysis of gene expression by RT-qPCR

Total RNA purification and cDNA synthesis were performed as described in sections (3.2.1
and 3.2.2). JPCR on the cDNA was performed on a Corbett Rotor-Gene 6000 thermal cycler
(Qiagen, Hilden, Germany). Mixture of the reaction for RT-qPCR was prepared in a final

volume of 20 pL by mixing the following primers (100 nM each) with 2 pL of cDNA as well

as the NZYSupreme qPCR Green Master Mix (2x) (NZYTech): For 18S, forward (5'-
GTAACCCGTTGAACCCCATT) and reverse (5- CCATCCAATCGGTAGTAGCG). For
BCR-ABL1, BCR forward (5- GAAGTGTTTCAGAAGCTTCTCC) and ABL1 reverse (5
GTTTGGGCTTCACACCATTCCQ). For c-MYC, forward
(O'GCTCATTTCTGAAGAGGACTTGT) and reverse
(5’AGGCAGTTTACATTATGGCTAAATC).

The conditions of qPCR start with denaturation for 2 min at 95°C and 40 cycles at 95°C
for a duration of 20 sec each, 55°C (18S, BCR-ABLL1 as well as c-MYC) for duration of 20 sec,

finally at 72°C for 30 sec. Afterwards, CT method (2-AACt) was used to analyze the qPCR
results [362], which gives the determination for the desired genes, (BCR-ABL1 and c-MYC)

which are related to internal control (18S), where is relative to gene expression and then

normalized to control (AuNP@PEG) as the formula 1 & 2 below:

(1)  ACT=CT (BCR-ABL1 or ¢-MYC) - CT (185).

() AA CT= ACT (Au-nanoconjugate) - ACT (AuNP@PEG).

3.2.8 Cell Viability

3.2.8.1 MTS assay

To evaluate the cell viability, we performed standard 3 (4,5 dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium (MTS) assay . For this assay, the
96-Cell Titer® liquid-Non-Radioactive was utilized. This assay is a colorimetric method to
estimate the number of viable cells. It is based on the dehydrogenation by metabolically ac-
tive cells of MTS tetrazolium compound into formazan, a soluble coloured product. In brief,
K562 and K562-IM cells was cultured to 96-well plates for 24 h after being challenged with
AuNP@PEG, AuNP@PEG@el4a2, and AuNP@PEG@c-MYC either alone or with in a combi-

nation. Furthermore, Au-nanoconjugates and IM were administered to K562-IM cells concur-
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rently for duration of 24 h. The intensity of absorption was determined using a Tecan-

Infinite-M200 microplate reader at 490 nm.

3.2.8.2 Trypan Blue assay

After plating of K562 and K562-IM cells onto 24-well plates, these cells were subjected to a 24
h exposure to AuNP@PEG, AuNP@PEG@el4a2, and AuNP@PEG@c-MYC, either individual-
ly or in various combinations. Utilizing the trypan blue (0.2%) exclusion test (ThermoFisher),
which shows that dead cells have no cell membranes and appear blue, while living cells have
intact membranes that exclude dye, the viability was determined manually by counting of

the number of living cells.

3.2.9 Apoptosis

Au-nanoconjugates were applied to cells placed onto 24-well plates; these were centrifuged
at 400 x g for duration of 5 min at temperature of 4 °C, then washed with a cold Phosphate
buffer solution. Following the manufacturer's instructions, cells were then doubly stained
using the "Dead Cell Apoptosis Kit with Annexin V AlexaFluor (AF488)" (ThermoFisher).
Green vs red fluorescence density plots and SSC-A measurements of Ten thousand events
each reading were performed on the samples using an Attune Acoustic Focusing Cytometer
(ThermoFisher). Cytometer's software v2.1 was used to quantify the proportion of necrotic
cell (stained with PI), cells exhibiting early apoptosis (indicated by staining with AlexaFluor
488), cells demonstrating late apoptosis (characterized by double staining), and cells that

remain viable (unstained).

3.2.10 Cell cycle analysis

Through the application of double-blocking with 2 mm thymidine, the cycles of each cell line
were synchronized during the S-phase. After the second obstruction, cells were allocated to
24-well plates and exposed to the Au-nanoconjugates. Cells were extracted using 500 x g

centrifuged for duration of 5 min at temperature of 4 °C, after 12, or 24 h of treatment. They

were then treated with 50 pg/mL-1 RNAse A (NZYTech), fixed then permeabilized along

with eighty percent (v/v) ethanol, then stained using 25 ug mL-1 PI (ThermoFisher). Using

an Attune acoustic focusing cytometer as well as the appropriate software (ThermoFisher),

the percentage of cells in each step was examined.

61



3.2.11Cell differentiation analysis

The erythrocytic differentiation markers Glycophorin A, CD235a, and tetraspanin CD71
were assessed. As outlined in the foregoing processes, imatinib-resistant K562 cells was chal-
lenged using nano-formulations for 24 h before being harvested utilizing centrifuge at 500 x
g for 5 min. Following a 30 min blocking period, the cells were rinsed with Phosphate buffer
solution and incubate with either anti-CD71 conjugated with FITC or anti-CD235a conjugat-
ed by FITC for 30 min on ice, rinsed with PBS, and then resuspended in PBS. A BD accuri C6
was used to measure fluorescence, and Flow-Jo -software (version-X- 10.0.7r2, BD) was used
to analyze the data. For control purposes, K562 sensitive cells and THP-1 cell culture from
human monocytes which are isolated from the patient having acute-monocytic-leukemia

were also examined for control reasons.

3.2.12 Protein expression analysis by Western Blot

After challenging with Au nanoconjugates for 24 h, cells were washed with Phosphate Buffer
Saline (PBS) and resuspended in lysis buffer 150 mM NaCl, 50 mM Tris (pH 8.0), 5 mM
EDTA, 2 % (v/v) NP-40, 1x phosphatase inhibitor (PhosStop, Roche, Basel, Switzerland), 1x
protease inhibitor (cOmplete Mini, Roche), 1 mM phenylmethylsulfonyl fluo ride (PMSF),
and 0.1 % (w/v) dichloro-diphenyl-trichloroethane (DTT). Nevertheless, using of this lysis
buffer results in some unspecific protein bands and black dots (original blots in appendices,
Figures A.1 and A.2), the lysis buffer was then replaced with new lysis buffer containg 150
mm NaCl, 50 mm Tris (pH 8.0), 5 mm EDTA, 1% (v/v) Triton, 1x phosphatase inhibitor
(PhosStop, Roche, Basel, Switzerland), 1x protease inhibitor (cOmplete Mini, Roche), 1 mm
(PMSEF), 0.5% (w/v) sodium deoxycholate (NaDoc), and 0.1% (w/v) sodium dodecyl-sulfate
(SDS).

Following three sonication, whole-cell extracts were subjected to centrifugation for 15
min at 16,000 x g. In accordance with the manufacturer's guidelines, the Pierce (660 nm) Pro-
tein Assay Reagent (ThermoFisher) was used to extract the supernatant and quantify the

protein content. Hyperfilm ECL to complete the revelation process. The Image J program
was used to quantify the protein bands. Then, 20 pg total protein extracts were separated by

SDS polyacrylamide gel electrophoresis (SDS-PAGE in a 7% (37.5:1) acrylamide-
bisacrylamide gel (Merck Millipore, Billerica, MA USA), following semidry transfer onto a
0.45um polyvinylidene (PVDF) membrane (GE Healthcare, Little Chal font, UK), and block-
ing with 5% (w/v) of bovine serum albumin (BSA) was performed. Membranes were incu-

bated overnight at 4 °C with primary antibodies against c-Abl for BCR-ABL1 detection (ref-
erence no. 28625, Cell Signaling Technology, Danvers, MA, USA) or c-MYC (reference no. ab
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cam AB32072) in tris-buffered saline with 0.1% (v/v) tween 20 (TBST) and 5% (w/v) milk
solution or incubated 1 h at room temperature with 5 actin (reference no. A5441, Sigma-
Aldrich) in TBST. Afterward, membranes were washed with TBST and incubated with the
appropriate secondary antibody conjugated with horseradish peroxidase (reference no. 7076,
Cell Signaling Technology).

WesternBright ECL (Advansta, Menlo Park, CA, USA) was applied to themembrane,
and ther evealing step was performed by exposing the membrane with the AmershamHy-
perfilm ECL (Reference no. 28-9068-36, GE Healthcare). Quantification of protein bands

(original blots in appendices, Figures A.3 and A.4) was performed using Image J software.

3.2.13 Darkfield and Fluorescence Microscopy

K562-IM cells were subjected to AuNPs nanoconjugates onto 24-well plates for duration of
24 h, as previously stated. Following pelleting by centrifuge at 500 x g for 5 min at 4 °C, the
cells were fixed then permeabilized using 80% (v/v) ethanol. The samples underwent incu-
bation for 1 h using anti-c-MYC antibody after 30 min of block by 1% (w/v) BSA (NZYtech-
Portugal). Cells underwent centrifugation to duration of 5 min at 1500 x g and 4 °C after
three washes with PBST (PBS supplemented with 0.05% (v/v) Tween-20 (Sigma Aldrich).
Samples then incubate for 30 min with the appropriate secondary antibody-antirabbit TRITC
(ab6718; Abcam). After the 3 washes with PBST, those cells were incubated with 1% (w/v)
BSA for blocking, followed by the addition of anti-BCRABL1 primary overnight at 4 °C. Sub-
sequently, three PBST washes were conducted, followed by a 1 h incubation with the appro-
priate secondary antibody conjugated along with FITC, specifically anti-mouse-FITC (F0257,

Sigma), as well as concluded along with an additional PBST wash. Prolong Glass from
ThermoFisher Scientific was used to fix the pelleted cells after their suspension in 10 puL of

PBST.

We employed a Ti-U Eclipse inverted microscope (Nikon, Japan), equipped with DAPI
(excitation at 360/40 nm alongside emission on 460/50 nm), FITC (excitation with 480/30
nm alongside emission at 535/40 nm), and G2A (excitation at 535/50 nm and emission > 590
nm) fluorescence filters. A 100x objective was used to observe the cells, and images were
captured to evaluate a minimum of 30 cells each sample. The measure of the intensity of flu-
orescence that exists in each image was determined using Image J software, along with the
corrected total cells fluorescence (CTCF) for each cell was calculated as follows: integrated

density - (cell area X mean fluorescence of background).
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3.2.14 Statistical analysis

Errors bars illustrating the mean * standard error from a minimum of the three distinct in-
vestigations are included to depict all findings. Tukey's multiple comparison test was used to
evaluate statistical significance after the completion of one-way ANOVA and two-way
ANOVA using GraphPad Prism 8.

3.3 Results and discussion

3.3.1 Au-nanoconjugates synthesis and characterization

Citrate-caped AuNPs (citrate-AuNPs) were synthesized with an average diameter of 14 nm
(Figure 3.2) and further functionalized with thiolated-PEG (AuNP@PEG) for biocompatibil-
ity according to previously published protocols [318,363,364,365]. PEG functionalization is
crucial to increase biocompatibility and stability in biological media.[364] AuNP@PEG were
then used as a starting point to graft thiolated ssDNA-oligonucleotides targeting each of the
selected mRNAs or scramble control (not targeting any sequence in human cells), obtaining
AuNP@PEG@el4a2, targeting el4a2 mRNA, AuNP@PEG@c-MYC targeting c-MYC mRNA
(see (Figure 3.3)) or AuNP@PEG@scramble, respectively.

- l 200 Nnm |

Figure 3.2 — Transmission electron microscopy (TEM) image of the synthesized citrate-AuNPs

with an average diameter of 14 nm.
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Figure- 3.3 — Schematic representation of PEGylated AuNPs functionalized with ASOs target-
ing el4a2 BCR-ABL1 and c-MYC mRNA.

All conjugates were characterized after each functionalization step (Table 3.1), where
the increase to the DLS and variation of the Z-average, together with the red shift of the SPR
peak indicate successful functionalization with the relevant moieties [318,366]. Indeed, data
related to Z-average and SPR peak shift show an increased size upon PEG functionalization
and, even more, after oligonucleotide (e14a2, c-MYC or scramble) loading onto the AuNPs.
The polydispersity index (PI) is relatively constant (between 0.16-0.22) and indicative of
monodisperse populations [364], supported by the Z-potential data showing the magnitude
of the electrostatic and/or charge repulsion/attraction between particles, leading to in-
creased stability and dispersion in aqueous media [368]. The binding of PEG to the surface of
AuNPs induces a shift from more negative (-71.4 mV) to more neutral values (-40.7 mV),
whereas functionalization with ssDNA induced more negative values (from -40.7 mV
(AuNP@PEGQG) to —65.6 mV (AuNP@PEG@c MYC) or —64.9 mV (AuNP@PEG®@el4a2)), due to
the negative charge of ssDNA molecules (Table 3.1).
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Table 3.1 — Citrate-AuNPs, AuNP@PEG, AuNP@PEG@scramble, AuNP@PEG@e14a2 and AuNP@PEG@c-MYC
characterization through, the size, inferred by the Z-average, and polydispersion index obtained by Dynamic

Light Scattering (DLS) analysis, and the surface plasmon resonance (SPR) peak obtained by ultraviolet-visible

(UV-Vis) spectroscopy.

Z-average Zeta Potential Polydispersion index SPR peak
(nm) © (nm)
. -51
Citrate-AuNDPs 16 0.20 519
AuNP@PEG 20 -67 0.21 520
AuNP@PEG@scramble 34 -60 0.16 522
AuNP@PEG@el4a2 37 -64 0.22 522
AuNP@PEG@c-MYC 33 -65 0.16 522

3.3.2 Gene silencing of BCR-ABL1 and c-MYC

To understand if the prepared Au-nanoconjugates were able to silence the respective
mRNAs in K562-IM cultures, cells were challenged with AuNP@PEG@el4a2 and
AuNP@PEG@c-MYC for 24 h, and then the total RNA was purified and used for quantifica-
tion of each targeted genes by RT-qPCR (as comparison purposes K562 cells were also used).
As controls, both cell lines (sensitive and resistant) were also challenged with AuNP@PEG
and AuNP@PEG@scramble (Figure 3.4). It was observed that, as previously described for
K562 [318], BCR-ABL mRNA expression levels after exposure of AuNP@PEG and
AuNP@PEG@scramble nanoconjugates to K562-IM cells are identical (Figure 3.4), so from

now on, AuNP@PEG will be used as the sole control in experiments.
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Figure 34 — mRNA expression levels of BCR-ABL1 in K562 and K562-IM cell lines after the challenge
for 24 h with AuNP@PEG (grey) or AuNP@PEG@scramble (black). Error bars represent the standard er-
ror of the mean of three independent experiments. Expression results were normalized to AuNP@PEG

(control).

Data show that, after 24 h exposure of K562-IM and K562 cells to AuNP@PEG@e14a2,
the expression levels of the BCR-ABL1 fusion transcript decreased in both cell lines (Figure
3.5a and Figure 3.6a, respectively). Interestingly, the silencing efficacy of BCR-ABL1 gene
was higher for K562-IM cells (Figure 3.5a) compared to K562 parental sensitive cell line (Fig-
ure 3.6a) - with a decrease of 86.3% or 44% of BCR-ABL1 expression (compared to control),
respectively. Concerning c-MYC expressions there is also a reduction in both cell lines com-
pared to the control, as expected, but in this case with a strong reduction for K562 (54%)
(Figure 3.6b) compared to K562-IM (15%) (Figure 3.5b).

We then added both Au-nanoconjugates simultaneously to each cell line and assessed
expression variation -Figure 3.6c and Figure 3.5c. The most effective gene silencing was ob-
tained for BCR-ABL1 in K562 cells line (reduction of 61.3%, Figure 3.6¢c), which was higher
compared to AuNP@PEG@e14a2 alone (reduction of 44%, Figure 3.6a). In the resistant K562-
IM cell line, there was also a reduction in BCR-ABL1 levels, but a more noticeable reduction
was observed when the AuNP@PEG@e14a2 was added alone (86.3%) compared to the com-
bined approach (26.3%) - Figures 3.5a and 3.5c.

When we look at c-MYC expression, the more effective silencing was observed for
K562 challenged with AuNP@PEG@c-MYC alone (54%), compared to the simultaneous addi-
tion of both Au-nanoconjugates (3.6b and 3.6¢). In K562-IM, a more profound reduction was
observed when both Au-nanoconjugates were added simultaneously (40.6%) compared to
AuNP@PEG@c-MYC alone (15%) (Figure 3.5b and 3.5¢). As explained before, due to the dif-
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ferent properties of the nanoconjugates (size, charge, polydispersion index) their internaliza-
tion rate might vary, and one type may be internalized faster and/or more efficiently com-
pared to the other, leading to different silencing efficacies at mRNA level (as we are targeting

mRNA) compared to the protein levels (as observed in this study) [369-372].

a) b)
BCR-ABL1 RNA expression levels upon exposure ¢-MYC RNA expression levels upon exposure
the K562-IM line to AuNP@PEG@c14a2 the K562-IM cell line to AuNP@PEG@c-MYC
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Figure 3.5 — mRNA expression levels of BCR-ABL1 and c-MYC genes in K562-IM cell line. (a) mRNA
relative expression levels of BCR-ABLI after the challenge for 24 h with AuNP@PEG@e14a2; (b) mRNA
relative expression levels of c-MYC after the challenge for 24 h with AuUNP@PEG@c-MYC; (c) mRNA rel-
ative expression levels of BCR-ABL1 and c-MYC after the challenge for 24 h with AuUNP@PEG@el4a2
and AuNP@PEG@c-MYC. Data were normalized to the 18S gene and then to cells exposed to control
(AuNP@PEG). Ct, threshold cycle. Error bars represent the standard error of the mean of three inde-
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pendent experiments. * p<0.05, ** p<0.01, relative to respective control, using Tukey’s test statistical sig-

nificance.
a) b)
BCR-ABL1 RNA expression levels upon exposure c-MYC RNA expression levels upon exposure
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Figure 3.6 — mRNA expression levels of BCR-ABL1 and c-MYC genes in K562 cells. mRNA relative ex-
pression levels of BCR-ABL1 after the challenge for 24 h with AuNP@PEG@el4a2; (b) mRNA relative
expression levels of c-MYC after the challenge for 24 h with AuUNP@PEG@c-MYC; (c) mRNA relative ex-
pression levels of BCR-ABL1 and ¢-MYC after the challenge for 24 h with AuNP@PEG@el4a2 and
AuNP@PEG@c-MYC. Data were normalized to the 185 gene and then to cells exposed to control
(AuNP@PEG). Ct, threshold cycle. Error bars represent the standard error of the mean of three inde-
pendent experiments. *p<0.05, ** p<0.01 relative to respective control, using Tukey’s test statistical sig-

nificance.

AuNP@PEG@c-MYC alone leads to a lower gene silencing effect compared to
AuNP@PEG@e14a2 alone, while when both are added together a silencing of both genes

simultaneously is observed with a higher reduction of c-MYC expression. This more marked
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reduction to c-MYC expression might be due to the simultaneous targeting of c-MYC and
BCR-ABL1 mRNAs with an end-point impact in c-MYC gene expression (see schematic in
Figure 3.1). Our data show efficient silencing for both cell lines, higher for K562-IM than for
the parental cell line (K562) particularly for AuNP@PEG@el4a2 alone - Figure 3.5a and Fig-
ure 3.6a. c-MYC can lead to an up-regulation of BCR-ABL1 mRNA levels [373], which is criti-
cal for CML progression from chronic phase to blast crisis [374]. A study by Albajar et al.
(2011) demonstrated that c-MYC expression levels are higher in CML patients not respond-
ing to IM treatment, meaning that high levels of c-MYC might be an indication for a therapy
failure [375].

3.3.3 Cellular effects

The effect of the Au-nanoconjugates on cell viability was assessed via the MTS assay after
exposure the K562 and K562-IM cells to nanoconjugates for 24 h. K562-IM cells exposed to
AuNP@PEG@el4a2, AuNP@PEG@c-MYC and both nanoconjugates showed a significant
reduction of viability: 17.2%, 21.5% and 15.6%, respectively (Figure 3.7). Interestingly, a simi-
lar behavior was observed when K562-IM cells were exposed to the Au-nanoconjugates but
in the presence of 1uM of IM, which can trigger a significant reduction in K562 cell viability
but not in K562-IM (Figures 3.7, 3.8 and 3.9). No significant differences of viability were ob-
served after incubation of K562-IM cells with the Au-nanoconjugates in the presence or ab-
sence of IM (Figure 3.8). We may infer that, despite reducing cells’ viability, the Au-
nanoconjugates do not resensitize K562-IM cells to this concentration of IM. Incubation of
K562 cells with AuNP@PEG@c-MYC induced a reduction of 15.83% in cell viability com-
pared to the control AuNP@PEG, while no significant reduction was observed when cells
were exposed to AuNP@PEG@el4a2 or both nanoconjugates: 4.5% and 5.2%, respectively
(Figure 3.9).
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Cell viability via MTS assay upon exposure
the K562-IM cell line to Au-nanoconjugates
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Figure 3.7 — Cell viability in K562-IM Cells. cell viability via MTS assay upon exposure of K562-IM cells
to 1pM IM, AuNP@PEG, AuNP@PEG@e14a2, AuNP@PEG@c-MYC, and both Au-nanoconjugates simul-

taneously for 24 h.** p<0.01, * p<0.05 relative to respective control, using Tukey’s test statistical signifi-

cance.
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Figure 3.8 — Cell viability via MTS assay upon exposure of K562-IM cells to AuNP@PEG,
AuNP@PEG@el4a2, AuNP@PEG@c-MYC, and both Au-nanoconjugates simultaneously in combination
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with 1pM IM (grey bars) or without 1M IM (black bars) for 24 h. Error bars represent the standard error

of the mean of three independent experiments.

Cell viability via MTS assay upon exposure
the K562 cell line to Au-nanoconjugates
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Figure 3.9 — Cell viability via MTS assay upon exposure of K562 cells to 1uM IM, AuNP@PEG,
AuNP@PEG@el4a2, AuNP@PEG@c-MYC, and both Au-nanoconjugates simultaneously for 24
h. Error bars represent the standard error of the mean of three independent experiments. **

p<0.01, * p<0.05 relative to respective control using Tukey’s test statistical significance.

We have further assessed the number of viable cells by the Trypan blue exclusion assay
24 h after exposition of K562 and K562-IM cells to Au-nanoconjugates. This assay allows dif-
ferentiating between live cells (unstained) and cells with compromised membrane (blue
stained). Results show that exposure to control AuNP@PEG resulted in only a slight reduc-
tion of cell viability (Figures 3.10 and 3.11). When K562 and K562-IM cells were exposed to
AuNP@PEG@el4a2, a significant reduction of the % of viable cells was observed (38.7% and
36.4%, respectively) (Figures 3.10 and 3.11). A similar behavior was observed when K562 and
K562-IM cells were exposed to AuNP@PEG@c-MYC, with a significant reduction of the % of
viable cells (22.1% and 28.5%, respectively) -Figures 3.10 and 3.11. When cells were exposed
to both Au-nanoconjugates simultaneously, the highest reduction in the % of viable cells was
observed for K562-IM cells (40.9%) (Figure 3.11). Indeed, this reduction was much higher not
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only compared to the simultaneous exposition of both Au-nanoconjugates to K562 (18.3%),

but also to the individual exposition (Figure 3.11).

Live/death via Trypan blue exclusion
assay in K562 cell line upon exposure to
Au-nanoconjugates
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Figure 3.10 — Cell number (%) via Trypan blue exclusion assay upon exposure of K562 cells to
AuNP@PEG, AuNP@PEG@el14a2, AuNP@PEG@c-MYC, and both Au-nanoconjugates simultaneously

for 24 h. Error bars represent the standard error of the mean of three independent experiments.

p<0.01, * p<0.05 relative to respective control, using Tukey’s test statistical significance.
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Figure 3.11 — Cell number (%) via Trypan blue exclusion assay upon exposure of K562-IM cells to
AuNP@PEG, AuNP@PEG@el14a2, AuNP@PEG@c-MYC, and both Au-nanoconjugates simultaneously
for 24 h. Error bars represent the standard error of the mean of three independent experiments. **

p<0.01, * p<0.05 relative to respective control, using Tukey’s test statistical significance.

To further understand the effect of the Au-nanoconjugates on cell death, their cytotoxic
potential was analyzed by double staining with Annexin V conjugated with AlexaFluor 488
and propidium iodide (PI). This procedure takes advantage of the translocation of phospha-
tidylserine (PS) to the outer leaflet of the cell membrane in the onset of apoptosis, and of the
high affinity of Annexin V to PS [377]. Since PI only stains nucleic acids of cells with com-
promised membrane, it is possible to distinguish between live cells (unstained), cells in ini-
tial apoptosis (stained only with Annexin V - AlexaFluor 488), cells in late apoptosis (double
stained with Annexin V - AlexaFluor 488 and PI) or necrotic cells (only stained with PI)
[377]. Results showed that while no significant differences are observed in K562 cell line
(Figure 3.12), exposure of K562-IM cells to Au-nanoconjugates resulted in a small yet statisti-
cally significant increase of cells in late apoptosis, increasing from 1.1% in AuNP@PEG treat-
ed samples to 1.8% in AuNP@PEG@c-MYC, 1.5% in AuNP@PEG®@el4a2, and 1.7% in cells
incubated with both Au-nanoconjugates (Figure 3.13).
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Percentage of apoptotic cells after 24h incubation
of K562 cell line to Au-nanoconjugates
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Figure 3.12 — Percentage of apoptotic cells upon exposure of K562 cells to imatinib (positive control),
DMSO (vector control for imatinib), AuUNP@PEG, AuNP@PEG@el4a2, AuNP@PEG@c-MYC, and both
Au-nanoconjugates simultaneously. After 24 h, cells were double stained with AnnexinV conjugated
with AlexaFluor488 and propidium iodide and the apoptotic events were quantified in an Attune acous-
tic flow cytometer (ThermoFisher Scientific). Error bars represent the standard error of the mean of three

independent experiments. * p<0.05 relative to respective control, Tukey’s test statistical significance.
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Percentage of apoptotic cells after 24h incubation
of K562-IM cell line to Au-nanoconjugates
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Figure 3.13 — Percentage of apoptotic cells upon exposure of K562-IM cells to imatinib (positive con-
trol), DMSO (vector control for imatinib), AuNP@PEG, AuNP@PEG@el4a2, AuNP@PEG@c-MYC, and
both Au-nanoconjugates simultaneously. After 24 h, cells were double stained with AnnexinV conjugat-
ed with AlexaFluor488 and propidium iodide and the apoptotic events were quantified in an Attune
acoustic flow cytometer (ThermoFisher Scientific). Error bars represent the standard error of the mean of

three independent experiments. * p<0.05 relative to respective control, Tukey’s test statistical signifi-

cance.

Despite the statistically significant difference in the percentage of late apoptotic K562-IM
cells after incubation with Au-nanoconjugates (Figure 3.13), this small increase does not jus-
tify the lessening cell viability determined by the MTS and Trypan blue assay (Figure 3.7;
and Figure 3.11). Hence, the cytostatic potential of the Au-nanoconjugates was evaluated by
analyzing cell cycle of K562 and K562-IM after double synchronization with thymidine in the
S phase, and DNA staining with PI. As expected, the exposure of K562 cell line to IM result-
ed in cell cycle arrest in GO/G1 after 24 h (Figure 3.14a), and exposure of K562-IM to the TKI
resulted in a small delay of the cell cycle observed after 12 h by an increased percentage of
cells in G2/M and after 24 h in GO/G1 (Figure 3.15a). Figure 3.15b,c suggests that exposition
of K562-IM cell line to AuNP@PEG@c-MYC or AuNP@PEG@el4a2 result in an increased
percentage of cells in GO/G1 and decreased percentage in G2/M after 12 or 24 h, respective-
ly, when compared to K562-IM cells exposed to AuNP@PEG.

The simultaneous exposure of K562-IM cells to both Au-nanoconjugates resulted in cell

cycle delay in GO/G1 observed at 12 and 24 h (Figure 3.15d). A cell cycle arrest in K562 cells
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incubated with Au-nanoconjugates was also observed, but with distinct patterns than those
presented by the resistant K562-IM cells (Figure 3.14). A delay in G2/M was observed after
12 and 24 h for K562 cells exposed to AuNP@PEG@c-MYC (Figure 3.14b), and after 12 h in
K562 cells exposed to AuUNP@PEG@el14a2 at the same stage (Figure 3.14c). When K562 cells
were exposed simultaneously to both Au-nanoconjugates showed different percentage of
cells arrested in G2/M after 6 h, and lower percentage of cells in GO/G1 after 12 h (Figure
3.14d). All the referred alterations are relative to the respective control for the same cell line

at the same time point.

77



Percentage cells (%)

¢

Percentage cells (%)

Cell cycle of K562 cell line after

exposure to imatinib

100 *
6h 12 h 24 k
80= |
60
40
20+
0=
Q = e} = o =
w = w [= @« c
2 = = E = E
= E " E " E
Cell cycle of K562 cell line after
exposure to AuNP@PEG@el4a2
100 e
6 h | 12 h 24 h
80
*
60 | |
40
20+
(0=
Q o] V)
2 § |2 3§12 ¥
& o < o = w
-9 © -9 ] = g
: Q ; Q ; V]
2 =8| 5 = |5 =
< ) < ) < &
-9 B (=
2 : :
-
< < <

b)

d)

Percentage cells (%0)

Percentage cells (%)

100

Cell cycle of K562 cell line after
exposure to AuNP@PEG@c-MYC

*

50

604

404

20+

AuNP@PEG

6h

AuNPaPEG@e-MYC

12h
| *

AuNPelEG

AuNPa@PEG@c-MYC

*

[+

AuNP@PEG

24 h

AuNPEPEGae-MYC

100

80+

60

404

20+

() -

AuNPaPEG

6h
*

—

AuNPa@PEG@ce-MYC + AuNPae PEGo@elda2

* 12h
| — |
*
Q V]
= =
[ [
=4 =]
- B
z z
= =
< <

AuNPePEGac-MYC + AuNPe PEG@elda2

24h

AuNPa@PEG@c-MYC + AuNPa PEG® eld4a2

Cell cycle of K562 cell line after exposure simultaneously

to AuNP@PEG@c-MYC and AuNP@PEG®@el4a2

HE Go/Gl
Os
B oM

Figure 3.14 — Cell cycle analysis for 6 h, 12 h or 24 h of K562 upon exposure of (a) imatinib and respec-
tive vector control (DMSO); (b) AuNP@PEG@c-MYC alone; (c¢) AuNP@PEG®el4a2 alone, or (d) both

Au-nanoconjugates simultaneously. Cells were stained with propidium iodide and the percentage of

cells in each cell cycle stage was quantified in an Attune acoustic flow cytometer and respective software

(ThermoFisher Scientific). Error bars represent the standard error of the mean of three independent ex-

periments. * p<0.05 relative to respective control, Tukey’s test statistical significance.
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By targeting both genes simultaneously, and due to the crosstalk regulation of BCR-
ABL1 and c-MYC proteins, the simultaneous decrease of these end effectors can induce a
lower capability of cells to respond to the insult and a more effective cellular outcome on the
level of reducing the number of viable cells (Figure 3.11) pointing this combination as a
promising strategy toward targeting IM resistant CML cells. Silencing of c-MYC in various
BCR-ABL1 positive cell lines has been shown to cause a significant downregulation of BCR-
ABL1, consequently decreasing proliferation and inducting cell death [373]. Our data shows
a strong reduction of K562-IM viability in the presence of the Au-nanoconjugates (Figure 3.7
and Figure 3.11), possibly due to cell cycle arrest (Figure 3.15), which is in line with ours and
previous reports using the Trypan blue exclusion assay (Figure 3.11) [377].

To evaluate the effect of the induction of resistance to imatinib on K562 differentiation,
the expression of the erythroid cell lineage markers tetraspanin CD71 and glycophorin A,
CD235a, was evaluated by flow cytometry. While there was no statistically significant altera-
tion in CD71 expression, it was observed that a higher percentage of CD235a positive cells in
imatinib resistant K562- IM versus sensitive K562 cell line (Figure 3.16). These results are in
accordance with previous studies that proposed that imatinib induce erythroid differentia-
tion in K562 cell line [378,379]. Interestingly, when K562-IM cells were incubated with 1 pm
IM, the percentage of cells presenting CD235a increased, in line with the previous observa-
tions [378,379] (Figure 3.17). Based on these results, we evaluated the effect of the incubation
of K562-IM cells with the different nanoconjugates for 24 h (alone and in combination).
While the incubation with AuNP@PEG did not significantly alter the percentage of CD235a
positive cells (Figure 3.17), the incubation of K562-IM with both silencing Au-
nanoformulations resulted in a reduced percentage of CD235a positive cells, suggesting that
the silencing of BCR-ABL1 and/or c-MYC induced a reduction of the number of erythrocytic
differentiated cells compared to K562-IM cells treated with the non-target Au-nanoconjugate
(AuNPs@PEG).
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Figure 3.16 — Fluorescence intensity of the peak obtained by flow cytometry to analyze (a) CD71 and (b)
CD235a expression in K562-IM cells after exposure to 1pM IM, AuNP@PEG, AuNP@PEG@el4a2,
AuNP@PEG@c-MYC, and both Au-nanoconjugates simultaneously for 24 h. IM sensitive K562 cells and

THP1 cells were also analyzed for control purposes.
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Figure 3.17 — Percentage of glycophorin A, CD235a, positive cells after 24 h incubation of K562-IM with
1 pm Imatinib (imatinib), AuNP@PEG, AuNP@PEG@c-MYC alone, AuUNP@PEG@el4a2 alone, or both

Au-nanoconjugates simultaneously. Imatinib sensitive K562 cells, untreated resistant K562-IM cells and
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THP1 were also analyzed for control purposes. Cells were incubated with anti-CD235a conjugated with
FITC and percentage of positive cells was quantified in a BD accuri flow cytometer and Flow]Jo software.
Error bars represent the standard error of the mean of three independent experiments. * p < 0.05, Tuk-

ey’s test statistical significance.

3.3.4 BCR-ABL1 and c-MYC Protein

Expression BCR-ABL1 and c-MYC protein expression were analyzed via Western Blot to
evaluate if the silencing of both genes at the mRNA level, independently or in combination,
could also impact the amount of protein present in K562-IM and K562 cells (Figures 3.18 and
3.19). Protein quantification for K562-IM cells challenged for 24 h with AuNP@PEG@e14a2
show a 25% reduction in p210 BCR-ABL1 levels, whereas c-MYC protein levels decreased by
12% (Figure 3.18b,c). When K562-IM cells were challenged with AuNP@PEG@c-MYC for 24
h, p210 BCR-ABL1 showed a reduction of 58%, while c-MYC protein expression levels
showed a reduction of 35% (Figure 3.18b,c). Challenging K562-IM cells for 24 h with a com-
bination of both Au-nanoconjugates (AuNP@PEG@e14a2 and AuNP@PEG@c-MYC) resulted
in a higher decrease for both protein levels - p210 BCR-ABL1 protein levels (54% reduction)
and c-MYC protein levels (36% reduction) (Figure 3.18b,c). For comparison purposes, K562
cells were also challenged with the Au-nanoconjugates alone or in combination and p210
BCR-ABL1 and c-MYC expression levels evaluated (Figure 3.19). When K562 cells were chal-
lenged with Au-nanoconjugates alone or simultaneously, the p210 BCR-ABL1 protein levels
were reduced to levels compared to those in K562- IM (Figure 3.19b). In comparison, the pro-
tein levels of c-MYC in K562 cells were more reduced after incubation with
AuNP@PEG@e14a2 alone and less reduced after incubation with AuNP@PEG@c-MYC alone
for 24 h or both Au-nanoconjugates simultaneously (Figure 3.19c).
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Figure 3.18 — Protein expression levels of BCR-ABL1 and ¢-MYC in K562-IM cell line. a) Western blot
images of p210 BCR-ABL1, c-MYC, and - actin in K562-IM cells after exposure for 24 h to Au-
nanoconjugates (AuUNP@PEG@el14a2 alone or AuNP@PEG@c-MYC alone or both simultaneously) or to
AuNPs@PEG controls for each Au-nanoconjugate condition; b) Expression levels of p210 BCR-ABL1 af-
ter exposure to AUNP@PEG@el4a2 Au-nanoconjugate alone (intermediate grey bars), AuUNP@PEG@c-
MYC Au-nanoconjugate alone (dark gray bars) and to both Au-nanoconjugates (AuNP@PEG@e14a2 and
AuNP@PEG@c-MYC) simultaneously (light gray bars); c) Expression levels of c-MYC after exposure to
AuNP@PEG@el4a2 Au-nanoconjugate alone (intermediate gray bars), AuNP@PEG@c-MYC Au-
nanoconjugate alone (dark gray bars) and to both Au-nanoconjugates (AuNP@PEG@el4a2 and
AuNP@PEG@c-MYC) simultaneously (light grey bars). p210 BCR-ABL1 and c-MYC protein quantifica-
tion was performed via western blotting on K562-IM cell extracts after a 24 h exposure to the Au-
nanoconjugates. Band quantification was first normalized against $-actin (loading control) and, subse-
quently, to the control condition (AuNP@PEG controls) (black bars in Figure 3.16b, c). Error bars repre-
sent the standard error of the mean of three independent experiments. **p > 0.01, *p < 0.05 relative to re-

spective controls, Tukey’s test statistical significance.
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Figure 3.19 — Protein expression levels of BCR-ABL1 and ¢-MYC in K562 cell line. (a) Western blot im-
ages of p210 BCR-ABL1, c-MYC and B- actin in K562 cells after exposure for 24 h to Au-nanoconjugates
(both simultaneously or AuNP@PEG@c-MYC alone or AuNP@PEG@BCR-ABL1 alone) or to
AuNPs@PEG controls for each Au-nanoconjugate condition; (b) Expression levels of p210 BCR-ABL1 af-
ter exposure to AuNP@PEG@el4a2 Au-nanoconjugate alone (intermediate grey bars), AUNP@PEG@c-
MYC Au-nanoconjugate alone (dark grey bars) and to both Au-nanoconjugates (AuNP@PEG@e14a2 and
AuNP@PEG@c-MYC) simultaneously (light grey bars); (c) Expression levels of c-MYC after exposure to
13 AuNP@PEG@el4a2 Au-nanoconjugate alone (intermediate grey bars), AuNP@PEG@c-MYC Au-
nanoconjugate alone (dark grey bars) and to both Au-nanoconjugates (AuNP@PEG@el4a2 and
AuNP@PEG@c-MYC) simultaneously (light grey bars). p210 BCR-ABL1 and c-MYC protein quantifica-
tion was performed via western blotting on K562 cell extracts after a 24 h exposure to the Au-
nanoconjugates. Band quantification was first normalized against $-actin (loading control) and, subse-
quently, to the control condition (AuNP@PEG controls) (black bars in Figures 3.17b, c). Error bars repre-
sent the standard error of the mean of three independent experiments. **p> 0.01 relative to respective

controls, Tukey’s test statistical significance.
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To further corroborate these western blot results in K562-IM cells, fluorescent micros-
copy was used (Figure 3.20). For that c-MYC and BCR-ABL1 proteins were stained with
TRITC and FITC labeled antibodies, respectively and the fluorescence intensities analyzed
after challenging cells with both Au-nanoconjugates individually or simultaneously (Figure
3.20). As observed, there was a strong reduction of the fluorescence intensity of c-MYC and
BCR-ABL1 after incubation with Au-nanoconjugates that seems to be more effective when
K562-IM cells were exposed to AuUNP@PEG@c-MYC compared to the other exposures (Fig-
ure 3.20a,b). Using brightfield microscopy we were able to observe Au-nanoparticles inside
individual cells (arrows in Figure 3.20a) after exposure to each Au-nanoconjugate and simul-
taneously quantify the reduction on the fluorescence intensity induced by them on ¢-MYC
and BCR-ABL1.
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Figure 3.20 — Fluorescence microscopy analysis of c-MYC and BCR-ABL1 proteins in K562-IM cell after
exposure for 24 h to Au-nanoconjugates (AuNP@PEG@e14a2 alone, AUNP@PEG@c-MYC alone or both
simultaneously) and to AuNP@PEG controls. a) representative images acquired in the same frame for
bright field, BCR-ABL1 antibody (FITC - green filter) and c-MYC antibody (TRITC - red filter). Arrows
represent Au-nanoconjugates in cells. b) normalized BCR-ABL1 and c-MYC expression levels after expo-
sure to AuUNP@PEG@el4a2 alone, AuNP@PEG@c-MYC alone or both simultaneously for 24 h (normali-

zation of total fluorescence intensities to the respective values of AuNP@PEG).
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We demonstrate that silencing at the mRNA level translated to downregulation at the
protein level, where a similar decrease in p210 BCR-ABL1 protein expression in both K562-
IM and K562 cell lines exposed to AuNP@PEG@el14a2 alone was observed (Figures 3.18, 3.19
and 3.20). c-MYC expression was also downregulated after challenging K562-IM cells (and
K562) with AuNP@PEG@el4a2 Au-nanoconjugates. Our data shows a reduction of c-MYC
expression at the gene level that was also translated to around 35% reduction in the c-MYC
protein level (Figures 3.5b and 3.18c). Protein expression decrease was more pronounced in
K562-IM when compared to K562 cells (Figure 3.18c and 3.19c). Moreover, silencing of c-
MYC induces a strong downregulation of p210 BCR-ABL1 protein levels in K562-IM cells
(Figures 3.18b and 3.20), and even in sensitive K562 (Figure 3.19b). These observations are in
line with reports highlighting that c-MYC levels are controlled by BCR-ABL1 oncoprotein via
several signaling pathways [380-383] (partially summarized in Figure 3.1) and that BCR-
ABL1 inhibition by IM strongly reduces c-MYC expression [375,384-386].

3.3.5 Conclusion

In CML, the molecular hallmark of disease is BCR-ABL1 fusion transcript, and c-MYC is one
of the oncogenic transcription actors induced by BCR-ABL1 (Figure 3.1). Resistance to IM has
been related to BCR-ABL1- dependent or -independent mechanisms [387-391], and induc-
tion of c-MYC might be triggered via BCR-ABL1 via Janus kinase 2 (JAK2) activation
[392,393] or via other MAPK pathways (Figure 3.1) [380], leading to high levels of c-MYC

that correlate with poor response to IM and, at molecular level, to genomic instability [375].

BCR-ABL1-dependent and/or independent resistance to IM might be tackled via the
specific silencing of BCR-ABL1 and c-MYC overexpression. Herein, we demonstrate the po-
tential of AuNPs for vectorization of ASOs capable of silencing these target genes in sensitive
and IM-resistant K562 cell models. The physicochemical properties of the AuNDPs, particular-
ly their size, polydispersity index and surface charge, have been considered for improved
vectorization of gene silencing strategies [394].

In the present chapter, we show the silencing capability of AuNPs and functionalized
with ssDNA oligonucleotides targeting selectively the e14a2 BCR-ABL1 or the c-MYC. These
Au-nanoconjugates were capable of efficiently silence both genes at the mRNA level that also
led to a significant reduction of the respective protein levels in an imatinib resistant cell line
- K562- IM. These reductions at gene and protein levels induced cell cycle arrest and a de-
crease in the number of IM resistant cells. Interestingly, the simultaneous use of both nano-

conjugates also led to a reduction in the levels of both proteins (BCR-ABL1 and c-MYC) that
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provided a slight reduction of the number of viable cells and an arrest of cell cycle both at 12
and 24 h. We hypothesize that when both genes are reduced at the same time, cells may be
less capable to respond to the insult, with a higher impact on cell death. Still, further in vivo
validation is required so support this approach as an adjuvant tool for current TKI therapy,
mainly in patients that display IM resistance due to MDR1 overexpression. In CML, usually
spontaneously models are used whose molecular profiles need to be carefully ascertained to
provide for relevant information. Moreover, as described by Kohnken et al. (2017) [395], the
liquid nature of these malignancies (spread all over the body) coupled to the complex micro-
environment from which their arise and their multifaceted genetic basis has added to the
difficulty in generating appropriate translational in vivo models to study CML, let alone

models of TKI resistance.
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COMBINATORY THERAPY - USING AU-
NANOCONJUGATES FOR GENE SI-
LENCING COMBINED WITH KINASE
INHIBITORS

4.1 Introduction

Chemotherapy has been an instrumental tool in cancer treatment, supported by a wide array
of chemotherapeutic agents. Integration of multiple therapeutic modalities to precisely ad-
dress cancer-promoting or cell-maintaining pathways is fundamental to cancer treatment
[396].

The concept of combination therapy was initially presented in 1965 when Emil Frei and
colleagues initiated the first combination chemotherapy for pediatric patients suffering from
acute leukemia [397]. This combination therapeutic approach has significantly transformed
the field of clinical oncology since its inception [398]. As a result, significant focus in cancer
research has been placed on exploring combination therapies that target various pathways
that produce a beneficial anticancer response [398].

The combination of anti-cancer drugs improves efficacy relative to monotherapy by tar-
geting essential pathways in a synergistic or additive manner [399]. This method may dimin-
ish drug resistance while offering therapeutic anti-cancer advantages, including the inhibi-
tion of tumor growth and metastasis, the arrest of mitotically active cells, the reduction of
cancer stem cell populations, and the induction of apoptosis [396]. Moreover, combination
therapy may mitigate the toxic effects on normal cells while simultaneously exerting cytotox-
ic effects on cancer cells [396]. This may happen if one drug in the combination strategy ex-
hibits antagonistic cytotoxicity towards another drug in normal cells, thereby preserving

normal cells from cytotoxic effects [400].
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Mutations and genetic instability constitute the foundation for the development of cancer.
Gene silencing holds significant potential for application in cancer therapy through the
modulation of genes involved in cancer. The integration of chemotherapy and gene therapy
would constitute an optimal strategy for cancer therapy [401]. The combined approach of
chemotherapy and gene therapy has demonstrated a synergistic effect against multiple types
of cancer [402-404].

Gene therapy remains an evolving field and requires additional data for determining its
long-term safety and efficacy [405]. Nanomedicine is a research domain that employs nano-
particles to administer pharmaceuticals and therapies to cells [406]. Nanoparticles can facili-
tate gene delivery by being engineered to target specific cells or areas. Nanoparticles possess
the capacity to transform gene therapy and can securely transport genetic material and accu-
rately direct it to the required location [405]. Nanotechnology-based drug delivery systems
enable the co-delivery or simultaneous administration of multiple therapeutic agents [401].
AuNPs present a distinctive opportunity to integrate multiple treatment modalities simulta-
neously, thereby underlining their superiority in combinatorial cancer therapy [407]. Utiliz-
ing AuNDPs for the simultaneous co-delivery of multiple treatments enhances the efficacy of
each therapy and may also yield additional benefits from the synergistic interactions among
different modalities, leading to significantly improved therapeutic outcomes [407].

In CML, adaptative therapeutic regimens might involve the use of a novel class of tar-
geted BCR-ABL1 inhibitors that focus on the myristoyl pocket of BCR-ABL1, in combination
therapies with other kinase inhibitors, or other agents with innovative targets pertinent to
CML biology [408]. AURKA is crucial for the centrosome cycle and the polar spindle assem-
bly checkpoint, facilitating controlled advancement from G2 to M and during the M phase
[145]. In CML, it is often overexpressed, resulting in genomic instability and resistance to
TKIs like IM [145]. This kinase modulates the G2/M checkpoint, ensuring precise cell divi-
sion [145]. Inhibition of AURKA has been shown to induce apoptosis and reduce the clono-
genic potential of CML cells [145]. AURKA inhibitors have been advanced for the treatment
of drug-resistant CML, including those driven by T3151 BCR-ABL1 mutant, through the in-
hibition of BCR-ABL1 TK [409]. Danu is a dual inhibitor of AURKA and ABL1 (wild-type
and mutated, including T315I), which showed promising activity both in leukemia and solid
tumors [144].

PLK1 is crucial for regulating cell division, preserving genome stability during mitosis,
facilitating spindle assembly, and responding to DNA damage [410]. In CML, PLK1 is over-
expressed, facilitating the sustenance of leukemic stem cells and conferring resistance to

TKIs. Inhibition of PLK1 can induce cell cycle arrest and apoptosis in CML cells [154]. One of
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the best characterized PLK inhibitors is Vola, a low molecular weight compound that exhib-
its substantial anti-leukemic activity [152].

WEET1 is a tyrosine kinase that inhibits the activation of CDK1 and CDK2 to protect ge-
nomic integrity by regulating initiation of replication [411]. In CML, WEEL1 participates in
DDR and aids cancer cell survival by inhibiting premature mitotic entry [157]. The overex-
pression of WEELI correlates with resistance to IM; thus, targeting WEE1 may augment the
sensitivity of CML cells to TKIs and promote cycle arrest and apoptosis [157]. WEE1 has
been considered as a distinct therapeutic target, with the agent ada now advancing through
clinical trials [173,412,413]. Adavo is a first-in-class selective small-molecule inhibitor of the
tyrosine kinase Weel, a regulator of the intra-S and G2/M cell-cycle checkpoints [170]. Fur-
thermore, ada enhances the efficacy of chemotherapeutic drugs by impairing the DNA dam-
age response, leading to the buildup of DNA damage [171]. The effectiveness of Adavo in
conjunction with other anticancer treatments has been examined in preliminary clinical trials
[172-174]. Figure 4.1 summarizes the signaling pathways of Aurora A, PLK1 and WEE1 ki-

nase and their role in CML.
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Figure 4.1 — Signaling pathways of Aurora Kinase A, Polo Kinase 1 and WEE 1 Kinase and the resistance mech-
anism in CML. a) AURKA modulates mitotic entry by activating the cyclin-B/CDK1 complex, AURKA phos-
phorylates PLK1 by the cofactor Bora. Activated PLK1 phosphorylates CDC25 phosphatases. AURKA can direct-
ly phosphorylate CDC25 to promote mitotic entry. On the other hand, activated PLK1 is able to degrade the
CDK1 inhibitory kinase WEE1 to prevent the inactivation of cyclin-B/CDK1; b) Overview of the main resistance
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mechanism in CML such as: activation of alternative signaling pathways (PI3K/AKT, JAK/STAT, and
RAS/MAPK); activation of Aurora A-PLK1-FOXM (adapted from De Santis et al., [414] & Otto at al.,[415] )

Based on the promising data from chapter 3, herein, we hypothesize that applying a
combination strategy directed at different molecular targets would result in optimized effi-
cacy in cells sensitive and resistant to IM - the first-line TKI broadly used in CML patients.
Firstly, a combination of IM with other kinase inhibitors - Danu, Vola, and Adavo; and then
a combination of combining Au-nanoconjugates for the direct and simultaneous silencing of
BCR-ABL1 (el14a2) and c-MYC with IM and Danu, Vola, and Adavo. The effect of these com-
binations is assessed in terms of efficacy against the K562 cells sensitive and resistant to IM,
and the potential additive/synergistic effect is analyzed in terms of counteracting resistance
to IM.

4.2 Materials and Methods

4.2.1 Cell challenge with Au-nanoconjugates

K562 and K562-M Cells were cultured in a density of 0.1x105 cells/well (96 well plate). Both
cell lines were challenged simultaneously for 24 h with AuNP@PEG @14a2 (0.35 nm) target-
ing BCR-ABL1, which corresponds to 30 nM oligonucleotide with a ratio of
(Au:oligonucleotide = 1:84) and AuNP@PEG@c-MYC (0.6 nm) targeting c-MYC, which corre-
sponding to 45 nM oligonucleotide with ratio of (Au:oligonucleotide = 1:75).

4.2.2 Cell challenge with chemotherapeutics and Au-nanoconjugates

Danu, Vola, and Adavo were purchased from Selleck Chemicals. K562 and K562-IM cell lines
were seeded at density of 0.1x105 cells/well (96 well plate). The determination of relative ICso
of IM, Danu, Vola, and Adavo were performed by MTS assay by exposing k562 along with
k562-IM cell lines for growing concentrations of the drugs ranging from 0.0025 to 10 pM for
48 h. The cells were firstly exposed individually or in combination to ICsy of IM, Danu, Vola,
and Adavo for 48 h. Afterwards, the cells were subjected to challenges involving 0.35 nM
AuNP@PEG@el4a2, corresponding to 30 nM oligonucleotide (with an Au: oligonucleotide
ratio of 1:84), alongside 0.6 nM AuNP@PEG@c-MYC, corresponding to 45 nM oligonucleo-
tide (maintaining the same Au: oligonucleotide ratio of 1:84), and were incubated for a dura-

tion of 24 h. As control, cells were subjected to ICs of the drugs as control.
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4.2.3 Cell Viability via MTS assay

The MTS examination was used to evaluate cell viability. In brief, for the combination of Au-
nanoconjugates with IM and/or other kinase inhibitors (Danu, Vola, and Adavo), K562 and
K562-IM cell lines were firstly subjected to the ICs of the drugs and placed in 96-well plates
for a total of 48 h, after 24 h of incubation with the drugs, AuNP@PEG@el4a2 and
AuNP@PEG@-c-MYC simultaneously were added to cells for 24 h. For this assay, the 96-Cell
Titer® liquid-Non-Radioactive was utilized. The intensity of absorption was determined us-

ing a Tecan-Infinite-M200 microplate reader at 490 nm.
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4.3 Results and discussion

4.3.1 Effect of Adavosertib, Danusertib and Volasertib in K562 and

K562-IM cell lines

The effect of Danu, Vola, and Adavo on K562 and K562-IM cells viability was assessed via

the MTS assay after exposure of cells to increasing concentrations (ranging from 0.0025 to 10

uM) of each kinase inhibitor individually for 48 h. For IM, the relative ICs) was also deter-

mined via MTS assay at 48 h by exposing K562 cells to growing IM concentrations ranging

from 0.01 to 10 uM in K562 cell line.

As observed in Figures 4.2 and 4.3, there is a decrease in both cells” viability with an in-

crease of kinase inhibitor concentration.
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Figure 4.2— K562 Cell Viability (%) after 48h of incubation in the presence of increasing concentrations
(0.0025 to 10 uM) of Adavosertib (Adavo) (a), Danusertib (Danu) (b), Volasertib (Vola) (c), and Imatinib

(IM) (d).** p<0.01 relative to respective control, using Tukey’s test statistical significance.
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Figure 4.3 — K562-IM Cell Viability (%) after 48h of incubation in the presence of increasing concentra-
tions (0.0025 to 10 uM) of Adavosertib (Adavo) (a), Danusertib (Danu) (b) and Volasertib (Vola) (c). *

p<0.01, * p<0.05 relative to respective control, using Tukey’s test statistical significance.

These cell viability as a function of concentration plots allowed calculating the relative ICs,
defined as the kinase inhibitor concentration resulting in 50% of reduction in cell viability

(Table 4.1) [416].

Table 4.1 — Relative ICsp values obtained for each kinase inhibitor (Danu, Vola, Adavo and IM) in K562 or K562-
IM cell lines after 48 h of exposure. ICsp values are expressed as the mean + SEM of at least three biological inde-

pendent assays.

ICs0 (um)
Kinase inhibitors K562 K562-IM
Danu 0.21 £0.03 0.97 £0.02
Vola 0.025 £ 0.005 0.1+0.03
Adavo 0.35+0.04 0.14 £ 0.06
IM 0.18 £ 0.07 N/A

*N/A: not applicable
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In K562 the cytotoxicity order was Vola > Danu > Adavo; for K562-IM the cytotoxicity order
was Vola > Adavo > Danu. (Table 4.1; Figures 4.1 and 4.2). As observed in Table 4.1 and Fig-
ures 4.1 and 4.2, among the three kinase inhibitors, Vola induced higher cytotoxicity in both

cell lines (sensitive and resistant).

4.3.2 Combination of Imatinib, Adavosertib, Danusertib and Volasert-
ib

Next, we have evaluated the effect of incubating K562 and K562-IM cells with two different

TKIs simultaneously. To achieve this, both cells were exposed, for 48 h, to the ICso concentra-

tions of both kinase inhibitors (ICso of IM, Danu, Vola, Adavo (see Table 4.1 above)) and the

effect on cell viability determined using the MTS assay (Figures 4.4 and 4.5).

The combination of Adavo + Danu simultaneously induced a statistically significant
reduction of K562 cell viability (attaining a value of 23.32%) when compared to each drug
individually: Adavo (final viability of 59.24%) and Danu (final viability of 58.26%) (Figure
4.4a). A similar behavior was observed in K562-IM cell line, showing a statistically significant
reduction of cells viability (with a final value of 35.77%) of the combined drugs when com-
pared to each drug individually: Danu (viability of 66.62%) and ICsy Adavo (viability of
52.10%) (Figure 4.5a). Globally, the effect of this combination was more pronounced in K562
sensitive cells compared to the resistant K562 cells (Figures 4.4 and 4.5).

Concerning the combination of Vola + Adavo simultaneously in both cell lines, results
show a statistically significant reduction in K562 (viability of 35.03%) compared to Volaalone
(viability of 64.74%) or Adavo alone (viability of 59.24%) (Figure 4.4b). For the K562-IM cell
line, a statistically significant reduction (viability of 50.78%) was observed for the combina-
tion of both drugs when compared to Vola (viability of 66.42%) alone (Figure 4.5b), but no
statistically significant reduction was observed compared to Adavo alone (viability of
52.10%) (Figure 4.5b).

Additionally, the simultaneous challenge of the combination Vola + Danu in K562 cell
line also showed a statistically significant decrease (viability of 38.29%) in comparison with
Vola alone (viability of 64.74%) or Danu alone (viability of 58.26%) (Figure 4.4c). The same
was also observed for the combination Vola + Danu in IM-resistant cell line, (viability of
53.26%) when compared to Vola alone (viability of 66.42%) or Danu alone (viability of
66.62%) (Figure 4.5¢).
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Figure 4.4 — Cell viability via MTS assay upon exposure of K562 cell line to combination of adavosertib

(Adavo), danusertib (Danu), volasertib (Vola) for 48 h. (a) combination of Adavo + Danu compared to

the ICso of Adavo or the ICs5 of Danu individually (b) combination of Adavo + Vola compared to the ICso

of Adavo or the ICs of Vola individually. (c) combination of Danu + Vola compared to the ICs of Vola

or the ICso of Danu individually. Error bars represent the standard error of the mean of three independ-

ent experiments. **** p<0.0001 relative to respective control using Tukey’s test statistical significance.
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Figure 4.5 — Cell viability via MTS assay upon exposure of K562-IM cell line to combination of Ada-
vosertib (Adavo), Danusertib (Danu), Volasertib (Vola) for 48 h. (a) combination of Adavo + Danu com-
pared to the ICso of Adavo or the ICsp of Danu individually (b) combination of Adavo + Vola compared
to the ICsp of Adavo or the IC5o of Vola individually. (c) combination of Danu + Vola compared to the
ICsp of Vola or the ICsp of Danu individually. Error bars represent the standard error of the mean of
three independent experiments. ** p<0.01, * p<0.05 relative to respective control using Tukey’s test sta-

tistical significance.

Considering the different combinations studied so far, the combination of Danu +
Adavo induced the highest decrease in K562 and K562-IM cells viability compared to the
other combinations. Moreover, the effect was higher for K562 compared to K562-IM.

We demonstrate that combining Aura kinase inhibitor (Danu) with the polo kinase in-
hibitor (Vola) simultaneously significantly decreases the cell viability in K562 and K562-IM
(Figures 4.4c and 4.5¢). Interestingly, combining tyrosine kinase Weel inhibitor (Adavo) with
Danu or Vola simultaneously leads to much lower cell viability compared to Adavo or Danu
alone in both sensitive and IM-resistant cell lines - see Figures 4.4 and 4.5. Our findings are
in line with a previous report by Mancini et al., [145] where it is demonstrated that a combi-
nation of Weel inhibitor (Adavo) with Danu or Vola has a significant impact on TKI-
sensitive and -resistant cell lines by enhancing the induction of apoptotic cell death when

compared to Danu and Adavo alone.

We have further assessed the combination of the ICs of IM with the ICs of Adavo, or
the ICsp of Danu or the ICs of Vola in the K562 cell line - Figure 4.6. Similar behavior was
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observed for these combinations: (IM + Adavo), (IM + Danu) and (IM + Vola), all showing a
strong reduction in cell viability - resulting in viability of 10.93%, 14.73%, and 13.24%, re-
spectively - compared to each drug alone at the respective ICso (viability of 56.88%, 59.24%,
58.26%, or 64.74%, respectively) (Figure 4.6).
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Figure 4.6 — Cell viability via MTS assay upon exposure of K562 cells to a combination of Imatinib (IM)
with Adavosertib (Adavo), Danusertib (Danu) or Volasertib (Vola) for 48 h. (a) combination of IM with
Adavo compared to the IC5 of IM or the ICs5 of Adavo individually; (b) combination of IM + Danu com-
pared to the ICsp of IM or the ICs5 of Danu individually; (c) combination of IM + Vola compared to the
ICsp of IM or the ICsg of Vola individually. Error bars represent the standard error of the mean of three
independent experiments. **** p<0.0001, *** p<0.001 relative to respective control using Tukey’s test sta-

tistical significance.

Overall, the combination of IM with any of the other kinase inhibitors led to the high-
est reduction in K562 cells (Figure 4.6). All of these combinations attained even a higher re-

duction compared to the combination Danu + Adavo (Figure 4.6 versus Figure 4.4a).

When evaluating the effect of combinatory challenge with TKIs and other kinase inhib-
itors, our data seem to point to a synergistic activity in IM-sensitive cell line. Combinations
of IM with Danu, Vola, and Adavo show that the combinatory challenge strongly decreases
the cell viability in the K562 cell line (Figure 4.6). A more pronounced reduction in cell viabil-
ity is observed when combining IM with Danu (Figure 4.6a). These data reproduce similar
observations previously reported on the combinatory effect of these drugs against CML cells.

For instance, a previous study by Balabanov et al., [417] showed that exposure to Danu or IM
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at nanomolar concentrations resulted in the inhibition of BCR-ABLI activity. Also, simulta-
neous treatment with Danu and IM led to an increased rate of apoptosis in K562 cells when
compared to the individual drugs [417]. A recent study by Awad et al., [418] screened 12
CML-LSPC samples (6 CP and 6 AP/BP) using a library of 18 IM-drug combinations that
were selected based on DSRT screening of CML-LSPCs to identify synergistic TKI-drug
combinations that effectively co-inhibit CML CD34+CD38 cells. The report highlights that
one of the most promising IM+ drug combinations was with the kinase inhibitor Adavo,

which showed a potent synergy (HSA synergy score >5) [418].

It should be noted that this study was only performed for K562 cell line and not for the
K562-IM cell line due to their intrinsic resistance to IM. However, in the next section these
combinations will be analysed in order to understand if these kinase inhibitors combined

with Au-nanoconjugates could lead to a decrease in the IM resistance.

4.3.3 Combination of Au-nanoconjugates to silencing BCR-ABL1 and
c-MYC with kinase inhibitors (Adavosertib, Danusertib, Vo-

lasertib and Imatinib)

The Au-nanoconjugates characterized for specific gene silencing described in Chapter 3 were
then used in combination with these drugs, and the impact on cell viability and resistance
profile was evaluated. For this, AuNP@PEG@e14a2 + AuNP@PEG@c-MYC were adminis-
tered simultaneously in combination with IM (TKI) and or the other kinase inhibitors on sen-
sitive and resistance cell lines, and cell viability was assessed via the MTS assay. Considering
the previous results (chapter 3 and above), different time points were considered for the
combinatory challenge: 48 h of incubation in the presence of IM or the other kinase inhibitors
and 24 h of incubation for the Au-nanoconjugates (AuNP@PEG@el14a2 + AuNP@PEG@c-
MYC simultaneously) (Figures 4.7 and 4.8).

The IM-sensitive K562 cell line was challenged simultaneously with the combination of
(AuNP@PEG@el4a2 + AuNP@PEG@c-MYC) with the kinase inhibitors alone or combined
(each of them at their relative ICsy values; Adavo + Danu, Adavo + Vola or Vola + Danu).
For all the combinations of kinase inhibitors, the addition of the silencing Au-nanoconjugates
does not induce a significant change to the observed viabilities of the drugs (alone or in

combination) (Figure 4.7).

100



a)

K562 Cells+ Au-nanoconjugates+

b)

K562 Cells+ Au-nanoconjugates+

K562 Cells+ Au-nanoconjugates+

(Adavo and Danu) (Adavo and Vola) (Danu and Vola)
% %k %k %k
1001 Kok ok k . 100~ . ok 1004 FEEE -

I I 1 *okokk I 1
~ 80- KAk K I 1 ~ god | ****| *k -~ 804 *ok
£ 604 £ 60+ £ 60
3 3 2
S 404 S 404 'S 404
3 ] T ‘ \
O 204 . |ﬁ| O 204 O 204

0- T T T 0- T T T 0- T T T
o\(,‘o“ 0\(_,"9 Q\(_,‘a R \00:.“ R \043“ o\(_,‘:“ O \0\(‘,@ \@\0@ O\oﬁ? 0\0@ \@\0"’“ 0\0@ @\0@ ’b\(f; o \(,‘:“ 'b\(‘,ﬁ“
)
& & Po‘\ YSS\ ”oé‘ ,‘0@? vp’S‘ 1@ \° v‘gb" & N0 & G R S °,§~° ;\O\Q ;\0\
Xe ‘skdg é_\\(} \Q‘? o\(_,ﬁ:“ ‘s\c’* é-‘\o \00:“ \or—? q\(f ‘g,\(’ \0‘?
] 5 b o o 4° & & b &>
& G ¥ & & & 5 & 3 o &
& é:© q@o@ & & Q’G@ & ox‘?‘b ¢ é’@P Q(oc¢© d‘ofo
& & © & @ & g & &
©) g7 & »
& & & & & & o
W <Y & ‘v-\’ o & ¥ @
h’y' «"& @Q hq, N Q@Q &n ,\N;L Q@Q
& & 2 g § AP AR
é’© & ¥ 0@;‘ Qq,o LV & é’@ R
& & & & @ & &
& & ¥ & & ¥ & & &
v & S & ¥ Q/co@a
<© g g
© © ©
& K &
v“\) ?9 v.‘)

Figure 4.7 — Cell viability via MTS assay upon challenge K562 cells to a combination of Au-
nanoconjugates for 24 h with the kinase inhibitors Adavosertib (Adavo), Danusertib (Danu) or Volasert-
ib (Vola) individually or in combination for 48 h. (a) combination of AuNP@PEG@el4a2 +
AuNP@PEG@c-MYC simultaneously with Adavo, Danu or Adavo + Danu. (b) combination of
AuNP@PEG@el4a2 + AuNP@PEG@c-MYC simultaneously with Adavo, Vola or Adavo + Vola. (c) com-
bination of AuUNP@PEG@el14a2 + AuNP@PEG@c-MYC simultaneously with danu, Vola or Danu + Vola.
Error bars represent the standard error of the mean of three independent experiments. **** p<0.0001, ***

p<0.001, ** p<0.01, * p<0.05 relative to respective control using Tukey’s test statistical significance.

Previously, when using IM in combination with any of the other kinase inhibitors, we
observed a very strong effect in K562 cell viability (Figure 4.6). However, the combination of
these kinase inhibitors with the gene silencing Au-nanoconjugates does not induce an addi-

tional loss of viability to cells (Figure 4.8 versus Figure 4.6).
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Figure 4.8 — Cell viability via MTS assay upon challenge K562 cells to a combination of Au-
nanoconjugates for 24 h with Imatinib (IM), Adavosertib (Adavo), Danusertib (Danu) or Volasertib (Vo-
la) individually or in combination for 48 h. (a) combination of AuUNP@PEG@el4a2 + AuNP@PEG@c-
MYC simultaneously with IM, Danu or IM + Danu. (b) combination of AuNP@PEG@el4a2 +
AuNP@PEG@c-MYC simultaneously with IM, Vola or IM + Vola. (c) combination of AuNP@PEG@el4a2
+ AuNP@PEG@c-MYC simultaneously with IM, Adavo or IM + Adavo. Error bars represent the stand-
ard error of the mean of three independent experiments. **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05

relative to respective control using Tukey’s test statistical significance.

To understand the effect of using these combinations on the IM-resistance cell line, the
same approach was then used in the K562-IM cell line (Figure 4.9). Interestingly, the addition
of AuNP@PEG@el4a2 + AuNP@PEG@c-MYC simultaneously to the combined kinase inhibi-
tors, (Danu + Vola), shows a statistically significant decrease in cell viability (cell viability of
45.95%) compared to the use of (Danu + Vola) alone (viability of 53.26 %) (Figure 4.9a).

Moreover, a statistically significant reduction in cell viability was also observed when
the Au-nanoconjugates were conjugated with Vola alone at their respective ICs (viability of
57.12 % versus 66.42 %) - Figure 4.9a. However, no statistically significant difference was
observed for the combination of the Au-nanoconjugates with Danu alone (at ICsp), when

compared to ICso Danu alone (Figure 4.9a).
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When Adavo+ Vola were used in combination with both Au-nanoconjugates, the re-
sults showed a statistically significant decrease in the cell viability (viability of 43.62 %) com-
pared to the exposure to the kinase inhibitors alone (Adavo + Vola) (viability of 50.78 %).
The combination of Au-nanoconjugates with the ICsp of Vola also reduced the cell viability
compared to Vola alone (cell viability of 57.12% compared to 66.42 %). However, no statisti-
cally significant difference was found when the Au-nanoconjugates were combined with the
ICs0 of Adavo (cell viability of 50.18%) compared to the kinase inhibitor alone, Adavo (cell
viability of 52.10%) (Figure 4.9b).

Finally, the combination of the Au-nanoconjugates with Adavo + Danu in K562-IM re-
sulted in a statistically significant reduction of cell viability when compared to (ICsp Adavo +
ICso Danu) alone (viability of 26.45 % vs. 35.77 %) (Figure 4.9¢). No significant reductions
were observed for the combination of the Au-nanoconjugates with each kinase inhibitor
alone (Figure 4.9¢).

Take together, these last combination Au-nanoconjugates + the two kinase inhibitors,

Adavo + Danu, show the strongest reduction in K562-IM cell viability (Figure 4.9c¢).
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Figure 4.9 — Cell viability via MTS assay upon challenge K562-IM cell line to a combination of Au-
nanoconjugates for 24 h with Adavosertib (Adavo), Danusertib (Danu) or Volasertib (Vola) individually
or in combination for 48 h. (a) combination of AuUNP@PEG@el4a2 + AuNP@PEG@c-MYC simultaneous-
ly with Danu, Adavo alone or with Danu + Vola. (b) combination of AuNP@PEG@el4a2 +
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AuNP@PEG@c-MYC simultaneously with Adavo, Vola alone or with Adavo + Vola. (c) combination of
AuNP@PEG@el4a2 + AuNP@PEG@c-MYC simultaneously with Adavo, Danu alone or with Adavo +
Danu. Error bars represent the standard error of the mean of three independent experiments. ****
p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 relative to respective control using Tukey’s test statistical sig-

nificance

At the beginning of this Chapter, it was hypothesized that the combination of silencing
Au-nanoconjugates with IM, Danu, Vola, and Adavo should induce an additive or synergis-
tic effect against the CML cells. We show that combining AuNP@PEG@el4a2 +
AuNP@PEG@c-MYC with IM increased the impact on CML cells when compared to IM
alone (Figure 4.8). This is in line with the report by Vinhas et al. that demonstrated that com-
bining AuNP@PEG®@el14a2 alone with IM significantly enhances the effect of IM against cell
proliferation in K562 cell line [318].

Herein, we have shown that silencing of a downstream effector (c-MYC) of BCR-ABL1
does not enhance the effect of IM, perhaps because the pathway has already been sufficiently
downregulated by silencing of BCR-ABL1. On the other hand, combining
AuNP@PEG@el4a2 + AuNP@PEG@c-MYC with Danu, Vola, and Adavo individually or in
combination showed only a slight additive effect - Figure 4.7. The effect of the Au-
nanoconjugate with Danu, Vola and Adavo on IM-resistant cell line was also analyzed and
showed a synergistic effect - figure 4.9. The combination of AuNP@PEG@el4a2 +
AuNP@PEG@c-MYC with Vola significantly decreases cell viability (Figure 4.9a). The high-
est impact on cell viability was attained via the combination of the Au-nanoconjugates with
(Danu + Vola), (Adavo + Vola) and (Danu + Adavo).

4.4 Conclusion

Over the past two decades, targeted therapy against CML with TKIs such as (IM, nilotinib,
dasatinib, bosutinib or ponatinib) has shown excellent results. Nonetheless, both BCR-ABL1-
depenednt and -independent resistance, along with the survival of BCR-ABL1-independent
LSCs, partially reduce the efficacy of TKIs. Consequently, a subset of CML patients evidently
requires alternative therapeutic strategies [147]. As the understanding of CML biology ex-
pands, numerous alternatives have been investigated [408]. This may involve the utilization
of a novel class of targeted BCR-ABL1 inhibitors that focus on the myristoyl pocket of BCR-
ABL1, combination therapies with other established kinase inhibitors, or other pharmaceuti-

cals with innovative targets pertinent to CML biology [408]. Nanotechnology-enabled drug
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delivery systems facilitate the co-delivery or simultaneous administration of multiple thera-
peutic agents [401].

Combining gene silencing approaches to targeted drug and drug combinations could
provide an additional tool against cancer cells. AuNPs have been shown to enable the effec-
tive transfection of gene-silencing moieties into cancer cells and effectively silence the target
transcripts (see Chapter 3) [302].

Herein, we assessed the effect of combining Imatinib (TKI) and other kinase inhibitors
(Danu, Vola, and Adavo), which were then further combined with the silencing Au-
nanoconjugates in sensitive and IM-resistant K562 cell models.

When evaluating the effect of combinatory challenge with TKIs and other kinase inhib-
itors, our data seems to point to a synergistic activity in IM-sensitive CML cells.

Herein, we have shown that silencing of a downstream effector (c-MYC) of BCR-ABL1
does not enhance the effect of IM, perhaps because the pathway has already been sufficiently
downregulated by silencing of BCR-ABL1l. On the other hand, combining
AuNP@PEG@el4a2 + AuNP@PEG@c-MYC with Danu, Vola, and Adavo individually or in
combination showed only a slight additive effect in K562 cells. However, the effect of the
Au-nanoconjugate with Danu, Vola, and Adavo on IM-resistant cells was also analyzed and

showed a synergistic effect.
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CONCLUSION AND FUTURE PERSPEC-
TIVES

5.1 Conclusions

CML is a malignant myeloproliferative disease marked by the clonal expansion of hemato-
poietic stem cells. The Ph chromosome is the principal molecular hallmark of CML. This fu-
sion results in the production of an oncoprotein known as BCR-ABL1, with constitutive tyro-
sine kinase activity. In the last twenty years, targeted therapy with TKIs such as IM, ni-
lotinib, dasatinib, bosutinib, and ponatinib has shown significant outcomes. Nevertheless,
the heterogeneity of the disease and development of resistance continues to pose considera-
ble difficulty in the management of CML. Drug resistance by CML cells is one of the main
reasons for therapeutic failure. Therefore, the developments of new therapeutic compounds
or/and combined with other kinase inhibitors that can overcome this resistance are widely
needed.

Nanomedicine has been pursued to address the shortcomings associated with cancer
treatment using medications characterized by low specificity, fast clearance, biodegradation,
and restricted targeting. Nanocarriers were suggested as a preferable alternative for targeted
drug delivery to tumor tissue and controlled release of the prescribed medication. Cancer
nanomedicine has been deeply focused on two main vectors: solutions for accurate molecu-
lar characterization of tumors and new approaches for improved chemotherapy. However,
most of these advances are still in the pre-clinical stage of research and far from substituting
or assisting traditional cancer management procedures. Moreover, the vast majority of these

nanoformulations have been designed and directed at solid tumors, due to their well-studied
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architecture, invasiveness and distinctive confined localization, in detriment of liquid tu-
mors.

Molecular detection of BCR-ABL1 transcription is essential for the diagnosis of CML,
and its molecular quantification is crucial for evaluating treatment strategies and clinical
interventions. Recent advancements in the treatment of CML via molecular monitoring have
successfully lowered morbidity and mortality rates. Advanced molecular techniques are de-
signed to detect BCR-ABLI transcript levels for monitoring molecular responses associated
with these transcript levels. In the context of CML, point mutations in the ABL1 gene pose a
challenge for clinical guidelines, as various mutations contribute to resistance against TKIs,
suggesting a potential need for modification in the treatment protocol.

Chapter 2 reports the screening of BCR-ABL1 transcripts in samples from CML patients
to identify BCR-ABL1 KD mutations that might be associated to resistance to TKIs. Our nest-
ed-PCR results indicated that the majority of CML patients exhibit the el4a2 BCR-ABL1 tran-
script (80%), whereas the remaining others exhibited the ela2 BCR-ABLI transcript (20%).
However, The Sanger sequencing results have not shown any associated mutations in re-
gions (exons 4-7) or (exons 7-9) in ABL1 kinase domain of the patient samples. The results
were subsequently applied to the k562 and k562-IM. Our findings indicate that both cell lines
exhibit the e14a2 BCR-ABL1 isoform and lack any mutations in the ABL1 KD, however, k562-
IM cell line exhibits a BCR-ABL1 independent mechanism due to the overexpression of
MDR1 in comparison to the k562 cell line. The objective was not to provide for a broad as-
sessment of transcript and/or mutation profiles for patients, but rather to characterize the
molecular starting point of the hypotheses put forward in the core of the Thesis, i.e. the rele-
vance of the cell models used in the next chapters, their transcript signatures and the absence
of mutations in the ABL1 KD in patients as well in both cell lines (sensitive and resistant to
IM) that could be a target for gene silencing.

In chapter 3, we demonstrate the potential of AuNPs for vectorization of ASOs capable
of silencing these target genes in sensitive and IM-resistant K562 cell models. We synthesized
AuNPs and functionalized with ASOs targeting each individual mRNA in an IM-resistant
K562 cell line model, to efficiently silence the e14a2 BCR-ABLI, c-MYC or both simultaneous-
ly. These Au-nanoconjugates were capable of efficiently silence both genes at the mRNA
level that also led to a significant reduction of the respective protein levels in an IM-resistant
cell line. These reductions at gene and protein levels induced cell cycle arrest and a decrease
in the number of IM resistant cells. The simultaneous use of both nanoconjugates also led to
a reduction in the levels of both proteins (BCR-ABL1 and c-MYC) that provided a slight re-
duction of the number of viable cells and an arrest of cell cycle both at 12 and 24 h. We hy-
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pothesize that when both genes are reduced at the same time, cells may be less capable to
respond to the insult, with a higher impact on cell death.

In the last part of this thesis, we assessed the effect of combining imatinib (TKI) and
other kinase inhibitors (Danu, Vola, and Adavo), which were then further combined with the
silencing Au-nanoconjugates in sensitive and IM-resistant K562 cell models (chapter 4). We
show that combining Aura kinase inhibitor (Danu) with the polo kinase inhibitor (Vola)
simultaneously significantly decreases the cell viability in K562 and K562-IM. Moreover,
combining tyrosine kinase Weel inhibitor (Adavo) with Danu or Vola simultaneously leads
to much lower cell viability compared to Adavo or Danu alone in both sensitive and IM-
resistant cells. We then evaluating the effect of combinatory challenge with TKIs and other
kinase inhibitors, our data seem to point to a synergistic activity in IM-sensitive CML cells.
Combinations of IM with Danu, Vola, and Adavo show that the combinatory challenge
strongly decreases the cell viability in the K562 cell line.

Moreover, we show that combining Au-nanoconjugates with IM increased the impact
on CML cells when compared to IM alone. Moreover, the effect of the Au-nanoconjugate
with Danu, Vola and Adavo on IM-resistant cells was also analyzed and showed a synergis-

tic effect.

5.2 Future perspectives

In the beginning of this project, we defined 3 topics we wanted to explore to expand the
knowledge in the fight against CML resistant cells. First, Identification of different BCR-
ABL1 fusion transcripts to identify target sequences and optimize the recognition of point-
mismatches in ABL1 domain associated to TKI resistance in CML clinical samples. Second,
individual and combinational strategies for specific and selective gene silencing via Au-
nanoconjugates to switch off BCR-ABL1 and c-MYC which is responsible for drug resistance.
Third, combining of Au-nanoconjugates with TKIs (IM) and other kinase inhibitors (Danu-
Vola, and Adavo) targeting CML sensitive and resistance cell lines. Throughout the chapters
we addressed these topics, answering some questions, and leaving some for further work.

By targeting BCR-ABL1, c-MYC and both simultaneously, our designed Au-
nanoconjugates provided for an effective solution to overcome TKI resistance in CML. We
demonstrate the potential of AuNPs for vectorization of ASOs capable of silencing these tar-
get genes in sensitive and IM-resistant K562 cell models. These Au-nanoconjugates were ca-
pable of efficiently silence both genes at the mRNA level that also led to a significant reduc-

tion of the respective protein levels in an imatinib resistant cell line - K562- IM. Overexpres-
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sion of MDR1, the gene encoding for a drug efflux pump, has been identified as a mecha-
nism of resistance to IM. Resistance to TKIs remains a significant hurdle in CML treatment.
AuNPs could serve as an effective adjunct to overcome resistance by silencing genes in-
volved in secondary mutations or alternative survival pathways. This approach could be
extended to other resistance-related genes identified in future studies.

Still, it would be important to evaluate different combinations strategies (different time
of addition of the Au-nanoconjugates to cells) or combining both silencing moieties in one
nanoparticle (multifunctional nanoparticle). As explained before, due to the different proper-
ties of the nanoconjugates (size, charge, poly dispersion index) their internalization rate
might vary, and one type may be internalized faster and/or more efficiently compared to the
other, leading to different silencing efficacies at mRNA level (as we are targeting mRNA)
compared to the protein levels (as observed in this study) [369-372]

AuNPs can be conjugated with seeral functionalizing moieties. For instance, function-
alize AuNPs with monoclonal antibodies specific to CML-resistant cell surface markers (e.g.,
CD25, CD33, or CD44). This can enhance specificity by enabling targeted delivery to resistant
CML cells. Furthermore, functionalize AuNPs with siRNAs or miRNAs targeting resistance-
associated genes, such as BCR-ABLI1, c-MYC, or other compensatory survival pathways.
Addtionally, develop AuNPs as delivery vehicles for CRISPR-Cas9 components to specifical-
ly edit resistance-associated mutations in the BCR-ABLI gene or other oncogenes and target
epigenetic regulators that contribute to drug resistance. AuNPs can also use for combining
functionalization strategies to create multi-modal AuNPs capable of delivering ASOs, siR-
NA, TKIs, and immunomodulators simultaneously targeting different key players on CML
pathogenesis: BCR-ABL1, MDR1, c-MYC, miRNAs.

Despite significant advances in targeted therapies, the emergence of resistance to TKIs
like imatinib continues to challenge the long-term management of CML. This resistance is
often due to point mutations in the BCR-ABLI gene, activation of alternative signaling path-
ways, or protective effects within the bone marrow microenvironment. The use of AuNPs in
combination with imatinib and other kinase inhibitors represents a promising frontier in
CML therapy, especially in overcoming drug resistance. Herein, we assessed the effect of
combining IM (TKI) and other kinase inhibitors (Danu, Vola, and Adavo), which were then
further combined with the silencing Au-nanoconjugates in sensitive and IM-resistant K562
cell models. We show that combining Au-nanoconjugates with IM increased the impact on
CML cells when compared to IM alone. Moreover, the effect of the Au-nanoconjugate with
Danu, Vola, and Adavo on IM-resistant cells was also analyzed and showed a synergistic

effect.
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Translation of these data to relevant in vivo model is still at large, mainly due to the
cumbersome of developing suitable animal models of leukemia. In CML, usually spontane-
ously models are used whose molecular profiles need to be carefully ascertained to provide
relevant information. Moreover, as described by Kohnken et al., [395], the liquid nature of
these malignancies (spread all over the body) coupled to the complex microenvironment
from which their arise and their multifaceted genetic basis has added to the difficulty in gen-
erating appropriate translational in vivo models to study CML, let alone models of TKI re-

sistance.
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Figure A.1 — Western blot images for BCR-ABL, c-MYC and -actin protein expression levels in K562

cell line after exposure cells to Au-nanoconjugates (old lysis buffer). (a) protein expression levels of BCR-

ABL1 (250 KDa) after challenged cells with Au-nanoconjugates for 24h; (b) protein expression levels of c-
MYC (57 KDa) after challenged cells with Au-nanoconjugates for 24h; (c) protein expression levels of B-
actin (42 KDa) after challenged cells with Au-nanoconjugates for 24h.
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Figure A.2 — Western blot images for BCR-ABL, c-MYC and B-actin protein expression levels in K562-

IM cell line after exposure cells to Au-nanoconjugates (old lysis buffer). (a) protein expression levels of
BCR-ABL1 (250 KDa) after challenged cells with Au-nanoconjugates for 24h; (b) protein expression lev-
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els of c-MYC (57 KDa) after challenged cells with Au-nanoconjugates for 24h; (c) protein expression lev-
els of B-actin (42 KDa) after challenged cells with Au-nanoconjugates for 24h.
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Figure A.3 — Western blot images for BCR-ABL, c-MYC and B-actin protein expression levels in K562 cell

line after exposure cells to Au-nanoconjugates (replaced lysis buffer). (a) protein expression levels of BCR-

ABL1 (250 KDa) after challenged cells with Au-nanoconjugates for 24h; (b) protein expression levels of c-
MYC (57 KDa) after challenged cells with Au-nanoconjugates for 24h; (c) protein expression levels of B-

actin (42 KDa) after challenged cells with Au-nanoconjugates for 24h.
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Figure A4 — Western blot images for BCR-ABL, c-MYC and B-actin protein expression levels in K562-

IM cell line after exposure cells to Au-nanoconjugates (replaced lysis buffer). (a) protein expression lev-
els of BCR-ABL1 (250 KDa) after challenged cells with Au-nanoconjugates for 24h; (b) protein expression
levels of -MYC (57 KDa) after challenged cells with Au-nanoconjugates for 24h; (c) protein expression

levels of B-actin (42 KDa) after challenged cells with Au-nanoconjugates for 24h.

158






5 A S|19D TIND @2Uk1SISaY/2ANISUSS S| 1

AOOrMVINTNAGY WISYO HVEVY 1v1Id
u| seyebnluodoueu-ny eiA eiwaxna] pIojRAN diuoay) jo buibeuen




	1   Introduction
	1.1 Leukemias
	1.1.1 Classifications
	1.1.2 Chronic myeloid leukemia
	1.1.2.1 Disease characterization
	1.1.2.2 Molecular biology
	1.1.2.3 Variations of the Philadelphia Chromosome
	1.1.2.4 Genetic Biomarkers in CML
	1.1.2.4.1 Genomic instability in CML
	1.1.2.4.2 Epigenetic Regulation in CML
	1.1.2.4.3 miRNAs Dysregulation in CML

	1.1.2.5 Diagnosis
	1.1.2.6 Therapies
	1.1.2.6.1 Therapies other than TKIs

	1.1.2.7 Drugs resistance mechanisms
	1.1.2.7.1 BCR-ABL1-dependent resistance
	1.1.2.7.2 BCR-ABL1-independet resistance

	1.1.2.8 Gene therapy in CML
	1.1.2.8.1 ASOs
	1.1.2.8.2 ZFNs
	1.1.2.8.3 CRISPR/Cas9
	1.1.2.8.4 siRNA



	1.2 Nanomedicine
	1.2.1 Nanomedicine for diagnostics and therapeutics
	1.2.1.1  Specific targeting and EPR
	1.2.1.1.1 Passive targeting
	1.2.1.1.2 Active targeting

	1.2.1.2 Phototherapy
	1.2.1.3  Imaging
	1.2.1.4 Theranostics

	1.2.2 Gold nanoparticles
	1.2.2.1 AuNPs for gene therapy/gene silencing delivery

	1.2.3 Nanomedicine in CML
	1.2.3.1 AuNPs - From research lab to clinics


	1.3 Scope of The Thesis

	2   CLINICAL SAMPLE CHARACTERIZATION
	2.1 Introduction
	2.2 Materials and methods
	2.2.1 Identification of BCR-ABL1 transcripts in patients’ samples
	2.2.1.1 Patients samples
	2.2.1.2 Extraction of RNA from peripheral blood and cDNA synthesis
	2.2.1.3 Nested PCR


	2.3 Results
	2.3.1 BCR-ABL1 transcripts in clinical samples
	2.3.2 Mutational status of ABL1 kinase domain in CML patients

	2.4 Conclusion

	3   GENE SILENCING
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Extraction and purification of RNA
	3.2.2 cDNA synthesis
	3.2.3 Synthesis and characterizations of AuNPs
	3.2.4 Synthesis and characterizations of Au-nanoconjugates (PEG and ASO binding)
	3.2.5 Maintaining and culturing cells
	3.2.6 Cell challenge with Au-nanoconjugates
	3.2.7 Analysis of gene expression by RT-qPCR
	3.2.8 Cell Viability
	3.2.8.1 MTS assay
	3.2.8.2 Trypan Blue assay

	3.2.9 Apoptosis
	3.2.10  Cell cycle analysis
	3.2.11 Cell differentiation analysis
	3.2.12  Protein expression analysis by Western Blot
	3.2.13  Darkfield and Fluorescence Microscopy
	3.2.14  Statistical analysis

	3.3 Results and discussion
	3.3.1 Au-nanoconjugates synthesis and characterization
	3.3.2 Gene silencing of BCR-ABL1 and c-MYC
	3.3.3 Cellular effects
	3.3.4 BCR-ABL1 and c-MYC Protein
	3.3.5 Conclusion


	4   COMBINATORY THERAPY – USING AU-NANOCONJUGATES FOR GENE SILENCING COMBINED WITH KINASE INHIBITORS
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Cell challenge with Au-nanoconjugates
	4.2.2 Cell challenge with chemotherapeutics and Au-nanoconjugates
	4.2.3 Cell Viability via MTS assay

	4.3 Results and discussion
	4.3.1 Effect of Adavosertib, Danusertib and Volasertib in K562 and K562-IM cell lines
	4.3.2 Combination of Imatinib, Adavosertib, Danusertib and Volasertib
	4.3.3 Combination of Au-nanoconjugates to silencing BCR-ABL1 and c-MYC with kinase inhibitors (Adavosertib, Danusertib, Volasertib and Imatinib)

	4.4 Conclusion

	5   CONCLUSION AND FUTURE PERSPECTIVES
	5.1 Conclusions
	5.2 Future perspectives


