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Abstract in English

A fusion of the breakpoint cluster region (BCR) and V-abl Abelson murine leukemia
viral oncogene homolog 1 (ABL1) genes (BCR-ABL1) is a result of translocation between
chromosomes 9 and 22. It causes formation of the aberrant Philadelphia chromosome (Ph),
encoding BCR-ABL1, a constitutively active tyrosine kinase. BCR-ABL1 is the hallmark and
main oncodriver of chronic myeloid leukemia (CML). Even though CML historically had a poor
outcome, the introduction of tyrosine kinase inhibitors (TKls) made it a maintainable and
mostly treatable disease. Apart from CML, Ph is also found in a subset of another leukemia
type, B cell acute lymphoblastic leukemia (B-ALL). This leukemia is a common pediatric
malignancy, characterized by the accumulation of immature lymphocytes, but it also occurs
in adults. It is mainly treated with chemotherapy, but in a substantial fraction of patients, it
returns as a difficult to cure, chemotherapy-resistant disease, therefore novel therapeutic
approaches are urgently needed. Philadelphia chromosome-positive B-ALL (Ph* B-ALL) is one
of the high-risk subtypes of B-ALL. Even though CML responds very well to treatment with
TKls, Ph* B-ALL has a relatively poor survival prognosis, with approximately 50% of cases
relapsing post initial treatment. For this reason, the search for novel Ph* B-ALL targets is of

utmost importance.

One of the hallmarks of cancer is the dysregulation of redox homeostasis caused by
elevated levels of reactive oxygen species (ROS). To counteract the effects of ROS
accumulation and prevent cell death, malignant cells upregulate elements of antioxidant
machinery. Recent studies have shown increased levels of ROS and increased expression of
the thioredoxin (TXN) family antioxidant enzymes in B-ALL cell lines and primary cells.
Particular dysregulation of redox homeostasis was observed in Ph* B-ALL.

The main aim of the presented thesis was to assess the TXN system as a therapeutic
target in Ph-positive (Ph*) leukemias. Another objective was to propose potential drug
combination and to test it in in vitro cell models of Ph* leukemias.

Initial experiments showed that the inhibition of the TXN system with either auranofin
(AUR) or adenanthin (ADE) caused increased cell death in lymphoid Ph* cell lines and

sensitized them to TKIs. Moreover, increased expression of peroxiredoxin 1 (PRDX1), one of
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the TXN system elements, was found in lymphoid Ph* cell lines and primary cells in
comparison to myeloid CML cells. CRISPR-Cas9 mediated knockout of PRDX1 significantly
reduced lymphoid, but not myeloid, Ph* cells’ proliferation and sensitized them to TKls. These
results strongly indicated that PRDX1 plays a lineage-specific role in Ph* leukemias. RNAseq
analysis of genome-wide changes in imatinib -induced gene expression patterns in lymphoid
Ph* cell line upon PRDX1 knockout revealed dysregulation of some genes and pathways
crucial to cell maintenance and survival, further verifying PRDX1 key role in lymphoid Ph*
cells. Moreover, no significant changes in ROS levels and endoplasmic reticulum stress upon
PRDX1 knockout were identified. Further investigations of the mechanism of cell death
triggered by imatinib in PRDX1-deficient cells led to the recognition of increased DNA damage
and non-homologous end joining (NHEJ) as a vulnerability of lymphoid Ph* cells. A triple
combination of TKls, NHEJ, and TXN system inhibitors showed promising responses in both
lymphoid Ph* cell lines and patient-derived Ph* B-ALL primary cells.

In summary, the role of PRDX1 in Ph* cells was shown to be associated with cell
survival, resistance to therapy, and maintenance of genomic integrity in a lymphoid-specific
manner. Moreover, the TXN system was identified as a new therapeutic target in Ph* B-ALL,
the inhibition of which enhanced the effectiveness of standard therapy. NHEJ was also
discovered as a previously unknown vulnerability in Ph* B-ALL and should be further
investigated. Overall, these studies uncover novel potential targets that can contribute to the

improvement of the effectiveness of Ph* B-ALL therapy in the future.
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Abstract in Polish

Specyficzna dla komérek limfoidalnych rola systemu tioredoksyny w przezywalnosci oraz
wrazliwosci na leki biataczek z translokacjg BCR-ABL1

Fuzja genéw BCR oraz ABL1 jest rezultatem translokacji pomiedzy chromosomami 9 i 22.
Powoduje ona powstanie nieprawidtowego chromosomu Filadelfia (Ph), kodujacego BCR-ABL1,
konstytutywnie aktywng kinaze tyrozynowg. BCR-ABL1 jest charakterystyczng cechg i gtéwnym
onkogenem przewklektej biataczki szpikowej (CML). Pomimo, iz CML jest chorobg o historycznie ztych
rokowaniach, wprowadzenie do uzytku klinicznego inhibitoréw kinazy tyrozynowej (TKls) w
znakomitej wiekszosci przypadkdéw znacznie poprawito skutecznos$¢ leczenia. Poza CML, chromosom
Ph wystepuje rowniez u czesci chorych na ostrg biataczke limfoblastyczng z prekursoréw limfocytéw
B (B-ALL). B-ALL jest czestym nowotworem pediatrycznym, charakteryzujgcym sie akumulacja
niedojrzatych limfocytéow, wystepuje jednak réwniez u dorostych. W leczeniu B-ALL
stosowana jest gtéwnie chemioterapia, jednak w wielu przypadkach choroba nawraca w
trudnej do leczenia, lekoopornej postaci. Z tego powodu, nowe strategie leczenia sg pilnie
potrzebne. Podtyp B-ALL z chromosomem Ph (Ph* B-ALL) zwigzany jest z wysokim, okoto 50%
ryzykiem nawtoru choroby i niekorzystnym rokowaniem. Z tego wzgledu, poszukiwanie

nowych celéw w terapii Ph* B-ALL jest bardzo wazne.

Jedng z typowych cech wielu nowotwordw jest zaburzenie homeostazy redoks,
spowodowane nadmierng produkcjg reaktywnych form tlenu (ROS). Aby przeciwdziatac¢
szkodliwym efektom akumulacji ROS, komorki nowotworowe muszg zwiekszaé aktywnosc
mechanizmow odpowiedzi antyoksydacyjnej. Badania wykazaty wzmozong produkcje ROS
oraz podwyzszong ekspresje antyoksydacyjnych enzyméw z rodziny tioredoksyn (TXN) w
liniach komdrkowych oraz materiale pierwotnym pochodzacym od chorych na B-ALL.
Ponadto, wzmozone zaburzenie homeostazy redoks zostato zaobserwowane w podtypie Ph*

B-ALL.

Gtéwnym celem ponizszej pracy byta ocena uktadu TXN jako potencjalnego celu
terapeutycznego w Ph-pozytywnych (Ph*) biataczkach. Kolejnym celem byto zaproponowanie
nowej kombinacji lekow i przetestowanie jej aktywnosci cytotoksycznej w badaniach in vitro

w modelach komdrkowych biataczek Ph-pozytywnych.
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Pierwsze eksperymenty wykazaty, ze zahamowanie aktywnosci uktadu TXN za pomoca
auranofiny (AUR) lub adenantyny (ADE) spowodowato wzmozong smieré¢ limfoidalnych
komodrek Ph* oraz uwrazliwito je na TKls. Ponadto, w poréwnaniu do mieloidalnych komdrek
CML, zaobserowano podwyzszong ekspresje proksyredoksyny 1 (PRDX1), elementu uktadu
TXN, zaréwno w liniach komérkowych jak i materiale pierwotnym. Wyciszenie ekspresji
PRDX1 za pomocg techniki CRISPR-Cas9 obnizyto zywotnos¢, proliferacje oraz zwiekszyto
wrazliwos¢ na TKIs w limfoidalnych komdrkach Ph*, natomiast w komdrkach mieloidalnych
nie zaobserwowano podobnych efektéw. Wyniki te sugerujg specyficzng dla komodrek
limfoidalnych role PRDX1 w biataczakch Ph*. Ponadto analiza RNAseq wykazata, ze wyciszenie
PRDX1 w limfoidalnych komdrkach Ph* spowodowato zaburzenia ekspresji wielu genéw i
szlakdw niezbednych dla podtrzymywania oraz przezycia komadrek, potwierdzajgc role PRDX1
w limfoidalnych komdrkach Ph*. Co ciekawe, nie wykazano istotnych réznic w poziomach ROS
oraz stresu siateczki srodplazmatycznej pomiedzy komdrkami kontrolnymi i komaérkami z
wyciszeniem PRDX1. Zaobserwowano natomiast podwyzszony poziom uszkodzert DNA oraz
zwiekszenie ekspresji gendw zwigzanych z naprawg DNA poprzez scalanie niehomologicznych
koricéw (NHEJ). Dalsze badania wykazaty, ze komérki Ph* B-ALL sg szczegdlnie wrazliwe na
zahamowanie NHEJ, szczegdlnie przy jednoczesnym zahamowaniu uktadu TXN. Potrdjna
kombinacja TKls, uktadu TXN oraz inhibitoréw NHEJ data obiecujgce rezultaty, zaréwno na

liniach komérkowych jak i komdrkach pierwotnych pochodzacych od chorych na Ph* B-ALL.

Podsumowujgc, w pracy wykazano specyficzng dla Ph* komérek limfoidalnych role
PRDX1 w zywotnosci, wrazliwosci na terapie oraz utrzymaniu integralnosci DNA. Ponadto,
uktad TXN zostat wytypowany jako nowy cel terapeutyczny w Ph* B-ALL, ktérego
zahamowanie poteguje efekty standardowej terapii. Mechanizm NHEJ zostat réwniez
rozpoznany jako dotychczas nieznany staby punkt Ph* B-ALL, warty dodatkowych badan.
Podsumowujgc, przedstawione w ponizszej pracy wyniki ukazuja nowe potencjalne cele
terapeutyczne, ktére w przysztosci mogg przyczynic sie do poprawienia skutecznosci terapii

Ph* B-ALL.
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1. Introduction

1.1. BCR-ABL1 rearrangement

Philadelphia chromosome (Ph) is a short aberrant chromosome formed by a reciprocal
t(9;22)(q34;q11) translocation between the chromosomes 9 and 22. It contains a fusion gene
consisting of the breakpoint cluster region (BCR) and the V-abl Abelson murine leukemia viral
oncogene homolog 1 (ABL1), encoding constitutively active tyrosine kinase BCR-ABL1, first
found in chronic myeloid leukemia (CML)!. BCR-ABL1’s distinctive characteristic is the ability
to trigger malignant transformation in hematopoietic precursors without any accompanying
genetic events?. It comes in several different isoforms3 and is found in distinct diseases*®.
Apart from BCR-ABL1 presence in up to 95% of CML cases’, its expression is also observed in
up to 2-4% of pediatric and 50% adult B-cell acute lymphoblastic leukemia (B-ALL) patients
89, Although, BCR-ABL1 is the main oncogenic driver in these diseases, their diverse genetic
background and lineage commitment make up their characteristic profiles, which is reflected
in their different sensitivity to pharmaceutical inhibition of BCR-ABL1”. This shows that BCR-
ABL1 impact on transformed cells goes beyond its tyrosine kinase activity, with a complex

role in the cells.

1.1.1. BCR-ABL1 isoforms and their occurrence in hematological malignancies

The site of a breakpoint during Ph formation determines the BCR-ABL1 isoform. The
typical and most common BCR-ABL1 transcripts are: 1) ela2, encoding 185-190kDa variant
(also known as p190), 2) e13a2 and el4a2, both coding 210kDa variant (p210) and 3) e19a2,
which encodes 230kDa form (p230)3. p210 isoform is mostly associated with CML, as it is
present in approximately 95% of cases, and p190 is identified in 70% of Ph-positive B-ALL (Ph*
B-ALL)”1°. p230 is present only in rare cases of acute myeloid leukemia (AML) or specific
subtypes of CML?, and is not further discussed in this study. The precise mechanism of Ph
formation and the breakpoint site determination has not been fully elucidated yet, although
non-homologous end joining (NHEJ) and single-strand annealing are proposed to play a role

in those processess''. Moreover, an analysis of p190 and p210 genomic breakpoints provided
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some evidence for differential mechanisms underlying both isoforms formation, although the
precise events promoting any of them are still unclear??.

Both p190 and p210 contain the same truncated ABL1 fragment (aa 46-1149),
containing a well-characterized Src-homology2/3 (SH3/2)-kinase unit, necessary for the ABL1
activity and F-actin binding domain (FABD), allowing for BCR-ABL1 association with the
cytoskeleton. The main difference between those variants lies in the BCR fragment, as only
p210 contains Dbl-homology and Pleckstrin-homology domains?, indicating their importance

in distinct disease phenotypes caused by both variants.

1.1.2. BCR-ABL1 signaling

BCR-ABL1 aberrant signaling is caused by a constitutive activation of the ABL1 kinase
domain in the fusion protein. ABL1 is a member of the ABL non-receptor tyrosine kinases
family with a diverse role in the cell, including regulation of cell growth and proliferation. It
was also shown to be required for mice neonatal development, as its knockout caused
lethality in approximately 50% of animals. Regulation of the ABL1 activity is related to its
structural changes, with an “open” active and “closed” inactive states®. Effects of ABL1 are
dependent on its subcellular localization — in the cytoplasm, it promotes cell proliferation and
survival, while in the nucleus it inhibits the cell cycle and activates cell death. In cells
expressing BCR-ABL1, normal ABL1 is also present, acting as a tumor suppressor®. In this
context, FABD at the C-terminus of BCR-ABL1 is crucial for its effects, as it allows it to remain
in the cytoplasm, despite the nuclear localization signal’s presence?®®.

The BCR-ABL1 is responsible for triggering of several pathways, including the rat
sarcoma virus GTPase (RAS)/mitogen-activated protein kinases (MAPK) and the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), which together contribute to
increased cell growth, cell cycle progression, and survival. Also, the Janus kinase (JAK)/signal
transducer and activator of transcription protein (STAT) pathway is upregulated, improving
cell survival and causing cytokine independence. Moreover, BCR-ABL1 activates the
mammalian target of rapamycin (mTOR) and phosphoinositide 3-kinases (PI3K)/protein

kinase B (AKT), preventing apoptosis and ameliorating cells viability?®.
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Despite having the same kinase domains, p190 and p210 are preferentially found in
very distinct diseases, which indicates major differences in both isoforms’ signaling.
Moreover, in an in vivo study, mice injected with bone marrow cells transduced with p190
developed aggressive B-cell leukemia and recipient animals of p210-expressing cells showed
milder signs of CML-like disease?’. Despite that knowledge, no in-depth research comparing
BCR-ABL1 isoforms signaling wasn’t conducted until 2017, when a proteomic studies of p190
and p210 interactomes was published'®. BCR-ABL1 interactomes and phosphoproteomes
were investigated in vitro utilizing IL-3 dependent murine hematopoietic Ba/F3 cell line,
transduced with either p190 or p210. Results of those studies revealed the differential BCR-
ABL1 binding partners, probably linked to differential structure of both isoforms. Even though
both are localized in the cytoplasm, p190 was shown to preferentially bind to cytoskeleton
remodeling proteins, while p210 to proteins in the cell membrane proximity!2. Interestingly,
the Pleckstrin-homology domain, present only in p210, was also shown to strongly interact
with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which is a component of cell
membranes. Interestingly, mutants of p210 unable to bind PI(4,5)P. displayed a very similar
localization pattern to p190, while binding strength of p210-specific partners by p210 was
decreased to almost identical levels as their unspecific binding with p190* Those
observations indicate that the Pleckstrin-homology domain, present in p210 and absent in

p190, may be a key element of differential signaling of those two BCR-ABL1 isoforms.

1.2. Philadelphia-positive leukemias
Among leukemias most commonly associated with BCR-ABL1 expression are CML and
Ph* B-ALL. Despite the shared main oncodriver, CML and Ph* B-ALL are very distinct diseases.

Their main characteristics and features are discussed in the next paragraphs.

1.2.1. CML

CML is a myeloproliferative disease and its development can be triggered by BCR-ABL1
expression alone!’, without any accompanying mutations in approximately 90% of cases®.
One per 100,000 people are diagnosed with it annually in Europe, usually at a mild and

manageable chronic phase (CP)?°.
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CML in CP is almost asymptomatic and leukemic cells undergo similar to normal
maturation and regulation?!. More recently, single cell analysis of newly diagnosed CML
samples allowed for identification of fairly frequent additional mutations (25-30% of tested
cases) of genes related to methylation control, such as Tet methylcytosine dioxygenase 2/3
(TET2/3), DNA methyltransferase 3A (DNMT3A), additional sex combs like 1 (ASXL1), (K)-
specific demethylase 1A (KDM1A), and mutS homolog 6 (MSH6)?%%3. Unfortunately, there was
no further investigation of this observations’ significance up to date.

Although CML is now a highly treatable disease with cure rate reaching 90-95%, in
some cases it progresses to a more aggressive accelerated phase (AP) and subsequently to a
mostly fatal blast phase (BP). CML progresses to a myeloid BP (MBP) in 70% of cases, while
the remaining 30% undergo a lineage shift to lymphoid-like phenotype, entering lymphoid BP
(LBP)?4. Cells in BP exhibit accumulation of additional genetic mutations, and cannot longer
differentiate, resulting in clonal expansion and accumulation of immature progenitors®.
Even though exact mechanism and timeline of CML progression to BP are still not fully
understood, it is certainly linked to the increase of BCR-ABL1 expression, resulting in genomic
instability and accumulation of additional mutations?®. Genetic aberrations other than BCR-
ABL1 translocation are present in 70-80% of all CML BP cases, while only 10-30% patients in
CP exhibit additional mutations'®?%23, MBP and LBP mutational landscapes are very diverse.
In MBP, the most frequently mutated gene is epigenetic regulator ASXL1, mutated in 40% of
MBP cases. Other frequent mutations include tumor suppressor genes, such as runt-related
transcription factor 1 (RUNX1, 40% of cases) and tumor protein 53 (p53, 20% of cases). In LBP
on the other hand, the most common mutations occur in IKAROS family zinc finger 1 (IKZF1)
and cyclin dependent kinase inhibitor 2A/B (CDKN2A/B), present in 55% and 50% of LBP cases,
respectively, which are also the most frequently mutated genes in Ph* B-ALL?528, Moreover,
characteristics of CML in LBP, including response to treatment, phenotype and disease’s
clinical picture is more similar to Ph* B-ALL than to CML in CP, and is often misdiagnosed as
Ph+ B-ALL%.

Currently, the first line treatment of CML consists of tyrosine kinase inhibitors (TKIs),

a group of potent BCR-ABL1 inhibitors. TKIs are small, orally available compounds, that inhibit
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kinase activity of BCR-ABL1, downregulating its oncogenic signaling3°. TKls approved for CML
monotherapy by both the U.S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), can be divided into two subgroups: competitive (imatinib [IMAT],
nilotinib [NILO], dasatinib [DASA], and bosutinib [BOSU], ponatinib [PONA])” and allosteric
(asciminib [ASCI])3%32 BCR-ABL1 inhibitors. In case of poor or no response to monotherapy
treatment, often meaning progression to AP and BC, intensive chemotherapy (including use
of anthracycline, cytosine arabinoside, etoposide, carboplatin, fludarabine, 5-azacitidine,
decitabine, or HCVAD) is added to TKIs’. Unfortunately, the results of TKls and chemotherapy
combinations are still usually poor, with 10% response rate in MBP and up to 50% in LBP,

although the median survival still not exceeds 10 months’.

1.2.2. B-ALL

Every year, approximately 1 in 78,000 of adults and 1 in 24,000 of children are
diagnosed with acute lymphoblastic leukemia (ALL)3*33%, and 75% of all ALL cases are of B cell
origin — B-ALL3%, characterized by the accumulation of abnormally proliferating immature B
cell progenitors in the bone marrow. In most cases, the disease develops de novo in healthy
individuals, although some factors predisposing to ALL development have been previously
proposed (including Down syndrome, Ataxia-Telangiectasia, and Nijmegen breakage
syndrome)3®. More recently, genome-wide association studies identified a set of genes linked
to susceptibility of ALL development, encoding tumor suppressors and transcription factors
regulating hematopoietic and lymphoid development. Among those genes, some crucial for

B cell maturation were recognized, including IKZF1 and Paired box 5 (PAX5)".

B-ALL is a very genetically heterogenous disease. Currently, there are more than 30
identified subtypes3®3°, Most of B-ALL cases are diagnosed in children with achievement of
complete remission in up to 90% pediatric patients. Even though, some risk-associated
genetic factors, including rearrangements of transcription factor 3 (TCF3), myeloid/lymphoid
or mixed-lineage leukemia 1 (MLL), BCR/ABL1 translocation, or IKZF1 status®, cause
development of therapy-resistant aggressive disease, and approximately 20% of pediatric and
40% adult patients experience relapse, significantly lowering their survival chances3®1,

Among the most prevalent high-risk subtypes is Ph* B-ALL, characterized by BCR/ABL1
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translocation. Its incidence increases with patients age, with approximately 2-4% in pediatric
and up to 50% in adult cases of B-ALL®°. Unlike in CML, BCR-ABL1 expression alone is
insufficient for malignant transformation in B cells and additional mutations are required for
the development of this leukemia subtype, indicating more complex genetic landscape of Ph*

B-ALL*2,

1.2.3. Molecular profile of Ph+ B-ALL

Ph* B-ALL is a genetically complex disease, with diverse mutations accompanying BCR-
ABL1 expression. Even though many alterations are unique to specific cases, several recurrent
mutations were discovered. Interestingly, two most frequently mutated genes in Ph* B-ALL,

IKZF1 and CDKN2A/B, are also common in CML LBP.

Loss-of-function mutations in IKZF1 are observed in over 70% of Ph* B-ALL cases*>*4.
They are the result of either mono-allelic (in rare cases also bi-allelic) or partial IKZF1 deletion,
resulting in a dominant-negative IK6 isoform expression*>#. Elevated recombinase activating
gene (RAG) activity in Ph* B-ALL is attributed to deletions resulting in the generation of this
isoform##>, In a cohort of one hundred de novo Ph* B-ALL patients, elevated IK6 expression
correlated with BCR-ABL1 levels, additional mutations occurrence, increased risk of relapse,
decreased relapse-free and overall survival (0S)*. Normal IKZF1 is required for
lymphopoiesis, and its reconstitution in IKZF1-deleted B-ALL cells was shown to induce energy
deficit through downregulation of several proteins involved in glucose transport and

metabolism, indicating its role as a gatekeeper preventing malignant transformation®’.

PAX5 is another gene frequently deleted in Ph* B-ALL, as its mutations are identified
in up to 40-45% of Ph* B-ALL cases*®. PAX5 is a transcription factor involved in the regulation
of B cells’ maturation and similarly to IKZF1 acts as a tumor suppressor by downregulating
glucose metabolism in Ph* B-ALL cells*’. Monoallelic PAX5 deletion has been also shown to
be a sufficient additional event to p190 expression for the development of B-ALL in

approximately 90% of tested mice*°.

CDKN2A/B gene is mutated in 45% of Ph* B-ALL cases*. Its product acts as a tumor

suppressor, able to cause cell cycle arrest and activate p53%%. CDKN2A/B mutations are a
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prognostic factor for poor Ph* B-ALL outcomes in patients and its higher frequencies were
observed after relapse, regardless of age>®>. Interestingly, alterations in CDKN2A/B were
identified in all B-ALL patients harboring PAX5 mutations, independently of disease subtype,
indicating a strong link between those two proteins and their significance in normal and

malignant B cells®2.

Among less frequently identified alterations, mutations of B cell translocation gene 1
(BTG1) and retinoblastoma 1 (RB1), in 18% and 14% of Ph* B-ALL cases respectively, were
observed*®. Both genes are involved in the negative regulation of cell cycle progression, thus
acting as tumor suppressors*®. Moreover, mutations in early B cell factor 1 (EBF1; 13% of
cases) and ETS translocation variant 6 (ETV6; 5%) were discovered in Ph* B-ALL patients.
Although the occurrence of those aberrations is relatively low, EBF1 and ETV6 are
transcription factors engaged in the regulation of B-cells maturation®®. This could indicate
that dysregulation of transcription factors specific to B cells is a genetic event needed for Ph*

B-ALL development in addition to BCR-ABL1 expression.

Apart from genetic alterations, the Ph* B-ALL phenotype is also heavily shaped by its
B cell origin. During normal B cell maturation, cells undergo two selection stages: positive, in
which cells with too low pre-B cell receptor (BCRec) signaling activation undergo apoptosis,
and negative, removing cells that exhibit overactivation of downstream pre-BCRec signaling
caused by auto-antigens®3. Even though Ph* B-ALL cells lack pre-BCRec subunits required for
positive selection, BCR-ABL1 activates pre-BCR downstream signaling, allowing for cell
survival. On the other hand, hyperactive BCR-ABL1 could eliminate cells through negative
selection®. To prevent cell death, precise regulation of BCR-ABL1 is needed in Ph* B-ALL cells.
One of such mechanisms is the overexpression of phosphatase and tensin homolog (PTEN) in
B-ALL cells, which is surprising, as PTEN is considered to be a tumor suppressor in most
malignancies. It downregulates PI3K/AKT signaling to a level preventing negative selection of
cells, and PTEN silencing causes overactivation of AKT, leading to cell death®. Ph* B-ALL cells
can also escape negative selection by expression of surface inhibitory receptors, recruiting

inhibitory SRC homology 2 domain containing inositol polyphosphate 5-phosphatase 1
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(SHIP1) phosphatase, which diminishes BCR-ABL1 signaling to an appropriate, intermediate

level4.

1.2.4. Ph+ B-ALL treatment and prognosis

Historically, the prognosis for Ph* B-ALL patients was very poor with essentially no
long-term survivors without allogeneic hematopoietic stem cell transplantation (allo-HSCT).
Fortunately, in recent years, great progress in the management of Ph* B-ALL has been made
due to the introduction of IMAT, the first drug in the class of TKls. Apart from IMAT, two other
TKls are FDA-approved for Ph* B-ALL treatment — a second-generation TKI - DASA and a third-
generation PONA. These inhibitors were designed to overcome IMAT resistance developed
by some patients, caused mainly by mutations in BCR-ABL1, rendering IMAT ineffective’-3.
Since the introduction of the TKIs to Ph* B-ALL treatment, a significant improvement of OS
has been observed. However, in adult Ph+ B-ALL patients the 5-year OS achieved with
currently approved therapies is still relatively low not exceeding 50% and in Ph+ B-ALL

pediatric patients prognosis is still worse than for other B-ALL subtypes>®>’.

Current frontline Ph* B-ALL therapy in Europe consists mostly of TKls and
chemotherapy in several treatment stages. During the induction phase, the usually used
drugs include prednisone, cyclophosphamide, vincristine, and anthracycline alone or with L-
asparaginase. In the consolidation phase, cytosine arabinoside, L-asparaginase,
cyclophosphamide, and methotrexate are used’. In case of relapse, if the leukemic cells
qualify for immunotherapy, antibodies against CD22 (inotuzumab ozogamicin) and CD19
(blinatumomab) are used*®>°. Moreover, TKls usage help to obtain a high complete remission
rate in Ph* B-ALL patients. This allows for more patients to undergo allo-HSCT, although its
legitimacy is debatable, as it is burdened with the high treatment-related mortality (even up

to 40%).

Despite the introduction of TKls significantly improved short-term OS in Ph* B-ALL, the
overall long-term survival is still relatively low. This is mainly due to the acquisition of TKIs
resistance by the leukemic cells in a manner either dependent or independent of BCR-ABL1.

BCR-ABL1-dependent resistance is caused by point mutations in the ABL1, decreasing the
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TKIs" affinity, thus lowering their effectiveness. The most well-described mutation, causing
resistance to IMAT and DASA is the T3151 mutation®%6?, Even though PONA is still an effective
inhibitor of T315] mutated BCR-ABL1, some parallel mutations, such as F359V or D276G,
induce PONA resistance®%®l, Among BCR-ABL1-independent mechanisms of resistance to
therapy, overactivation of BCR-ABL1 downstream signaling pathways was identified.
AKT/mTOR and RAS/MAPK pathways were found to play a role in IMAT-induced therapy
resistance in Ph* B-ALL cell lines and primary cells®2-%4, Moreover, the microenvironment of
leukemic cells may also contribute to their resistance. A study investigating the impact of TKls
on mesenchymal stem cells (MSC) present in the bone marrow, revealed that MSCs subjected
to IMAT treatment elevated secretion of several molecules, such as interleukin 7, activating

pro-survival pathways through overactivation of JAK1 and JAK3 in Ph* B-ALL cells®>.

As a significant percentage of Ph* B-ALL patients don’t respond or relapse post-
treatment, new approaches to ameliorate therapy effectiveness are intensively tested in
clinical trials. A large portion of those tests focuses on the combination of the first, second,
and third-generation TKls with chemotherapy and immunotherapy. Even though regimens
including TKls with intensive chemotherapy in the clinical tests achieved high rates of 5-year
OS (up to 80%), its adverse side effects, preventing its application for the elderly and unfit
patients, prompted search for chemotherapy-free approaches°. Steroids combination with
IMAT and NILO was shown to be safe for older or unfit patients, although OS wasn’t
significantly improved due to high remission rates, in many cases related to T315] mutation
of BCR-ABL1%%%7, Despite this, preliminary results of another ongoing study investigating
efficacy of PONA with prednisone in older or unfit patients population indicate that studies
of this approach shouldn’t be abandoned vyet®8. Also, combinations of TKIs with
blinatumomab, a drug approved for ALL treatment, were studied in several clinical tests.
Preliminary results of study investigating combination of DASA with blinatumomab and
steroids, showed promising results, with 2-years OS reaching 87%, although some relapses
due to T315l were observed®. Another phase 2 trial, assessing same combination with
modified protocol reported 100% of 1-year OS, with estimated 85% 3-year OS median’®.

Some clinical trials are still ongoing, testing such combinations as DASA and consolidation
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therapy with either vincristine and prednisone or high-dose methotrexate and cytarabine
(NCT05026229), or PONA with blinatumomab or IMAT and chemotherapy (NCT04722848),
although no preliminary data is available. Nevertheless, combination of some TKIs with
blinatumomab might not be desirable, as DASA and PONA were shown to abrogate in vitro

efficacy of blinatumomab towards Ph* B-ALL cells’?.

Moreover, ASCl is investigated in the context of Ph* B-ALL treatment. A registered,
although not yet recruiting, phase 4 study aims to compare ASCI monotherapy and its
combination with IMAT effectiveness in Ph* B-ALL and CML to other TKls in monotherapy
(NCT04877522). Two other active phase 1 studies are also testing ASCI combinations with
either DASA and prednisone (NCT03595917) or with either IMAT, DASA, or nilotinib
(NCT02081378).

Even though many clinical trials are ongoing, also other, more selective and potent
approaches to Ph* B-ALL treatment are seeked in pre-clinical studies, aiming to utilize some
of its vulnerabilities to potentially improve clinical outcomes of patients. One of such
strategies is targeting altered metabolic and molecular pathways in leukemias. Exploiting
specific changes in redox homeostasis or DNA repair have already been studied in some

47,72-74

leukemias , although more studies are still needed to assess their relevance to the Ph*

B-ALL subtype.

1.3. Oxidative stress

The hallmark of multiple cancers is increased oxidative stress (OxS), caused by
dysregulation of ROS production and metabolism”>. Disrupted redox homeostasis might be a
target for therapy of cancer, and its potential has been studied in several malignancies,

including those of B cell origin, with promising outcomes’*7>77.

1.3.1. Oxidative stress in B-ALL

The main source of ROS in the cell is oxidative metabolism. Although ROS are present
in the cells physiologically, playing a role in redox signaling, their levels must be precisely
controlled to prevent their accumulation. Sources of ROS in the cell may be either intra- or

extracellular. Among intrinsic producers of ROS are, apart from mitochondrial oxidative
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phosphorylation, protein folding in the endoplasmic reticulum (ER), and fatty acid oxidation,
with a plethora of ROS-generating enzymes, such as reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases (NOXs) or cytochrome P450. Some of the extrinsic
ROS sources are microenvironment, pollutants, and various therapies, including radiation”®7°.
OxS occurs when there is an imbalance between ROS production, uptake and removal, and
this prolonged state potentially causes disruption of redox homeostasis, cell damage, and

eventually cell death.

Elevated ROS level is a characteristic trait of many cancers, including leukemias, and
increased OxS was also observed in primary B-ALL samples’. A study measuring circulating
OxS markers in B-ALL patients discovered their prominent increase, with concomitant
downregulation of non-enzymatic and enzymatic antioxidants, such as superoxide dismutase
(SOD), catalase (CAT), glutathione (GSH), and glutathione peroxidase (GPx). In pediatric ALL
patients, lowered GPx level was shown with a parallel accumulation of OxS markers, such as
8-hydroxy-2'-deoxyguanosine (8-OHdG; a derivative of DNA oxidation)®V82. This observation

was confirmed to be lymphoid specific, as such changes weren’t detected in CML cells’?.

Increased ROS production in B-ALL cells results from several factors. First, increased
proliferation rate and accelerated metabolism elevate ROS levels in malignant cells, induced
by oncogenic signaling, which is responsible for ROS overproduction®-2. Moreover, ROS
accumulation is caused by a leukemia-characteristic overactivation of such pathways as
PI3K/PTEN/AKT/mTOR, JAK/STAT, or rapidly accelerated fibrosarcoma (RAF)/MAPK kinase
(MEK)/extracellular signal-regulated kinase (ERK)®27. Activation of these pathways is often
induced by many oncoproteins, including BCR-ABL1, making them partially responsible for

elevated ROS levels in B-ALL cells®2.

1.3.2. BCR-ABL1 impact on redox homeostasis

The direct link between BCR-ABL1 and redox homeostasis was shown in the past.
Inducible expression of BCR-ABL1 in several hematopoietic cell lines, including IL-3 dependent
pro-B cells, showed an increase in H,O; production and activation of PI3K pathway

elements82°°, Pi3K/AKT activation subsequently increased mitochondrial and NOXs activity,
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further elevating ROS levels®!. Interestingly, the extrinsic addition of H20: to cells caused
activation of several BCR-ABL1 substrates, such as casitas B-lineage lymphoma (CBL), SH2
domain protein C (SHC), and ABL1 itself*°. This indicates that BCR-ABL1-dependent ROS

accumulation provides a signaling feedback loop, potentiating oncogenic signaling.

Induction of OxS by BRC-ABL1 was also shown to promote genomic instability in CML,
resulting in accumulation of mutations that could benefit the cell’s survival and accelerate
disease progression. OxS-induced mutations can occur in BCR-ABL1, granting cells’ resistance
to TKls such as IMAT. In studies utilizing both in vitro and in vivo models, reduction of ROS
levels in IMAT-treated groups revealed significantly lower rate of mutagenesis and acquisition

of resistance to treatment®%93,

1.3.3. Mechanisms of protection of cancer cells from oxidative damage

Prolonged OxS can lead to major consequences in cells, eventually even to their death.
That is why leukemic cells must compensate for higher ROS production to avoid apoptosis.
To do so, cancer cells induce several transcription factors linked to redox-response, such as
NF-kB, hypoxia inducible transcription factor 1a (HIF-1 a), p53, activator protein 1 (AP-1), or
nuclear factor erythroid 2-related factor 2 (NRF2)°*7. Those transcription factors initiate
expression of antioxidant small molecules and enzymes, such as GSH, NADPH, bilirubin, and
thioredoxins (TXNs), thioredoxin reductases (TXN-Rs) peroxiredoxins (PRDXs), heme

oxygenase or CAT®%%,

NADPH supply in B-ALL is indispensable for maintenance of redox homeostasis, as
NADPH reducing potential is required for renewal of several main antioxidant enzymes. This
demand is met by upregulation of PPP by serine/threonine-protein phosphatase 2A (PP2A).
PP2A also downregulates AKT, subsequently activating the Forkhead box proteins, inducing

antioxidant response”’?.

GSH and TXN systems are two main antioxidant pathways in the cell, and some of their
elements are frequently upregulated in leukemia. Many studies indicate the TXN system plays

a major role in B cell malignancies’”/1%0,
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1.3.4. TXN system

NADP+
H20 TXN1 TXN-RT

SH—SH

s—s
{— TXN1 TXN-R1 NADPH

Protein
SH—SH SH—SH

Protein

SH—SH

Fig. 1. Simplified illustration of TXN system elements and inhibitors. Briefly, PRDX1 is oxidized while
decomposing H202to H20. Oxidized PRDX1 is in turn reduced by TXN1, which is subsequently reduced by TXN-
R1. TXN-R1 restoration requires NADPH reduction potential, generating NADP*. Two TXN system inhibitors ADE
and AUR with their targets are also indicated. Based on a publication by Karlenius and Tonissen®l. ADE —
adenanthin, AUR —auranofin, PRDX1 — peroxiredoxin 1, TXN1 — thioredoxin 1, TXN-R1 — thioredoxin reductase
1.

PRDX, TXN, and TXN-R are three groups of enzymes making up the TXN system (Fig.
1). TXN system is involved in the regulation of gene expression, antioxidant response,
apoptosis and proliferation?, Its antioxidant role is exerted through reduction of disulfide
bond in protein substrates. Additionally, PRDX is involved in a reduction of H,O, to water, and
is subsequently regenerated by reducing capabilities of TXN and TXN-R with the utilization of
NADPH1%2, TXN1 was also shown to stimulate antiapoptotic response through activation of
NF-kB3, blocking apoptosis signal-regulating kinase 1'% and inhibiting caspase 3’s active
site'®>, Moreover, TXN1 was shown to activate PI3K/AKT signaling by inhibition of its negative

regulator PTEN, stimulating cells proliferation®.

1.3.5. PRDX1 and its role in cancer
PRDXs are a large family of antioxidant enzymes, categorized by several conserved
cysteine (Cys) residues: 2-Cys (PRDX1-4), atypical 2-Cys (PRDX5), and 1-Cys (PRDX6). PRDX1

contains two conserved Cys at positions 53 and 173, which are required for its catalytic
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function!®”. PRDX1 is usually present in both cytoplasm and nucleus in catalytically active
dimers, which forms decamers under specific conditions, such as high PRDX1 concentration
or low pH, reduced state. Upon hyperoxidation, PRDX1 decamers can also form higher form

aggregates functioning as chaperones under stress conditions%8-110,

PRDX1, apart from protection from ROS accumulation, may play a significant role in
cancer cells, some of which are not dependent on its catalytic function. Interestingly, it was
discovered that PRDX1 inhibits wild type ABL1 (also called c-ABL)'*'. Normal ABL1 was later
shown to be expressed in CML, acting as a tumor suppresor'* PRDX1 can also bind and inhibit
c-Jun N-terminal kinase (JNK), preventing overactivation of JNK-induced stress signaling®’.
PRDX1 was also shown to interact with such transcription factors as androgen receptor or NF-
kB, suppressing cell death!2, PRDX1 expression was also linked to cell maintenance and drug
resistance in several cancer types, including breast!'*1%, |ung'!®, and follicular

117

lymphomas*'/. Those results indicate that PRDX1 plays a supportive role in some

malignancies, providing rationale for its targeting in anticancer approaches.

1.3.6. Inhibition of antioxidant pathways as a potential anticancer therapy

As malignant B cells exert elevated ROS levels and their survival heavily depends on
antioxidant systems activity, enhancement of oxidative stress seems a feasible therapeutic
approach for B cell leukemias. Indeed, inhibition of GSH or L-cysteine depletion exerts
cytotoxic effects in B cell malignancies!'®1, Interestingly, pharmacological inhibition of the
TXN system showed significant cytotoxicity in B cell leukemias, especially in combination with

other drugs (i.e. venetoclax)’#*2% or prooxidative compounds, such as L-ascorbate’3.

Auranofin (AUR) and adenanthin (ADE) are two of the existing TXN system inhibitors,
often used in the studies of the TXN system. AUR is an FDA approved drug in rheumatoid
arthritis, inhibiting TXN-R1/2, causing disruption of the whole TXN system by removing the
reducing potential of TXN-R1/21%1, Apart from the TXN system inhibition, AUR was also shown
to regulate PI3K/AKT/mTOR signaling!??, HIF-1a'23, and deubigitinases'?*. AUR effects were
studied in several cancer types, including B cell malignancies, with promising effects’374121,

ADE is the second TXN system inhibitor with an ability to bind to active Cys residues in TXN
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system elements (TXN, TXN-R, and PRDX), rendering them inactive 12>, Even though ADE’s
efficacy in killing cancer cells have been confirmed’4126127 it was also shown to be less
selective towards cancer cells than AUR, as it more prominently killed normal peripheral
blood mononuclear cells’*. Moreover, ADE disrupted functions of human natural killer

128

cells'*®, suggesting its use should be limited to in vitro studies of the TXN system.

1.4. DNA damage response

Maintaining DNA integrity is crucial for cells, as the accumulation of DNA damage can
lead to apoptosis or malignant transformation. DNA lesions occur in physiological conditions
due to external factors, such as ionizing or UV radiation, and internal, like errors in DNA
replication or activity of certain enzymes. DNA damage can take the form of single-strand
(SSB) or double-strand break (DSB). DSB is the deadliest type DNA damage, as it can lead to
permanent mutations, inhibition of DNA replication and ultimately accumulation of DNA
lesions induces apoptosis'?. In response to accumulating DSB, cells initiate various types of
DNA damage response (DDR). One of the early events in DDR is the rapid recruitment of
ataxia telangiectasia mutated (ATM) serine/threonine kinase to a single strand DNA (ssDNA),
created during early steps of DNA repair mechanisms3%%31, ATM is considered to be one of
the most important coordinators of DNA repair mechanisms, orchestrating recruitment and
activation of proteins involved in DDR'3. One of the ATM activation consequences is
phosphorylation of histones H2AX on Ser139 in proximity to DNA break site. Phosphorylated
H2AX, often called yH2AX, is an early marker of DSB, serving as a signal for other proteins
engaged in DDR'32, ATM was also shown to be involved in regulating the cell cycle checkpoint
proteins and mediators of apoptosis?3%*31, If DNA damage persists and ssDNA presence is
prolonged, ataxia telangiectasia and Rad3-related protein (ATR) is also recruited to a DNA
break site!®3. ATR is another DDR regulator, and its key function is activation of checkpoint
kinase 1 (CHEK1), which induces cell cycle arrest. This gives cell more time for DNA repair,
preventing premature mitosis or DNA damage-induced apoptosis'33. ATR also phosphorylates
a number of ATM targets, potentiating DDR signaling, and prevents the replication fork

collapse®®3,

29



1.4.1. Main DSB repair pathways

The two major types of DSB repair are homologous recombination (HR) and non-
homologous end joining (NHEJ)'34, HR is a more conservative pathway with higher fidelity
than NHEJ, but it is dependent on the presence of sister chromatids, limiting its activity to the
S and G2 phases of the cell cycle. NHEJ, on the other hand, while more error-prone, can act
throughout all cell cycle phases!3>137, Graphical summary of main DSB repair pathways is

presented on Figure 2.

There are three steps of HR: 1) DSB recognition, 2) synthesis-dependent strand
annealing and 3) break-induced replication. In short, a ssDNA is cut from the DSB, which forms
a D-loop structure with the homologous templates (usually sister chromatids). The resected
single strand binds to the DSB site, inserting a homologous DNA sequence, serving as a
template for DNA repair'®*. Among the plethora of proteins engaged in HR, DNA repair
protein RAD51 homolog 1 (RAD51) is a core protein in this pathway. It catalyzes the ssDNA
transfer at the broken DNA site to its undamaged homologue and promotes resynthesis of
the broken DNA region®38, RAD51 present at DSB recruits a complex consisting of meiotic
recombination 11 homolog (MRE11), DNA repair protein RAD50 (RAD50) and nibrin (NBS1)
(MRN complex). This complex, along with breast cancer type 1/2 susceptibility proteins
(BRCA1/2), are crucial for DNA end resection. BRCA1/2 were also shown to be indispensable
for HR activity, as it is involved in RAD51 ssDNA loading, HR stages progression and facilitation

of RAD51-mediated pairing of homologous sequences!3?,

NHEJ is another type of DNA repair and can be divided into two main subtypes —
classical (cNHEJ) and alternative (altNHEJ). In the cNHEJ, a Ku70 and Ku80 heterodimer binds
to the DSB ends and recruits DNA-dependent protein kinase catalytic subunit (DNA-PKcs), a
member of the PI3K family'*°. DNA-PKcs can phosphorylate other NHEJ factors and DNA
damage checkpoint proteins!33, although its autophosphorylation is thought to be the only
activity crucial for cNHEJ activity, as it’s required for forming a synaptic complex that bridges
DNA ends in DSB#!, Activated DNA-PKcs recruits subsequent proteins involved in DSB ends
processing, including an endonuclease Artemis, tyrosyl DNA phosphatase 1, polynucleotide

kinase/phosphatase, AP endonuclease 1, that in turn bind the X-ray repair cross-
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complementing protein 4 (XRCC4)-XRCC4-like factor (XLF)-DNA ligase IV (LIG4) complex,
ligating the DNA ends4°,

HR : ' | cNHEJ | (altNHEJ

S

PARP1 m
T

olaparib
talazoparib
niraparib
rucaparib

AZD1390
AZDO1S6 —

berzosertib

N "

DNA-PKcs

NU7026
NU7441 !
cc-115

nedisertib

Artemis 2
;f Ku70

Fig. 2. DDR pathways. Three main mechanisms of DNA DSB repair, their major proteins and selected inhibitors
are presented on the ilustation in red font. Underlined are the compounds approved for use in the clinic. Dotted
arrow indicates indirect regulation, while red dashed arrow shows non-essential activation. More detailed
description of DDR pathways can be found in the text. Based on Perkhofer et al. publication'*?. ATM - ataxia
telangiectasia mutated, ATR - ataxia telangiectasia and Rad3-related protein, BRCA1/2 - breast cancer type 1/2
susceptibility proteins, CHEK1 - checkpoint kinase 1, DNA-PKcs - DNA-dependent protein kinase catalytic
subunit, LIG1/3/4 — ligase 1/3/4, MRE11 - meiotic recombination 11 homolog, NBS1 — nibrin, PALB2 — partner
and localizer of BRCA2, PARP1 - poly(ADP-ribose) polymerase 1, Pol 6//8 — DNA polymerase 8/u/8, XLF - XRCC4-
like factor, XRCC4 - X-ray repair cross-complementing protein 1/4.

AItNHEJ is a backup DSB repair pathway, acting when HR and cNHEJ are unable to

repair damaged DNA®3%143.144 |t is independent of the components of ctNHEJ, such as LIG4,
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DNA-PKcs, and Ku70, relying on microhomology regions on both sides of DSB4°. Poly(ADP-
ribose) polymerase 1 (PARP1) is the initiator of altNHEJ, binding to DSB ends, which are then
resected by the recruited C-terminal binding protein 1 interacting protein (CtIP)/MRN

complex, and finally, DSB ends are ligated by polymerase theta and DNA ligase Il (LIG3)%34,

PARP1 is one of the 18 proteins making up the PARP family'#¢. PARP1 catalyzes a
reaction of attaching ADP-ribose chains to proteins in a process called polyADP-ribosylation,
which is a highly evolutionary conserved post-translational modification?4’. PARP1 was shown
to be involved in relaxation of chromatin, DNA repair'’, DNA expression regulation#”14¢, and
ribosome biogenesis'*®. Moreover, PARP1’s involvement in telomere maintenance is also

hypothesized°.

Apart from PARP1’s crucial role in altNHEJ, it also supports cNHEJ and HR activities,
although it’s not required for those processes*®'*C, PARP1 is involved in ctNHEJ through
additional stimulation of DNA-PKcs by its PARP-ylation and PARP1’s inhibition was shown to
synergize with DNA-PKcs inhibition in suppressing cancer cells survival'4®?>1 |In HR, PARP1
promotes recruitment of the MRN complex and resection of DSB ends, although it was shown

to play a rather supporting and non-essential role in initiation of HR146:10

1.4.2. DSB repair in cancer and leukemia

Genetic instability is a hallmark of most cancer types, induced by a plethora of factors
characteristic for cancer cells, such as elevated OxS, proliferative stress or impaired DDR. Even
though disrupted genomic stability can be beneficial in malignant cells to some extent, being
source of pro-survival or therapy-resistance related mutations, accumulation of too many
unrepaired DNA lesions could lead to apoptosis. Therefore, in cancers at least partial activity
of DDR is maintained to protect them from death, often with upregulation of unfaithful DNA

repair pathways, maintaining high mutational potentiall37.152153,

HR alterations are frequently present in several malignancies. BRCA1/2 were the first
genes, which mutations have been attributed to severe HR impairment, serving as a
therapeutic marker!>**>>, Analysis of 17,152 primary samples from 55 cancer types identified

BRCA1/2 mutations in 4.9% of all analyzed cases, while 53% of them were breast, ovary,
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prostate, or pancreatic cancers, which are often associated with BRCA1/2 loss of function>4,
BRCA1/2 is also frequently downregulated in AML and CML'®!>7, Downregulation and
mutations of several other genes, including RAD51, RAD50, MRE11, NBS1, were also found to
cause HR inactivation>®-1¢0, revealing that BRCA1/2 mutations may not be the only markers
of inactivated HR. Accordingly, a term “BRCAness” was proposed for non-BRCA1/2 mutated
cancers that share molecular features of BRCA1/2-deficient malignancies and which could

benefit from similar therapeutic approaches'®?,

As cNHEJ is the predominant DSB repair mechanism, its preservation is crucial for
normal and cancer cells survival. Indeed, no cases of Ku70 or Ku80 mutations, two core cNHEJ
proteins, have been reported. The knockout of either of these proteins in human cell lines
caused cell death, possibly due to the reduction of telomere length®2, Mutations in other
cNHEJ elements (incl. DNA-PKcs, LIG4, XRCC4) are rare, and lead to severely impaired DSB
repair, radiosensitivity and elevated predisposition to malignancies'>3. Even though absolute
inactivation of cNHEJ is very rare, downregulation of some of its elements was found in
endometrial'®3, breast!®, uterine, cervix, and breast'®> cancers, promoting genomic
instability. Also, lower cNHEJ activity was observed in most CML, even though cNHEJ-related
proteins’ expression wasn’t consistently downregulated CML cells'®®. It is hypothesized that
this effect is due to the BCR-ABL1-induced ROS accumulation, as activity of Ku70 and DNA-
PKcs is blocked by OxS'®’. LIG4 is also considered to be downregulated in CML, although the
significance of this observation isn’t fully elucidated!®®. On the other hand, cNHEJ was
discovered to be overactivated in AML patients, leading to unfaithful DSB repair and
accumulation of genetic aberrations®®. In B cell chronic lymphocytic leukemia (B-CLL), high
levels of DNA-PKcs are associated with therapy-resistance by allowing cells to escape
apoptosis'®®. Moreover, increased altNHEJ activity, caused by overexpression of PARP1 and

LIG3, was correlated with therapy-resistant phenotype in CML®’.

1.4.3. DSB repair in ALL
ALL cells, like other malignancies, also exhibit disruptions in DSB repair pathways.
Genetic analysis of ALL primary material revealed downregulation of HR and cNHEJ elements

expression, with deficiency of DSB repair systems present in up to 25% of Ph™ subtypes and
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all tested cases of Ph* B-ALL’?. This is most likely due to previously shown downregulation of
both BRCA1 and DNA-PKcs by BCR-ABL1 activity!’%172, Interestingly, even though inhibition
of BCR-ABL1 with IMAT partially restored BRCA1 and DNA-PKcs levels, it significantly
downregulated other proteins involved in HR (RAD51) and cNHEJ (LIG4)'73174, Expression of
oncogenic K-RAS protein in ALL was also shown to induce overexpression of LIG3 and PARP1,

enhancing altNHEJ’>,

Some disruptions of DNA damage repair pathways in ALL could be linked to their
lymphoid origin. Physiologically, to be able to recognize a diverse repertoire of antigens,
developing pre-B cells carry out a process called V(D)J recombination, which provides
formidable variability of B cell receptors. V(D)J recombination process involves introduction
of DBS by RAG1/2, which is then repaired through cNHEJ'’®. As V(D)) recombination is
restricted to GO/G1 phase of the cell cycle, HR cannot take part in repair of RAG1/2, as it is
active only in S and G2 phases?’®. It is not fully understood how RAG proteins recruit
specifically cNHEJ, but not altNHEJ, to the site of the cleavage, although recent results suggest

involvement of Ku70 in altNHEJ suppression in progenitor B cells44,

As B-ALL cells are often stalled at the pre-B stage, they’re still maintaining RAGs
activity. Two studies investigating pediatric B-ALL primary material showed ongoing V(D)J
recombination in the vast majority of tested cases!’”*’8, A study in murine pre-B cell model
and primary Ph* B-ALL samples revealed that inhibition of BCR-ABL1 by IMAT causes AKT and
NF-kB downregulation, leading to activation of RAGs, even in the S phase!’®. This could have

dire consequences, as RAG activity in S phase has been linked to leukemogenesis*e°.

As V(D)) recombination and RAGs are only present in T and B cells!!

, significance of
cNHEJ seems to be more pronounced in the cells of lymphoid lineage. This hypothesis is
supported by the finding that mRNA of all core elements of cNHEJ in pediatric ALL is
overexpressed'®2, Moreover, inhibition of DNA-PKcs in addition to daunorubicin treatment
caused persistent accumulation of the DBS in the SUP-B15 Ph* B-ALL cell line, while HR
inhibition didn’t affect DNA repair in those cells®?, indicating that Ph* B-ALL cells might

heavily rely on cNHEJ activity for DSB repair.
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1.4.4. DNA repair inhibitors as anticancer drugs

In some cancers, a disruption of one DDR pathway and consequent dependence on
the sole remaining DDR pathway is observed. Researchers are trying to take advantage of this
fact with specific inhibitors that could induce synthetic lethality in cancer cells (Table 1). A
great example of successful utilization of this approach is the development and usage of PARP
inhibitors (PARPi) in BRCA1/2-mutated breast and ovarian cancer. BRCA1/2 mutation in those
cells impairs HR, and inhibition of PARP, which is required for backup DDR pathways, causes
apoptosis of cancer cells, but not healthy, HR-prominent cells'83184 Currently, there are four
clinically approved PARPi — olaparib (OLAP), talazoparib (TALA), niraparib (NIRA), and
rucaparib (RUCA). In the clinic, they are used alone or in combination with other therapeutics,
mainly chemotherapy, with numerous clinical trials testing different combinations of PARPi
in leukemia (mainly AML) underway (NCT03953898, NCT03878524). Safety of PARPi was
investigated in a meta-analysis of randomized controlled trials and a retrospective study of
the WHO pharmacovigilance database, which revealed that PARP inhibition may increase the
risk of developing the myelodysplastic syndrome and AML, although its possibility was still
low (0.73% in PARP-treated group vs 0.47% in general population)!®, showing that using
PARPI is a safe therapeutic approach. Up to date, the exact mechanism of PARPi-exerted cell
death isn’t fully elucidated. Published results indicate that PARPi may cause apoptosis
through either trapping PARP on DNA and stalling the replication fork, cNHEJ overactivation
and subsequent catastrophic genomic instability, disruption of Okazaki fragments processing,

although no consensus over PARPi mechanism was reached?*®®.
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DSB repair pathway Name Target Stage Ref.

altNHEJ Olaparib PARP1 FDA-approved 187
Talazoparib  PARP1 FDA-approved 188
Niraparib PARP1 FDA-approved 189
Rucaparib PARP1 FDA-approved 190
cNHEJ NU7026 DNA-PKcs pre-clinical 191
NU7441 DNA-PKcs pre-clinical 192
Nedisertib DNA-PKcs 1/11 NCT03983824
CC-115 DNA-PKcs, mTOR I NCT02977780
HR and cNHEJ AZD1390 ATM | NCT02588105
AZD0156 ATM | NCT05182905
HR Berzosertib  ATR I, 1/0, 0 NCT04768296,
NCT04802174,
NCT04052555
Ceralasertib ATR 1] NCT05061134,
NCT04417062,
NCT03328273

Table 1. List of selected DSB repair inhibitors in development and clinical trials. AItNHEJ — alternative NHEJ,
ATM - ataxia telangiectasia mutated, ATR - ataxia telangiectasia and Rad3-related protein, cNHEJ — classicall
non-homologous end joining, DNA-PKcs - DNA-dependent protein kinase catalytic subunit, HR — homologous
recombination, NHEJ — non-homologous end joining, PARP1 - poly(ADP-ribose) polymerase 1.

In a comprehensive study, briefly mentioned earlier, a personalized approach to test
patients’ susceptibility to PARPi has been proposed!’®. The complex approach called gene
expression and mutation analysis (GEMA) assessing mutational and quantitative changes in
DDR elements through multiple techniques, such as reverse transcription-quantitative PCR,
microarrays, next generation sequencing (NGS), and flow cytometry, allowing for the
identification of HR- and cNHEJ-deficient leukemias that could benefit from the use of PARP
inhibitors. Indeed, patient-derived cells from several leukemic types selected through GEMA
were highly sensitive to PARPi treatment, especially in combination with standard
therapeutics specific for each leukemia type (i.e. daunorubicin for AML, IMAT for CML)*7°,

Moreover, in vitro and in vivo models of BRCA- and cNHEJ-deficient leukemias showed the
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efficacy of OLAP and TALA in proliferating as well as quiescent leukemic cells, indicating the

promising potential of GEMA in the clinic!’°.

Even though PARPi are shown to be effective in some cases and safe for clinical use,
they have several side effects. Among them, the most frequent for whole class of drugs are
nausea, hematological toxicity and fatigue, observed in approximately 75%, 50% and 60% of
patients treated with PARPi, respectively’®>. Among less common side effects, also
constipation, decreased appetite, diarrhea, dizziness and headaches are also reported!®3.
Also, some pre-existing and acquired PARPi resistance is observed in a significant fraction of
patients (even up to 40% of BRCA1/2 mutated cases of ovarian cancers)'**. Some proposed
mechanisms responsible for that are: reversion mutations in BRCA1/2 restoring HR activity,
protection of replication fork stalling, drug efflux, specific miRNA expression pattern changes,

and compensation of PARP function by PARP-independent mechanisms°4-1%8,

cNHEJ components can also be a promising target for targeted anticancer therapy.
Out of cNHEJ inhibitors (cNHEJi), some targeting DNA-PKcs are currently in clinical trials,
although no cNHEJi were approved in clinic yet. To identify predictive markers for DNA-PKcs
inhibition outcomes, an integrative study of 67 cancer cell lines revealed mutations of BRCA1,
BRCA2, ATM, PAXIP1, and RAD50 to correlate with cells dependence on DNA-PKcs activity'®.
DNA-PKcs inhibitors NU7026 and NU7441 were shown to enhance radiosensitivity in
neuroblastoma®® and liver cancer®?. Another selective DNA-PKcs inhibitor, nedisertib (NEDI;
also known as peposertib or M3814), helps to overcome drug resistance in lung cancer

cells200

, and several clinical trials, including tests in AML in combination with standard
therapy, are ongoing (NCT03983824). A phase | trial, testing NEDI in solid tumors, showed its
good overall tolerance, although in monotherapy the best achieved response was a stable
disease in 12 patients out of 31 enrolled?®. Dual inhibition of mTOR and DNA-PKcs by CC-115
was also studied, with promising pre-clinical outcomes in CLL?%2. A completed phase | study

of CC-115 showed good tolerance to treatment, with partial response and a stable disease in

some tested cancer types (38% and 25% in CLL, respectively)?%3.
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Other DBS repair elements are also being investigated as a potential anticancer drug
targets. Inhibition of ATM was shown to be beneficial in radiosensitization of glioma2%,
prostate?®, and brain?°® cancer. Two of the ATM inhibitors, AZD1390 and AZD0156, are
currently tested in phase | clinical trials, although no results have been published yet
(NCT02588105, NCT05182905). Also, ATR inhibition is intensively tested, including several

207 s currently a subject of over 15

clinical trials. Berzosertib, highly selective ATR inhibitor
ongoing or recruiting clinical trials (NCT04768296, NCT04802174, NCT04052555), and some
already completed, showing promising effects (i.e. in combination with gemcitabine and
cisplatin in advanced solid tumors2%). Another promising ATR inhibitor, ceralasertib, shown
to induce cell death in various tumor models in a monotherapy and in combination with DNA
damaging agents, PARPi or radiotherapy?®, is currently studied in clinical trials in mono-

(NCT05061134) and combination therapies, including combination with olaparib in
osteosarcoma (NCT04417062) or acalabrutinib in CLL (NCT03328273).

Even though intensive pre-clinical and clinical research of DNA repair targeting in
cancer, much more studies are needed to harness its potential. This is especially apparent for
NHEJi, as they’re showing promising outcomes in pre-clinical and preliminary clinical results,

and no NHEJi are approved for clinical use are available up to date.
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2. Aims of the study

Ph* B-ALL is one of the high-risk B-ALL subtypes. Although introduction of TKIs
significantly improved treatment outcomes, high rates of relapse in patients require more
specific and effective therapies. To achieve this goal, a better understanding of the Ph* B-ALL
biology is needed, possibly uncovering some specific vulnerabilities serving as potential
therapeutic targets. Disrupted redox homeostasis in B-ALL leukemias was exploited through
inhibition of TXN system, one of the main antioxidant systems in B-ALL, although TXN system
role wasn’t investigated in Ph* B-ALL subtype and other Ph* leukemias. The first goal in this
study was to evaluate the TXN system targetability in Ph* leukemias and assess role of PRDX1
in those malignancies. Secondly, this project was aimed at developing novel combinations of

drugs to ameliorate Ph* B-ALL therapies efficacy.
Detailed aims of this study were:

e assessment of TXN system as a potential target in Ph* leukemia cell lines;

e assessment of the expression of TXN system elements in primary Ph* leukemias;

e evaluation of PRDX1’s role of in viability of Ph* cells and their sensitivity to TKls and
NHEJi;

e assessment of TKls and NHEJi combination efficacy in Ph* cell lines;

e investigation of the TKIs and NHEJi efficacy in PRDX1-deficient Ph* cell lines;

e testing novel triple combinations involving TKlIs, AUR and NHEJi in lymphoid Ph* cell
lines and PDXs.
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3. Materials and methods

3.1. Materials

3.1.1. Cell lines

Human Ph* cell lines and representing myeloid (K562, KU-812, LAMA-84, MEG-A2) or
lymphoid (BV173, SUP-B15, TOM-1) lineages were purchased from DSMZ (Braunschweig,
Germany). BV173, SUP-B15, TOM1, K562, KU-812 and LAMA-84 cells were maintained in
RPMI 1640 medium (Gibco), supplemented with either 10% (BV173, K562, LAMA-84) or 20%
(TOM1, KU-812, SUP-B15) FBS (HyClone) and 1% penicillin/streptomycin solution (BV173,
SUP-B15, K562; Sigma-Aldrich). MEG-A2 cells were cultured in IMDM medium (Gibco),
supplemented with 20% FBS (HyClone). All cell lines were kept in a humidified atmosphere at

37°C and 5% CO; and checked for Mycoplasma contamination routinely.

3.1.2. Mice

Transgenic immunodeficient NSG mice (NOD scid gamma, NOD.Cg-Prkdcscd
112rgt™1Wi'/Sz)) were purchased from The Jackson Laboratory. In vivo procedures were carried
out after permission of the Il Local Ethics Committee for animal research based in Warsaw
University of Life Sciences (WAW2/095/2019). All mice were kept in specific pathogen free

standard animal facility, in individually ventilated cages.

3.1.3. Patient derived material for PDXs generation

For generation of PDXs, primary material isolated form Ph* B-ALL patients’ bone
marrow was used. The blasts were isolated by centrifugation of bone marrow samples in
Lymphoprep (STEMCELL Technologies) gradient. Upon isolation, cells were either
cryopreserved or injected into 6—12-week-old NSG female or male mice immediately. 1-5min
of cells were injected into recipient animals’ tail vein, and leukemia burden was assessed by
cytometric assessment of hCD19*hCD34* cells percentage in mice peripheral blood weekly.

Antibodies used for monitoring of mice are listed in Table 2.
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Antibody Clone Catalogue no. Manufacturer

anti-mCD45 APC 30-F11 17-0451-83 eBioscience

anti-hCD45 PE HI30 12-0459-42 eBioscience

anti-hCD19 FITC HIB19 11-0199-42 eBioscience

Table 2. List of antibodies used for monitoring of leukemia progression in NSG mice.

Mice were sacrificed when one of the following conditions was met: 1) ratio of human
CD19*CD34* and mouse CD34* cells in peripheral blood reached 1:1, 2) severe splenomegaly
or 3) rear legs paralysis was observed, or 4) mice overall condition was visibly declining. PDX
human cells were isolated from the spleen using centrifugation in Lymphoprep gradient and
if less than 80% of isolated cells were hCD19*, additional purification with CD19-specific
magnetic beads was performed. PDX cells isolated this way were either taken for
experimental procedures immediately or cryopreserved in liquid nitrogen until needed.

Patients, whose material was used for generation of PDXs, are characterized in Table 3.

:5:;2 Type Cohort Sex TKI sensitivity
PDX#1 Ph+ B-ALL adult M resistant
PDX#2 Ph+ B-ALL pediatric M resistant
PDX#3 Ph+ B-ALL pediatric M resistant
PDX#4 CML LBP adult M sensitive
PDX#5 CML LBP adult F sensitive
PDX#6 Ph+ B-ALL pediatric F sensitive

Table 3. Characteristics of patients, whose donated material was used for generation of PDXs. CML LBP —
chronic myeloid leukemia in lymphoid blast phase, Ph* B-ALL — Philadelphia positive B cell acute lymphoblastic
leukemia.

3.1.4. Drugs and chemicals

Compounds used in experimental procedures were: imatinib, dasatinib, nedisertib,
olaparib (IMAT, DASA, NEDI, OLAP; Selleckchem), auranofin, puromycin, hydrogen peroxide,
catalase (AUR, PURO, H.0,, CAT; Sigma-Aldrich), adenanthin (ADE, Faces Biochemical Co.),

and sodium pyruvate (Thermo Fisher Scientific). Other reagents were purchased from either
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Sigma-Aldrich or Thermo Fisher Scientific. All compounds were dissolved either in water or

DMSO and stored in 4°C or -20°C, according to manufacturer’s recommendations.

3.2. Methods

3.2.1. PDX Ph* lymphoid cell culture

Freshly isolated or thawed PDX cells were immediately taken for experimental
procedures. Prior to cytotoxic assays, dead cells were discarded through centrifugation in
Lymphoprep gradient. PDX cells were cultured in SFEM Il medium (Gibco), supplemented with
20% FBS (Gibco), 20ng/ml recombinant human interleukin 3 and 10ng/ml recombinant

human interleukin 7 (R&D Systems), called SFEM-full medium.

3.2.2. CRISPR/Cas9 generation of genomic PRDX1 knockout in BV173 and K562 cell lines
BV173 and K562 cells genomic PRDX1 knockout was obtained using a second-
generation CRISPR/Cas9 lentiviral system. HEK293T cells were co-transfected with 4ug
lentiCRISPRv.2 (Addgene plasmid #52961) encoding gRNA targeting PRDX1 (sequence:
ATCAATGATAAAAAGGCCCCTGG), 4ug packaging psPAX2 and 2ug envelope pMD2.G vectors.
LentiCRISPRv.2 encoding non-targeting gRNA sequence (sequence:
ACGGAGGCTAAGCGTCGCAA) was used as a control. Cells modified with PRDX1 targeting, or
non-targeting gRNA are referred to as sgPRDX1 and sgNTC, respectively. 48h after
transfection, virus containing media from HEK293T cells was filtered through 0.45um filter
and target cell lines were infected in the presence of 4ug/ml polybrene. Selection of modified
cells was performed by culturing infected cells in the presence of 2ug/ml PURO, 1mM sodium
pyruvate and 50ug/ml catalase. For BV173 cells, selection of clones was also performed. In
short, cells were seeded onto 96-well plate in density of 1 cell/well in the presence of
presence of 2ug/ml PURO, 1mM sodium pyruvate and 50ug/ml catalase. Next, wells with
singular cell were marked. After allowing single cells to grow, three selected BV173 sgPRDX1
clones were mixed in 1:1:1 ratio and used throughout the project. PRDX1 knockout was
confirmed by immunoblotting. After the selection, sgPRDX1 cells were cultured in the

medium supplemented with 1mM sodium pyruvate and 50ug/ml catalase (ROS scavengers).
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In experiments not involving ROS scavengers, cells were deprived of ROS scavengers for 2-3

days prior to the experiment.

3.2.4. Reconstitution of PRDX1 in BV173 sgPRDX1 cells

Reconstitution of either WT or mutated PRDX1 in BV173 sgPRDX1 cells was obtained
using a second-generation lentiviral expression system. HEK293T cells were co-transfected
with 4ug expression plasmid pLV-SFFV-hPRDX1:T2A:EGFP (Vector Builder) encoding either
WT or mutated PRDX1, 4ug packaging psPAX2 and 2ug envelope pMD2.G vectors. Mutations
in PRDX1-coding sequences are summarized Table 4. 48h after transfection, virus-containing
media from HEK293T cells were filtered through 0.45um filter and the target cell lines were
infected in the presence of 4ug/ml polybrene. Modified cells (EGFP*) were sorted using BD
FACSAria™ Ill Cell Sorter (BD Biosciences). After sorting, cells were cultured with the addition

of ROS scavengers.

PRDX1 .
. PRDX1 coding sequence
variant
C52A ATGTCTTCAGGAAATGCTAAAATTGGGCACCCTGCCCCCAACTTCAAAGCCACAGCTGTTATG

- CCAGATGGTCAGTTTAAAGATATCAGCCTGTCTGACTACAAAGGAAAATATGTTGTGTTCTTC
TTTTACCCTCTTGACTTCACCTTTGTGIGCCCCACGGAGATCATTGCTTTCAGTGATAGGGCAG

- AAGAATTTAAGAAACTCAACTGCCAAGTGATTGGTG CTTCTGTGGATTCTCACTTC-CATCT
AGCATGGGTCAATACACCTAAGAAACAAGGAGGACTGGGACCCATGAACATTCCTTTGGTAT
CAGACCCGAAGCGCACCATTGCTCAGGATTATGGGGTCTTAAAGGCTGATGAAGGCATCTCG
TTCAGGGGCCTTTTTATCATTGATGATAAGGGTATTCTTCGGCAGATCACTGTAAATGACCTCC
CTGTTGGCCGCTCTGTGGATGAGACTTTGAGACTAGTTCAGGCCTTCCAGTTCACTGACAAAC
ATGG GGAAGTG-CCAG CTGGCTGGAAACCTGGCAGTGATACCATCAAGCCTGATGTCCAA
AAGAGCAAAGAATATTTCTCCAAGCAGAAG

Table 4. Coding sequence of PRDX1 used for its reconstitution in BV173 sgPRDX1 cells. Highlighted cysteine
codons (TGC or TGT) were changed to alanine ones (GCC) in order to generate indicated PRDX1 mutants.

3.2.5. Assessment of mRNA levels by qPCR in BV173 cell line and primary CML and Ph* B-
ALL cells

For measurement of mRNA levels in BV173 with or without PRDX1, sgNTC or sgPRDX1
cells were seeded onto six well plates at 0.2miIn/ml density and cultured for 24h with or
without addition of 250nM IMAT to the culture medium. Prior to RNA isolation, cells were

washed once with phosphate buffered saline (PBS) and pelleted by centrifugation. Primary
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cells were freshly thawed prior to the analysis and from this point analyzed following the

same procedure as BV173 cells.

Gene Sequence

ATF_F CCTAGGTCTCTTAGATGATTACC
ATF_R CAAGTCGAACTCCTTCAAATC
CHOP_F GAAGCGGATGGCTGAGAAA
CHOP_R GTTGGAGAAGAGCTCCAAGAC
RAD50_F CAAGGGACTGATGAGCAACTAA
RAD50_R  CCAGTTCACGATGACAGTCTAC
LIGA_F GCCCGTGAATATGATTGCTATG
LIGA_R TCAGGAGTCTGCTCGTTAGA
XRRC4_F GAGACAGCGAATGCAAAGAAAT
XRRC4_R CGTCTCAGGTAGTGAAGAATCAG
PAXIP1_F  ATGCTTGGAGAGTTCCCTTAAA
PAXIP1_R TGGAAGAAGGCTGGACATTAG
BRCA1_F GCTCTTCGCGTTGAAGAAGTA
BRCA1_R CACACTTTGTGGAGACAGGTT
TXN1_F TAAAGGGAGAGAGCAAGCAG
TXN1_R CAGAGAGGGAATGAAAGAAAGG
TXN-R1_F  TCACCCCAGTTGCAATCC
TXN-R1_R  GGTTGGAACATTTTCATAGTCACA
PRDX1_F CACTGACAAACATGGGGAAGT
PRDX1_R  TTTGCTCTTTTGGACATCAGG
RPL29_F CAGCTCAGGCTCCCAAAC
RPL29_R GCACCAGTCCTTCTGTCCTC

Table 5. List of primer pairs sequences used in qPCR. F and R stand for sense and antisense sequence,

respectively.
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The RNA was isolated using RNeasy kit (Qiagen, Hilden, Germany), using
microcentrifuge columns and alcohol extraction. Concentration and purity of isolated RNA
was assessed by NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific). Next, 2ug
of RNA was incubated with DNase (Sigma-Aldrich) and used for reverse transcription with
Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The expression of target
genes was measured in reference to RPL29 (ribosomal protein L29) by a fluorescence-based
kinetic gPCR. gPCR reaction was performed utilizing LightCycler® 480 System (Roche) and
intercalating fluorescent dye Fast SYBR Green Master Mix (Thermo Fisher Scientific).
Sequences of the primers used for the reactions are listed in Table 5. mRNA expression levels
were calculated by subtracting RPL29 reference gene’s cycle threshold (Ct) from the target’s

Ctb (ACt) and the values are presented as 272,

3.2.6. Assessment of changes in gene expression by RNAseq in IMAT-treated BV173 cells
Total RNA was alcohol extracted from the primary blast cells resuspended in Trizol
(Invitrogen. RNA sequencing was performed using lllumina® Stranded mRNA Prep, Ligation
(Hlumina), indexed with IDT® for Illumina® RNA UD Indexes Set A (lllumina). The library was
sequenced on a Next Seq 550 system (lllumina) using NextSeq® Reagent Kit v3 (150 cycles)
with a TG NextSeq 500/550 High Output Flow Cell. FASTQ files were processed, and statistical
analysis was performed with StrandNGS 3.3 Software (Strand Life Sciences Pvt. Ltd). Pathway
analysis was done with GenePattern platform?!® and Gene Set Enrichment Analysis (GSEA,
https://software.broadinstitute.org/gsea/)?!!. Data visualizations, heatmaps plotting and
genes clustering were performed in MultiExperiment Viewer software (MeV,

https://webmev.tm4.org/). All RNAseq experiments and analyses were performed in

collaboration with dr A. Pastorczak and dr J. Madzio from the Department of Pediatrics,

Oncology and Hematology, Medical University of tédz.

3.2.7. Immunoblotting

Cells were lysed using lysis buffer (10% glycerol, 1.0% Triton X-100, 150mM NadCl,
5mM EDTA, 50mM Hepes, pH 7.4) supplemented with Complete Protease Inhibitor Cocktail
(Roche) and Complete Phosphatase Inhibitor Cocktail (Roche). Total protein concentration in

lysates were measured using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 20ug of
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whole-cell protein lysate was separated in 10% polyacrylamide gels and transferred to
Protran nitrocellulose membranes (Schleicher and Schuell BioScience). Following protein
transfer, membranes were blocked in 5% nonfat milk or BSA, incubated with primary
antibodies followed by incubation with secondary HRP-linked antibodies. List of used
antibodies can be found in Table 6. Signal was developed using SuperSignal
Chemiluminescent Substrate (Thermo Fisher Scientific) or WesternBright Sirius HRP substrate
(Advansta) and imaging was performed with ChemiDoc Imaging System (Bio-Rad

Laboratories).

Antibody Clone Catalog no. Manufacturer
BCL-W 31H4 2724 Cell Signaling
BIM C34C5 2933 Cell Signaling
Caspase 3 polyclonal 9662 Cell Signaling
Caspase 9 polyclonal 9502 Cell Signaling
Cleaved PARP D64E10 5625 Cell Signaling
PRDX1 polyclonal HPA0Q7730 Sigma-Aldrich
p-SAPK/INK (Thr183/Tyr185) polyclonal 9251 Cell Signaling
SAPK/JNK polyclonal 9252 Cell Signaling
TXN1 C63C6 2429 Cell Signaling
a-tubulin DM1A CPO6 Calbiochem

B-actin AC-15 A3854 Sigma-Aldrich
YH2AX 20E3 9718 Cell Signaling

Table 6. List of antibodies used for immunobloting.
3.2.8. Assessment of cell viability by propidium iodide staining

Cells were seeded onto 24-well plate in 1ml of media in concentration 0.2mlin/ml
(K562, BV173) or 0.6mIn/ml (all other used cell lines) and treated with indicated

concentrations of compounds for 48h and stained with propidium iodide (PI) at a final
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concentration of 1ug/ml. Pl-negative cells were assessed by flow cytometry using FACSCanto

Il or LSRFortessa X-20 (BD Biosciences).

3.2.9. Assessment of PDX viability by propidium iodide staining

PDX cells were seeded onto 96-well U-bottom plates in SFEM-full medium. Final media
volume per well was 200l and the cells were maintained at the density 0.5mIn/ml for 72h in
the presence of indicated concentrations of compounds. Subsequently, cells were taken for
cytometric analysis, and stained with Pl at a final concentration of 1ug/ml. Pl-negative cells

were assessed by flow cytometry using FACSCanto Il or LSRFortessa X-20 (BD Biosciences).

3.2.10. Clonogenic assay

BV173 sgNTC and sgPRDX1 cells were suspended at a density of 5x103in 200ul of RPMI
medium (Gibco) supplemented with 10% FBS (HyClone) and placed in a sterile 5ml FACS
tubes. Treated groups had IMAT added to media in a final concentration of 1000nM and were
incubated for 2h in cell incubator with protection from light. Subsequently, 900ul of drug-
free MethoCult™ H4434 Classic methylcellulose-based semi-liquid medium with recombinant
cytokines for human cells (STEMCELL Technologies) was added to cells and cells were seeded
in a final volume 1.1ml onto 35x10mm plates with grid pattern (Sarstedt). The plates with
seeded cells were then placed in a closed container with PBS filled cuvette to prevent
methylcellulose from drying and incubated in the cell incubator for 6 days. After the
incubation, colonies consisting of at least 4 cells (CFUs — colony forming units) were counted
inside 9x9 square on the plate and the results were the normalized to each group’s control

for each experiment separately.

3.2.11. Assessment of intracellular ROS levels

Staining for total intracellular ROS was performed using the permeable H2DCFDA dye
(DCFDA) (Thermo Fisher Scientific). First, cells were suspended in PBS at density 1mIn/ml and
stained with DCFDA for 30min in the dark at 37°C in the cell incubator. Subsequently, cells
were washed with PBS and resuspended in RPMI medium, supplemented with 10% FBS and
1% penicillin/streptomycin, at final density 0.2mIn/ml, seeded onto 24-well plates in 1ml of

media, and indicated concentrations of H,0; and IMAT were added to corresponding wells.
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At indicated timepoints of IMAT-treatment, cells were immediately taken for analysis on

FACSCanto Il (BD Biosciences).

For measurement of cytoplasmic and nuclear ROS levels, BV173 sgNTC and sgPRDX1
cells were seeded onto 24-well plate in 0.5ml of RPMI medium (Gibco) supplemented with
10% FBS (HyClone) at density 0.2mIn/ml. Subsequently, IMAT was added to treated groups in
final concentration 500nM and incubated in cell incubator. After indicated time of incubation
with the drug (0.5h-16h), cytoplasmic or nuclear ROS were analyzed using either CellROX
Green or CellROX DeepRed reagents (Thermo Fisher Scientific), respectively. Reagents were
added to the cells in final concentration 5uM and incubated for another 30min at the
incubator. Following the incubation, cells were washed twice with PBS, resuspended in 200ul
of PBS and analyzed on FACSCanto Il (BD Biosciences). Mean fluorescence of the unstained
control was subtracted from the mean fluorescence of stained samples and it was then

normalized to each group’s control for each experiment separately.

3.2.12. Assessment of 8-OH-DG levels in cell medium

BV173 sgNTC and sgPRDX1 cells were seeded onto 24-well plate in 1ml of RPMI
medium (Gibco) supplemented with 10% FBS (HyClone) at a density 0.2mIn/ml and IMAT was
added to treated groups in a final concentration 500nM. After 24h incubation with the drug
in the cell incubator, 150ul of media from each well was taken, centrifuged at 1000g for
15min, and 100ul of cleared supernatant was taken for further analysis. Assay was performed
using 8-Hydroxy-2-desoxyguanosine (8-OHDG) ELISA kit (MyBioSource). Samples absorbance
was measured at 450nm wavelength on microplate reader (ASYS UVM 340; Biochrom) and 8-
OHDG concentration was calculated with use of curve generated by using standards attached

to the kit.

3.2.13. Assessment of H2AX activation

BV173 sgNTC and sgPRDX1 cells were seeded onto 24-well plate in 1ml of RPMI
medium (Gibco) supplemented with 10% FBS (HyClone) at density 0.2mIn/ml and IMAT was
added to treated groups in final concentration 250nM or 500nM. After 24h of incubation in

the cell incubator, activation of H2AX was assessed by Muse® H2A.X Activation Dual
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Detection Kit (Luminex) following manufacturer’s protocol. In short, cells after treatment
were washed with PBS and fixed for 5min in fixation buffer on ice. After fixation, cells were
washed with PBS again and permeabilized in permeabilization buffer for 5min on ice.
Subsequently, 5ul of anti-Histone H2A.X/PECy5 was added to 90ul of fixed and permeabilized
cells and cells were stained for 30min at RT, protected from light. Next, cells were washed
with PBS once again, resuspended in assay buffer and taken for analysis in Muse Cell Analyzer

(Merck).

3.2.14. Assessment of DSBs levels by TUNEL assay

BV173 sgNTC and sgPRDX1 cells were seeded onto 24-well plate in 1ml of RPMI
medium (Gibco) supplemented with 10% FBS (HyClone) at density 0.2mIn/ml and IMAT was
added to treated groups in final concentration 250nM or 500nM. After 24h of incubation in
the cell incubator, amount of DNA breaks was assessed by APO-BrdU™ TUNEL Assay Kit
(ThermoFisher Scientific) in accordance with manufacturer’s protocol. In short, cells after
treatment were washed with PBS and fixed in 1% paraformaldehyde on ice for 15min. After
fixation, cells were washed with PBS and permeabilized in 70% ethanol for 30min on ice. After
permeabilization, cells were incubated with master mix, containing terminal
deoxynucleotidyl transferase and BrdUTP, for 1h at the cell incubator. Subsequently, cells
were washed with PBS and stained with anti-BrdU antibody for 30min at RT in dark. Next,
cells were stained with propidium iodide, and taken for analysis on FACSCanto Il or

LSRFortessa X-20 (BD Biosciences).

3.2.15. Statistical analysis

Data visualization and statistical analysis were performed using the R programming
language. All statistical tests were preceded by testing for outliers, normality of residuals
distribution and homogeneity of variances, as those conditions must be met before using
parametric tests. For data that passed those tests, 2-way ANOVA or pairwise t-test with
Bonferroni correction were used. ANOVA tests were calculated with White-adjustment to
exclude the effect of variable errors in the regression models. Statistical significance for data
sets that didn’t pass tests for normality was calculated using non-parametric Mann-Whitney

test.
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All statistical analysis was performed in consultation and collaboration with
dr Maksymilian Bielecki from the Department of Psychology, SWPS University of Social

Sciences and Humanities, Warsaw.
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4. Results

4.1. Evaluation of the efficacy of IMAT in combination with thioredoxin system

inhibition

Gene logFC p Signif.

HMOX1 1.03 0.0329 *
S0D2 0.62 0.0110 *
PRDX3 037 0.0734
GSS 0.31 0.0301 *
TXN-R1 0.27 0.1560
PRDX1  0.21  0.3990
GSTM4 0.19 0.1060
TXN1 0.16 0.2110
PRDX2  -0.12 0.2460
PRDX4  -0.23 0.1050
GPX4 -0.23 0.1510
GPX1 -0.23 0.0504
PRDX6  -0.35 0.0167 *
GSTA3  -0.44 0.0087 **
TXNIP -1.08 0.0372 *
MGST3 -1.27 0.0010 **

GSTA4  -2.11 0.0002 ***

Table 7. Metaanalysis of chosen gene expression changes upon BCR-ABL1 induction in pre-B cell line.
Presented in the table are selected genes related to two main antioxidant systems: GSH and TXN. Genes were
sorted according to their logFC value, from highest to lowest. Data extracted from publicly available dataset
(GSE75058)%2.

As discussed previously, BCR-ABL1 activity disturbs the cell’s redox homeostasis®.
Moreover, Kesarwani and colleagues performed a comparative analysis of gene expression
after induction of BCR-ABL1 in pre B cells (GSE75058)%2. The analysis of this dataset revealed
a tendency of GSH-related genes to be downregulated (i.e. GSTA4, MGST3, GPX1, GPX4) and
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the TXN1 system genes (TXN1, TXN-R1, PRDX1) to be upregulated upon BCR-ABL1 expression
(Table 7).

Although differences in the levels of some genes weren’t statistically significant, a
consistent expression pattern could be observed. This data allowed a formulation of a
hypothesis that the TXN system may play a supporting role in Ph* leukemias. These
observations, together with the fact that the TXN system inhibition triggers apoptosis of B-
ALL cells and synergizes with some treatments of B malignancies’®’4, led to the investigation
of the efficacy of TKls, drugs that are the key component of Ph+ leukemia treatment, in

combination with the TXN system inhibitors (AUR and ADE).

4.1.1. Lymphoid Ph* cell lines

The cytotoxic effects of two TKls (IMAT and DASA) in combination with either AUR (Fig.
3) or ADE (Fig. 4) were tested in BV173 and SUP-B15 lymphoid Ph* cell lines, and synergy
scores were calculated for each combination. AUR and ADE ECz0and ECso were chosen based
on previously reported results for BV173 and SUP-B15 cell lines’®, while concentrations of
TKIs up to ECy0 were tested, as their higher concentrations, weren’t much more effective in
those cells. Synergy scores higher than 10 indicate synergy, and the higher the score, the

stronger the synergistic effect.

Both AUR and ADE alone exerted a significant cytotoxic effect on both cell lines.
Moreover, 1uM AUR potentiated the effects of both IMAT and DASA in both cell lines, while
0.5uM AUR synergized with TKIs only in SUP-B15 cells. ADE showed a higher synergistic effect

in BV173 cells in comparison to AUR, while in SUP-B15, the effects were comparable.

These observations indicate the role of the TXN system in lymphoid Ph* cells
maintenance and their response to TKls, making the TXN system elements in those cells an

interesting object of further research.

52



BV173
Synergy Score

30
100 - 20
= 250-
£ 10
g 0
=125- 281 10
2 : - I 20
Q 0.5 1 B
P AUR (uM) AUR (M) -30
=} 0
.g ! 0.5
5 1 SyneSrgy Score
* Izo
S 1 e
z 1 ez 0
5 0
a5 0.5- 2.02 10
0’5 i I -20
AUR (M) -30
Synergy Score
30
I 2
10
0
-10
(2]
= ! A -20
[ 0.5 1
P AUR (M) AUR (M) -30
=} 0
2 ! 05
‘5 1 SyneSrgy Score
* Izo
S 1 s
= ! 804 10
é 0
g 0% I -10

0.5 1
AUR (pM)

Fig 3. Efficacy of the combination of AUR with IMAT or DASA in Ph* lymphoid cell lines. BV173 (n=4-6) and
SUP-B15 (n=2-3) Ph* lymphoid cell lines were treated with IMAT or DASA in combination with AUR for 48h and
viability was assessed by the exclusion of dead cells in flow cytometry using PI staining. The synergistic effect
was calculated with the SynergyFinder R package?!3. Synergy scores: lower than -10 — antagonism, between -10
and 10 — additive effect, higher than 10 - synergy. Means * SD are presented.
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Fig 4. Efficacy of the combination of ADE with IMAT or DASA in Ph* lymphoid cell lines. BV173 (n=4-6) and
SUP-B15 (n=2-3) Ph* lymphoid cell lines were treated with IMAT or DASA in combination with ADE for 48h and
viability was assessed by the exclusion of dead cells in flow cytometry using PI staining. The synergistic effect
was calculated with the SynergyFinder R package?'3. Synergy scores: lower than -10 — antagonism, between -10
and 10 — additive effect, higher than 10 - synergy. Means + SD are presented.

To check if similar synergistic interaction between TKIs and TXN system inhibitors
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occurs also in Ph+ myeloid cells, corresponding tests with adjusted TKls doses were

performed for K562, LAMA-84, and MEG-A2 CML cell lines (Fig. 5 and 6).
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Fig 5. Efficacy of AUR with TKIs combination in CML cell lines. K562, LAMA-84, and MEG-A2 CML cell lines (n=4
for all cell lines) were treated with IMAT or DASA in combination with AUR for 48h, and viability was assessed
by the exclusion of dead cells in flow cytometry using Pl staining. T The synergistic effect was calculated with
the SynergyFinder R package?!3. Synergy scores: lower than -10 — antagonism, between -10 and 10 — additive
effect, higher than 10 - synergy. Means +SD are presented.he synergistic effect was assessed with the
SynergyFinder R package?'3. Means + SD are presented.
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Fig 6. Efficacy of ADE with TKls combination in CML cell lines. K562 (n=4), LAMA-84 (n=4), and MEG-A2 (n=6)
CML cell lines were treated with IMAT or DASA in combination with ADE for 48h and viability was assessed by
the exclusion of dead cells in flow cytometry using PI staining. The synergistic effect was calculated with the
SynergyFinder R package?!3. Synergy scores: lower than -10 — antagonism, between -10 and 10 — additive effect,
higher than 10 - synergy. Means + SD are presented.
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Two of them, K562 and LAMA-84, were sensitive to both TKls, while MEG-A2 cells were
resistant to IMAT and DASA in the examined doses. Moreover, all tested myeloid cell lines
were insensitive to AUR and ADE in monotherapy, even if the drugs were used in higher doses
than in the previous experiment with lymphoid cell lines. Any noticeable synergistic effects
of combining TXN system inhibitors with TKls were observed exclusively in LAMA-84 cells.
Though the synergy scores for DASA in combination with either AUR or ADE exceeded 10, the
overall enhancement of TKls cytotoxicity by the addition of the TXN system inhibitors was

lower than in lymphoid cells.

These results suggest that the TXN system does not play such a prominent role in CML

cells’ viability and sensitivity to TKls treatment as in the case of lymphoid Ph* cells.

4.2. Identification of the lymphoid-specific role of PRDX1 in Ph+ leukemias

4.2.1. Evaluation of the levels of the TXN system antioxidant enzymes in Ph* leukemias
To further investigate the role of the TXN system components in Ph* leukemic cells,
protein levels of PRDX1 and TXN1 have been assessed in CML and Ph* B-ALL cell lines by

immunoblotting (Fig. 7).
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Fig. 7. PRDX1 and TXN1 protein levels in Ph* cell lines. Protein levels were assessed by immunoblotting. PRDX1
— peroxiredoxin 1, TXN1 — thioredoxin 1.
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Ph* lymphoid cell lines BV173, SUP-B15, and TOM1 exhibited higher PRDX1 levels in
whole-cell lysates in comparison to CML cells. TXN1 expression pattern, on the other hand,
wasn’t consistent among Ph* B-ALL samples. Next, the levels of mRNA encoding PRDX1,
TXN1, and TXN-R1 in primary leukemic cells isolated from the bone marrow of patients
suffering from myeloid (CML CP and CML lyBP) and lymphoid (CML lyBP and Ph* B-ALL) Ph*
leukemia were measured by qPCR (Fig. 8). Relative mRNA expression of TXN1 and TXN-R1
turned out to be downregulated in lymphoid samples in comparison to myeloid ones, while
only PRDX1 was significantly upregulated in lymphoid cells. This result led to the hypothesis
that in Ph* lymphoid leukemia cells, PRDX1 is a key element of the TXN system, playing an

important role in their survival and sensitivity to TKls treatment.
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Fig 8. mRNA levels of the TXN system elements in lymphoid and myeloid Ph* primary cells. Relative PRDX1
MRNA levels in primary cells isolated from the bone marrow of leukemic patients: CML CP — chronic myeloid
leukemia (CML) in chronic phase (n=5), CML myBP — CML in myeloid blast phase (n=3), CML lyBP — CML in
lymphoid blast phase (n=3), Ph+ B-ALL — Philadelphia positive B cell acute lymphoblastic leukemia (n=11). cDNA
was obtained by reverse transcription of the whole RNA isolated from primary leukemic cells. Fluorescence was
measured using SybrGreen and relative expression was calculated using the RPL29 gene as a reference. Medians
1 confidence intervals are presented. Statistical significance was evaluated using the Mann-Whitney test.
Experiment performed in collaboration with dr Joanna Madzio from Department of Pediatrics, Oncology and
Hematology, Medical University of £tédz.
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4.2.2. The effect of PRDX1 silencing on Ph+ cells growth and sensitivity to TKls

To assess the role of PRDX1 in Ph* leukemias, CRISPR-Cas9-mediated genomic
knockouts of PRDX1 in myeloid (K562) and lymphoid (BV173) Ph* cells have been obtained.
The knockouts were generated by a lentiviral transduction of target cells with a vector
expressing Cas9 endonuclease and a guide RNA (gRNA), either non-targeting (sgNTC) or
complementary to PRDX1 gene (sgPRDX1). A simplified summary of this genetic modification
is presented in Figure 9A. After selection with PURO, PRDX1 knockout was confirmed on the

protein level by immunoblotting (Fig. 9B).
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Fig. 9. Generation of K562 and BV173 cell lines with PRDX1 genomic knockouts. A. An illustrative
representation of CRISPR-Cas9 genomic modification of target cells. PURO — puromycin. B. Confirmation of the
PRDX1 knockout (sgPRDX1 cells) in K562 and BV173 cells by immunoblotting. Parental (wt) and non-targeting
control gRNA-modified cells (sgNTC) are shown as reference for the PRDX1 base level.
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Next, the numbers of viable sgPRDX1 and control (sgNTC) cells were assessed by
counting in the light microscope, with Trypan Blue exclusion, in a 72h time-course (Fig. 10).
While the numbers of cells at times of counting were unaffected by PRDX1 knockout in K562
cells, in BV173 the PRDX1 knockout significantly reduced the numbers of viable cells, with the
effect increasing over time. As PRDX1 main function in the cell is the removal of H,0;, the
additional groups of BV173 cells were cultured in the presence of ROS scavengers (sodium
pyruvate and catalase). The addition of scavengers restored the growth of sgPRDX1 cells to
the levels of control sgNTC cells, showing that the observed PRDX1 knockout effect in BV173

cells was dependent on PRDX1 catalytic function.
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Fig. 10. Impact of PRDX1 knockout on the growth of K562 and BV173 cell lines. The number of live K562 (n=5)
and B173 (n=6) cells was assessed by Trypan Blue exclusion in the light microscope. Cells were seeded in 1ml of
the medium at a density of 0.2mIn/ml (200ths cells/well) and 10ul of cells were taken for counting from each
well at indicated timepoints. Two BV173 groups had ROS scavengers (scav) added to the media at the start of
the experiment: 50ug/ml catalase, and 1ImM sodium pyruvate. Means + SD are presented. Statistical significance
was estimated within specific timepoints by a pairwise t-test with Bonferroni correction, with comparisons
between cells without or with scavengers separately. * p<0.05, ** p<0.01, ***p<0.001, non-significant
comparisons not shown on graph.

As the PRDX1 knockout slowed down the growth of BV173 cells, the next step was to
assess the sensitivity of sgPRDX1 cells to TKls treatment. First, the effectiveness of IMAT was

tested in K562 and BV173 sgNTC cells and the corresponding PRDX1 knockouts (Fig. 11).
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PRDX1 knockout substantially sensitized BV173 cells to IMAT, while in K562 cells the effect

was smaller.
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Fig. 11. Effects of PRDX1 knockout on the sensitivity of K562 and BV173 cell lines to IMAT treatment. K562
(n=4) and BV173 (n=8) cells’ viability was assessed after 48h treatment with indicated concentrations of IMAT
by the Pl exclusion of dead cells in flow cytometry. Means + SD are presented. Statistical differences between
groups were assessed by a White-adjusted 2-way ANOVA: *p<0.05, ***p<0.001.

The effectiveness of DASA in sgPRDX1 cells was also investigated (Fig. 12). Differences
between sgPRDX1 and control groups in K562 cells were negligible. BV173 control cells, in
opposition to K562, were largely resistant to DASA even at 160nM (approximate Cmax in
patients’ serum?!4), with less than 20% of the cells killed. Importantly, in BV173 cells, PRDX1
knockout caused immense sensitization to the treatment even at the 20nM concentration of
the drug. Moreover, PRDX1 knockout alone decreased untreated BV173 cells viability by
approx. 15-20%. The observed sensitization to treatment wasn’t just an additive effect, as the

differences in viability between groups with rising TKIs concentrations were significantly
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different, as assessed by the significance of the 2-way ANOVA interaction factor (Anova tables
in Fig. 11 and Fig.12). The augmentation of TKls effect by PRDX1 knockout specifically in Ph*

B-ALL but not CML cells further suggests the lineage-specific role of this protein.
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DASA:group 3 24 161 0.19 .213 DASA:group 4 30 10.03 0.37 <.001 ***

Fig. 12. Effects of PRDX1 knockout on the sensitivity of K562 and BV173 cell lines to DASA treatment. Cell
viability (n=4) was assessed after 48h treatment with indicated concentrations of DASA by the PI exclusion of
dead cells in flow cytometry. Means + SD are presented. Statistical differences between groups were assessed
by a White-adjusted 2-way ANOVA: ***p<0.001.

To test the effects of PRDX1 knockout on the proliferation and viability of IMAT-
treated cells in a longer time, control and sgPRDX1 BV173 cells were treated with 1000nM

IMAT for 2h and taken for clonogenic assay. After six days of incubation, the number of CFUs

was assessed (Fig. 13).
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Fig. 13. Effects of PRDX1 knockout on the clonogenic potential of BV173 cells treated with IMAT. BV173 cells
(n=7) were pretreated with 1uM IMAT for 2h before seeding on plates after 5.5 times dilution with
methylcellulose semi-liquid media without a drug. After 6 days of incubation, colonies consisting of at least 4
cells (CFUs, colony-forming units) were counted. A. Absolute CFUs number of untreated and IMAT-treated cells.
Due to very high differences between groups clearly visible, statistical significance wasn’t tested. Means + SD
are presented B. Normalized CFUs number of IMAT-treated cells. Results were normalized to each group’s
average CFUs in the untreated group. Means normalized to controls + SD are presented. Statistical significance
was estimated by a Mann-Whitney test: *p<0.05.

The absolute CFU number was much lower in both control and IMAT-treated sgPRDX1
groups compared to sgNTC cells. To properly compare the IMAT effect on clonogenic
potential between groups, CFU counts were normalized to exclude effect of basal CFU
number difference in control sgNTC and sgPRDX1 cells. The normalized number of CFUs in
treated BV173 sgPRDX1 cells was significantly lower, with approximately two times fewer
CFUs than in the sgNTC group, showing that even relatively short IMAT treatment exhibits a

persistent effect on sgPRDX1 cells growth and viability for a longer period.
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4.2.3. Evaluation of the PRDX1 knockout’s effects on apoptosis induction in BV173 cells

incubated with IMAT

The changes in apoptosis-related signaling were assessed in IMAT-treated BV173 cells

(Fig. 14).

IMAT 8h

pJNK (T183/Y185)

JNK

a-tubulin

IMAT 24h
BCL-W

a-tubulin

BIMg,

BIM,
BIMs

a-tubulin

Cl. CASP3

CASP3

a-tubulin

Cl. CASP9
CASP9
a-tubulin

Cl. PARP

a-tubulin

Fig. 14. Changes in the protein levels and activation of apoptosis-related proteins in sgPRDX1 BV173 cells
incubated with IMAT. Before lysates gathering, cells were treated with 250nM IMAT for either 8h or 24h.

Protein levels were assessed by immunoblotting.
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First, overactivation of JNK was observed in untreated sgPRDX1 cells in comparison to
control cells, which was further elevated after 8h-treatment with IMAT, indicating higher
stress levels in sgPRDX1 cells. Another two proteins that were affected by PRDX1 knockout
were two apoptotic regulators, BCL-W and BIM. Anti-apoptotic BCL-W was downregulated
upon PRDX1 knockout. In contrast, all isoforms of pro-apoptotic BIM were upregulated in
untreated sgPRDX1 cells and further increased after incubation of the cells with IMAT.
Moreover, increased amounts of cleaved PARP, caspases 3, and 9 were found in the IMAT-
treated sgPRDX1 cells. Overall, PRDX1 knockout potentiated activation of JNK, decreased
anti-apoptotic protein BCL-W, increased proapoptotic BIM, and enhanced induction of
intrinsic apoptosis. These results show that PRDX1 protects those cells from stress factors and

apoptosis in the resting state and after treatment with IMAT.
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4.3. The PRDX1 silencing’s impact on genome-wide mRNA expression in Ph* lymphoid

cells upon IMAT treatment
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Fig. 15. Design of the RNAseq experiment of BV173 cells upon treatment with IMAT. A simplified scheme of
the experiment setup and steps.

To further study the genome-wide changes in mRNA levels upon PRDX1 knockout,
RNAseq of either untreated or IMAT-treated BV173 sgNTC and sgPRDX1 cells was performed.
A diagram of the experimental layout is presented in Figure 15. The raw data have been
trimmed to dispose of faulty or nonreliable reads and the quality control has been performed.
Overall data quality was very high, with over 98% of aligned reads, consistent average read
lengths, and approx. 90% of reads aligned to protein coding genes in all samples (Fig. 16A).
Also, the 3D principal component analysis (PCA) scores of sample replicates were similar to

each other, showing consistency in the obtained data (Fig. 16B).
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Fig. 16. Quality controls of the whole-exome sequencing of BV173 cells upon treatment with IMAT. A. Quality
control of the obtained RNAseq data. B. 3D principal component analysis (PCA) scores of RNAseq results.
Experiment and analysis were performed in collaboration with dr A. Pastorczak and dr J. Madzio from
Department of Pediatrics, Oncology and Hematology, Medical University of +odz.
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4.3.1. Assessment of changes in gene expression caused by PRDX1 silencing 1

A list of the most differentially expressed mRNA transcripts upon PRDX1 knockout
(absolute fold change > 2) was generated (Table 8), and most of the reported ones were
downregulated (42 out of 58). Also, a subset of 10 transcripts exhibiting similar expression
patterns to PRDX1 was identified (Table 8). Cancer-relevant functions of genes dysregulated

upon PRDX1 knockout in BV173 cells are summarized in Table 9 and briefly discussed below.

Several genes which are downregulated in cells with PRDX1 knockout may be involved
in the observed phenotype of BV173 sgPRDX1 cells. Bone Morphogenetic Protein Receptor
Type 1A (BMPR1A) overexpression was identified as a poor prognostic factor in acute myeloid
leukemia (AML) patients and its involvement in the maintenance and increase of stem-like
features in AML cell line Kasumi-1 was shown?®. Myeloid leukemia factor 1 (MLF1), even
though not very well studied in lymphoid malignancies, has been proposed as a regulator of
RUNX12%8, a protein involved in hematopoiesis and oncogenesis, overactivated by t(12;21)
translocation in B-ALL?'72'8 CAS1 domain containing 1 (CASD1) encodes an enzyme
responsible for 9-O-acetylation in ALL cells, contributing to cell survival and drug
resistance?®. Disabled homolog 2 (DAB2) has been considered to be a tumor suppressor for
a while??%, However, recent findings suggest its role in metastasis in some cancer types??1222,
though its molecular mechanism of action, especially in leukemia, is poorly understood. KH
RNA Binding Domain Containing, Signal Transduction Associated 3 (KHDRBS3) has been
identified as a factor increasing stemness of breast cancer cells??3, Other genes from this
subset have an unknown function or have not been studied in the leukemic or malignant

setting.
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Rank Gene FC p adj. Rank Gene FC o adj.

1 ANXAS -35.90 2.18=-04 30 RIMZ -2.53 431e-02
2 BMPR1A -29.30 4,57e-03 31 AARSDL -247 4.402-03
3 MLFL -25.00 7.85e-04 32 KCTD12 -247 9.47e-02
4 SKAP2 -20.20 2.58=-02 33 PTGESSL-AARSDL -246 4 .402-03
5 PRDX1 -15.20 5.35=-07 34 APOCA-APOC2 -2.40 4.41e-02
6 Cl7orfll2 -19.00 3.16e-03 35 PCDHGC3 -2.40 492=-02
7 CASD1 -17.80 1.69e-03 36 KHDRBS2 -2.39 L23e-02
2 FSTLE -15.10 4.2%=-03 37 PLEK -237 1.23e-02
k| DAB2 -11.40 3.39=-02 E2 SEPZ -2.35 4.90=-02
10 LOC10D506465 -10.60 1.23e-02 35 ILZRG -2.32 122202
11 SAMHDL -10.20 3.40=-03 40 ATPEB4 -2.21 7.27e-04
12 SPARC -2328 4.97=-02 41 CYBB -2.20 1.32e-02
12 KLRC4 -7.40 1.75e-02 42 INF28 -2.19 1.80e-02
14 MRS2 -£.25 2.562-02 43 LRRCZE 205 7.02e-02
1= PLXDCZ L3l 2.77=-02 44 DENMDSE 209 1.23e-02
16 HTATIPZ -5.50 3.43=-03 45 TMEM254 210 1.2%e-02
17 TPRG1 -4 61 2.25=-02 46 BHLHES 213 2.45e-02
12 KLRC3 -4.30 8.87=-03 47 FREARZE 2.14 2.07e-02
15 Lix1 -351 4.97=-02 48 PRICKLE2-AZ1 213 2.62e-02
20 TSTD1 -271 4 57=-03 43 AEHD4 213 3.04e-02
21 ZMFEL3 -2.37 5.83=-03 50 MRS2P2 224 161e-02
22 IRF2 -2.16 2.12=-06 51 FPMIH 227 2.25e-02
22 CUzZDl -211 2.94=-02 52 KREAL 231 4 64e-02
24 FAMZ4E-CUZD] -2.05 £.41=-03 53 SRCINL 241 4. 67e-02
L DHXST -2.80 1.69=-03 54 S100ATA 254 141e-02
26 LOC101527215 =270 4 30=-02 5% PLCEL 2.70 2.65e-02
27 FANMZ4E -261 1.258=-02 58 GRIDL 2.83 8.70e-03
28 PRAME -258 2.56=-02 57 FLXNAL 287 1.2%e-02
29 H1% -158 4.08=-02 58 SMIMLD 10.20 3.42e-02

Table 8. Differentially expressed genes in sgPRDX1 BV173 cells. A. List of genes which expression was the most
significantly affected by PRDX1 knockout (absolute FC > 2). Raw reads were quantified using the trimmed mean
of the m-values algorithm and expressions fold change was calculated in comparison to the control (sgNTC)
group. Genes are ranked according to their fold change, from most downregulated to most upregulated. Genes
with similar expression pattern to PRDX1 were highlighted in bold, as measured by Pearson distance. P-value
was assessed by moderated T-test with Benjamini-Hochberg correction. FC — fold change, p adj. — adjusted p
value. Experiment and analysis were performed in collaboration with dr A. Pastorczak and dr J. Madzio from
Department of Pediatrics, Oncology and Hematology, Medical University of todz.
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Function Gene Model

DNA integrity maintenance |, SAMHD1 Kidney??*
Drug resistance 4 CASD1 AL

4 SPARC CML2%
Metastasis 4 DAB2 PC221, BlaC???
Oncogenesis 4 MLF1 AML216
Proliferation stimulation J IRF8 AML?%6

{ PRAME cMmL’

4 APOC4-APOC2 AML?%:22°

Stemness support { KHDRBS3 BC23

L CvBB CML20

{ BMPRI1A AML?>
Survival promotion 4 ANXA5 B-ALL231,232

{ H19 APML?33
Tumor suppressor N LRRC26 BC?34

1 SRCIN1 NB235
Oncodriver ™ PLCB1 Hcc23¢

N PRKAR2B pC237.238

Table. 9. Known cancer-relevant functions of genes dysregulated upon PRDX1 knockout in BV173 cells -
summary. Arrows next to gene names indicate whether the gene was up- or downregulated in sgPRDX1 BV173
cells. AML — acute lymphoblastic leukemia, APML — acute promyeloblastic leukemia, B-ALL — B cell acute
lymphoblastic leukemia, BlaC — bladder cancer, BC — breast cancer, CML — chronic myeloid leukemia, HCC -
hepatocellular carcinoma, NB — neuroblastoma, PC — prostate cancer.

Among other transcripts downregulated in sgPRDX1 cells, the most relevant seem to be
annexin A5 (ANXA5), SAM and HD domain containing deoxynucleoside triphosphate
(SAMHD1), secreted protein acidic and cysteine rich (SPARC), interferon regulatory factor 8
(IRF8), H19, preferentially expressed antigen of melanoma (PRAME), apolipoprotein C-1V-
apolipoprotein C-1l (APOC4-APOC2), pleckstrin (PLEK), and cytochrome B-245 beta chain

(€YBB). The most downregulated gene, ANXA5, (over 35-fold downregulation), encodes
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annexin V protein. It promotes a function of protein kinase C A (PKCA), 231, which has been
shown to play an important role in the transformation, maintenance, and survival of Ph* B-
ALL cells. Deletion of PKCA decreased proliferative potential and increased apoptosis more
prominently in Ph* lymphoid as compared to myeloid cells.?32 SAMHD1 product is involved in
replicative stress response by promotion of degradation of DNA stalled at replication forks?%4.
SPARC encodes a glycoprotein whose role in cancer is controversial, as in some malignancies
it is downregulated (i.e. ovarian, colorectal, or AML with MLL translocation) while in others
its overexpression was correlated to adverse outcome (i.e. breast cancer, melanoma or
cytogenetically normal AML)?3%240, However, the most compelling SPARC role was reported
for CML, where its overexpression correlated with IMAT resistance??>. IRF8 product,
interferon-regulatory factor 8 (IRF8), has been shown to act as a tumor suppressor in
AML?44242 3lthough results published by Zhendong et al. suggest that IRF8 supports AML cells
proliferation??®. H19, encoding long non-coding RNA, overexpression in AML has been
reported to predict unfavorable outcome and its silencing in HL60 promyeloblastic leukemia
cell line caused increased apoptosis and slowed proliferation rate?33. PRAME has been shown
to play important role in K562 cells’ cell cycle progression and proliferation??’. APOC2
(product of APOC4-APOC2) upregulation was observed in several cancers?*3, and it is
reported to be linked to AML cells’ proliferation and survival??822°, PLEK transcript, a binding
partner of PKC, was found to be hypomethylated in several childhood acute lymphoblastic
leukemias?**. Upregulation of NOX2, encoded by the CYBB gene, has been identified as a
marker of adverse prognosis in AML?*, and its inhibition prolonged survival of mice bearing
K-RAS-induced myeloproliferative disease?*®. It was also shown to be crucial for the self-
renewal of leukemia stem cells in murine xenograft human myeloid disease model?3°. Some
of the other downregulated genes or their products in BV173 sgPRDX1 cells have been shown
to be up- (CUB and zona pellucida like domains 1 [CUZD1]**’, limb and CNS expressed 1
[LIX1]**, tumor protein p63 regulated 1 [TPRG1]**°) or downregulated (protocadherin
gamma subfamily C, 3 [PCDHGC3]%**°) in several cancer types, although their significance is

not completely understood, especially in leukemia.
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Out of the transcripts upregulated in BV173 cells with PRDX1 knockout, some were
identified as tumor suppressors (leucine rich repeat containing 26 [LRRC26]?3**, SRC kinase
signaling inhibitor 1 [SRCIN1]?3>) and some have been found to be upregulated and/or acting
as oncodrivers (phospholipase C beta 1 [PLCB1]?3®, protein kinase CAMP-dependent type I
regulatory subunit beta [PRKAR2B]?37:238) in several cancer types, although their role in

hematological cells and malignancies is not well known.

4.3.2. Investigation of changes in signaling pathways between IMAT-treated PRDX1-
deficient and control cells

To visualize pathway enrichment changes between the IMAT-treated BV173 sgPRDX1
and control cells in a functional manner, clustering of differentially activated pathways has
been performed (Fig. 17 and Fig. 18). The clusters have been formed based on the
convergence of genes contained in dysregulated pathways and cluster names have been
assigned manually depending on the contained pathways and genes, utilizing a knowledge-

based approach.

The most conspicuous observation at the 12h time point of IMAT treatment is the
downregulation of many pathways linked to cell metabolism and proliferation in the PRDX1-
deficient cells in comparison to sgNTC cells (Fig. 17A). A disruption of oxidative
phosphorylation and metabolic pathways was discovered, indicating that sgPRDX1 cells enter
an energy crisis upon IMAT treatment. Translation regulation and transcription clusters
contain pathways related to the initiation of transcription and translation, ribosome activity,
and genes encoding RNA polymerases and ribosomal proteins. Downregulation of these
pathways most likely causes deregulation of gene expression and protein synthesis, causing
attenuation of metabolic processes and cell proliferation. Also, cytokine signaling is
downregulated. This is mainly related to the interleukin 2 (IL-2) family and interferons
pathways. Lower expression levels of IL2 family elements may cause partial inactivation of
several proteins critical for malignant B cells, such as STAT5%!, and cause decreased
proliferation and viability?>2. Activation of DNA repair pathways suggests the accumulation of
DNA damage. Upregulation of PI3K-related signaling was also identified. PI3K signaling is

overactivated in Ph* leukemias and contributes to increased proliferation and drug
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resistance?>>2>4, but as discussed before, uncontrolled PI3K activity can lead to ROS
accumulation® and negative selection of malignant B cells®>, possibly explaining the impact
of the observed PI3K-upregulation in sgPRDX1 cells on their apoptotic phenotype.
Interestingly, upregulation of cell division can be observed, although with impaired

transcription and translation it very likely deepens cell crisis through protein depletion.

A 12h

Transcription .
Oxidative %' PNA repatr
phosphorylation * = Cytosolic DNA ~ °, =
CRP . sensing X"
INF signaling  ,®« -, i
) o™ 822" Amino acid PI3K signaling

L]
L]

e e o . |
cen,®* L, ® o/ metabolism C
*te, . . tfo "'L -y
° ‘.".. o
l... .
» R AP . p
Immune signalin < A <ol
;aNg Translation *. ° %% :
regulation Cell division Cytokine signaling
B
Pathway Size ES NES Nom FDR  Rankat

p-val g-val max

REACTOME AMINO ACID TRANSPORT ACROSS THE

RIS VR 2200 074 215 0.00 001  1337.00
HALLMARK MITOTIC SPINDLE 190.00 044 1.92 0.00 008  2,968.00
WP PHOTODYNAMIC THERAPYINDUCED NFE2L2 NRF2

URvIvAL o NG 2000 067 1.90 000 009  1,734.00
REACTOME ASSEMBLY AND CELL SURFACE

PRESENTATION OF NMDA RECEPTORS 2800 057 181 0.01 015 2438.00
REACTOME CREB1 PHOSPHORYLATION THROUGH NMDA

RECEPTOR MEDIATED ACTIVATION OF RAS SIGNALING 2200 061 179 0.00 017 2438.00
REACTOME NEUREXINS AND NEUROLIGINS 3400 055 1.78 000 018 243800
WP GENES INVOLVED IN MALE INFERTILITY 90.00 044 1.75 000 022 1443.00

Fig. 17. Changes in signaling pathways caused by PRDX1 knockout in BV173 cells upon 12h IMAT treatment.
A. Functional clustering of IMAT-induced pathways significantly upregulated (red) or downregulated (blue) upon
PRDX1 knockdown in BV173 cells. The pathways were identified by gene set enrichment analysis (GSEA) of
differentially expressed genes in sgPRDX1 and sgNTC cells after 12h of treatment. Each node represents a
different pathway. Node size corresponds to gene set size. The thickness of lines between nodes depicts the
number of convergent genes between two gene sets. B. List of significantly enriched pathways (p<0.05), that
didn’t fit any of the clusters. ES — enrichment score, NES — normalized enrichment score, Nom p-val — nominal
p value, FDR g-val — false discovery rate q value. Experiment and analysis were performed in collaboration with
dr A. Pastorczak and dr J. Madzio from Department of Pediatrics, Oncology and Hematology, Medical University
of todz.
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Fig. 18. Changes in signaling pathways caused by PRDX1 knockout in BV173 cells upon 24h IMAT treatment.
A. Functional clustering of IMAT-induced pathways significantly upregulated (red) or downregulated (blue) upon
PRDX1 knockdown in BV173 cells. The pathways were identified by gene set enrichment analysis (GSEA) of
differentially expressed genes in sgPRDX1 and sgNTC cells after 12h of treatment. Each node represents a
different pathway. Node size corresponds to gene set size. The thickness of lines between nodes depicts the
number of convergent genes between two gene sets. B. List of significantly enriched pathways (p<0.05), that
didn’t fit any of the clusters. ES — enrichment score, NES — normalized enrichment score, Nom p-val — nominal
p value, FDR g-val — false discovery rate q value. Experiment and analysis were performed in collaboration with
dr A. Pastorczak and dr J. Madzio from Department of Pediatrics, Oncology and Hematology, Medical University

of todz.
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Several significantly upregulated pathways that didn’t fit into any of the clusters were
also uncovered (Fig. 17B), among them the unfolded protein response (UPR) pathway and
the NRF2-related oxidative stress signaling. This is in line with the discovery of significant UPR
activation upon TXN system inhibition in B-ALL’4 and the fact that its prolonged overactivation

leads to activation of apoptotic signaling?*>.

The most prominent changes in signaling induced by 24h IMAT treatment upon PRDX1
knockout were the upregulation of apoptotic signal transduction and apoptosis-related
pathways, as well as activation of p53 and DNA damage response signaling (Fig. 18A). These
changes most likely result from the prior ongoing energy and metabolic crisis and
accumulation of DNA damage, causing elevated apoptosis. Among the unclustered gene sets
(Fig. 18B), two related to UPR have been identified again, suggesting persistent ER stress.
Also, pathways connected to ROS accumulation and oxidative stress were uncovered, which

is expected due to PRDX1 catalytic function in the cell.

Additionally, at both time points, downregulation of immune response signaling
pathways, linked to cytosolic DNA sensing and cytokine signaling was observed. These
pathways include genes involved in antigen presentation (i.e. human leukocyte antigen
B [HLA-B], HLA-DR beta 5 [HLA-DRB]), interleukin and interferons response (i.e. integrin
subunit beta 2 [ITGB2], IL10, IL15), and control of several immune-related transcription
factors (i.e. class Il major histocompatibility complex transactivator [CIITA], nuclear factor
kappa B subunit 1 [NFKB1]). Although this is an interesting and previously undescribed effect
of PRDX1 knockout, the sole in vitro studies performed in this study do not allow for the

proper interpretation of the immune-related changes.

4.4. Examination of ER stress and oxidative stress in PRDX1-deficient and proficient
Ph+ lymphoid cells subjected to IMAT
4.4.1. Assessment of ER stress upregulation in PRDX1-deficient cells

As RNAseq revealed persistent ER stress and ROS-induced UPR activation in BV173
sgPRDX1 cells in comparison to control cells, it emerged as a possible cause of upregulated
apoptosis in PRDX1-deficient cells upon IMAT treatment. To test this hypothesis, the levels of

activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP) mRNA were
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measured by gPCR (Fig. 19). Both of those genes are activated in ER stress conditions and

often serve as ER stress and UPR markers2°®2>7, Cells were subjected to the same conditions

as the ones analyzed in RNAseq. The analysis showed an increase in both genes’ mRNA levels

upon PRDX1 knockout, which is in line with the previous reports’4, however, IMAT treatment

caused their downregulation (Fig. 19A). The same results were shown in RNAseq (Fig. 19B).
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Fig. 19. mRNA levels of genes related to ER stress upon PRDX1 knockout. BV173 sgNTC and sgPRDX1 cells were
incubated for 12h or 24h with IMAT, followed by RNA isolation and RT-qPCR. A. Relative CHOP and ATF4 mRNA
levels in BV173 cells were measured using SybrGreen and RPL29 gene as a reference in two technical repeats.
Means + SD are presented. B. Heatmap of ATF4 and CHOP expression in BV173 cells, obtained from RNAseq
data and generated by GSEA analysis. Heatmaps represent row Z scores.
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4.4.2. Measurement of cytoplasmic and nuclear levels of ROS in IMAT-treated cells
As PRDX1 canonical function is the removal of H,0, and thus, maintenance of redox
homeostasis?®?, the impact of its knockdown on BV173 cell’s ability to metabolize exogenous

H>0, and intracellular ROS levels upon IMAT treatment was studied.
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Fig. 20. Intracellular ROS levels measured by CM-H2-DCFDA in BV173 cells. BV173 cells were stained with 10uM
DCFDA and subsequently incubated with 50uM H20: (panel A; n=1) or IMAT (panel B; n=2-4) for indicated times.
Intracellular ROS levels were assessed by measurement of DCFDA fluorescence in flow cytometry. Means +- SD
are presented. Differences between sgNTC and sgPRDX1 cells were assessed by a White-adjusted two-way
ANOVA for each timepoint separately with disregard to IMAT concentration and a test for 2h timepoint wasn’t
performed due to low n.

First, an experiment aiming to evaluate the ability to metabolize exogenously added
H,0, by PRDX1-proficient and -deficient cells was performed. In this experiment, the
accumulation of intracellular ROS upon treatment of the cells with H,0, was investigated with
the DCFDA assay (Fig. 20A). As expected, BV173 sgPRDX1 cells accumulated higher levels of
ROS over the time upon H;0 addition to cell media in comparison to control cells. Next, the

ROS levels in cells incubated with various concentrations of IMAT were measured (Fig. 20B).
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IMAT didn’t affect ROS levels in any of the tested cell lines. Moreover, no differences in ROS
levels in any of the IMAT concentrations or treatment time points were observed between

control and sgPRDX1 cells.
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Fig. 21. The effect of PRDX1 knockout on nuclear and cytoplasmic levels of ROS in IMAT-treated BV173 cells.
The cells were treated with either 500nM IMAT or 200uM H20: for indicated times, stained with either a
cytoplasmic (CellROX™ Green, panel A; n=2-4) or a nuclear (CellROX™ Deep Red, panel B; n=2-4) dye, and
analyzed in flow cytometry. Mean fluorescence was normalized to each timepoint’s control group separately,
independently for each experiment. Means +SD are presented. Statistical significance for each group was
estimated by a pairwise t-test with Bonferroni correction, with comparisons between sgNTC and sgPRDX1 for
each timepoint and condition separately. A test for 0.5h timepoint wasn’t performed due to low n. Non-
significant comparisons are not shown on the graph.
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To further investigate the impact of PRDX1 knockout on ROS levels in specific cellular
compartments, the assessment of cytoplasmic (Fig. 21A) and nuclear (Fig. 21B) ROS levels
was performed, using compartment-specific dyes. Cells were treated with IMAT or H,0; and
the fluorescence was measured at 0.5h, 1h and 2h timepoints. No statistically significant
differences were found at the 1h and 2h timepoints. Results from 0.5h timepoint weren’t
statistically tested due to low biological repeats number, although a mild ROS levels increase

in sgPRDX1 cells cytoplasm could be observed after 0.5h treatment with H,0>.

4.4.3. Assessment of OxS markers released to culture media in IMAT-treated cells
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Fig. 22. The levels of 8-OHDG in cell culture media collected from sgPRDX1 and control (shNTC) BV173 cells
incubated with IMAT. BV173 cells (n=2-4) were treated with either 500nM IMAT for 24h or 10mM H20: for 2h.
Media was collected from each well, centrifuged and supernatants were used for the assay. 8-hydroxy-2'-
deoxyguanosine (8-OHDG) concentration was assessed with an ELISA kit purchased from MyBioSource following
the manufacturer’s protocol. Means + SD are presented. Statistical significance was estimated by a pairwise t-
test with Bonferroni correction for each condition separately. A test for group treated with H,0; wasn’t
performed due to low n. Non-significant comparisons are not shown on the graph.

As an increase in ROS level could be transient and hence undetectable by the
previously chosen timepoints and assays, accumulation of a DNA oxidation product, 8-

hydroxy-2'-deoxyguanosine (8-OHdG), in the cell medium was measured after 24h-IMAT
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treatment (Fig. 22). No differences were found between IMAT-treated PRDX1-deficient and
proficient cells. An observable effect, but due to small groups not statistically tested, was

detected between groups treated with H,0,.

Taken together those results suggest that triggering the ER-stress isn’t the major
mechanisms responsible for higher IMAT-induced apoptosis induction in PRDX1-deficient
cells. Even though higher activation of ER stress-mediated UPR upon PRDX1 knockout can be
observed, its elements downregulation by IMAT treatment discouraged further investigation
of UPR in this context. Despite this, more in-depth studies would be needed to fully exclude

this mechanism’s role in the sensitivity of PRDX1-deficient cells to IMAT.

Moreover, the lack of identified signs of IMAT-induced ROS accumulation in sgPRDX1
cells, including direct and indirect approaches, suggests that OxS does not significantly
influence PRDX1-deficient sensitivity to IMAT. As this was surprising, keeping in mind the

PRDX1 function in the cell, OxS was further investigated with other approaches.

4.5. Evaluation of the role of PRDX1’s catalytic function in Ph+ lymphoid cells’ sensitivity

to IMAT

4.5.1. Impact of the reconstitution of WT PRDX1 and its mutated variants on Ph+ lymphoid
cells’ sensitivity to IMAT

To evaluate whether PRDX1 catalytic activity is crucial for BV173 cells’ sensitivity to
TKIs treatment, reconstitution of WT PRDX1 and its point-mutated variants was performed.
In the PRDX1 coding sequence, one of three cysteines have been mutated to alanines. Two
of them, Cys52 and Cys173, are known to be required for forming disulfide bonds essential
for homodimer formation required for PRDX1’s catalytic activity. The third Cys83 function
isn’t fully elucidated, although it is hypothesized to play a role in the formation of chaperone-

like PRDX1 decamers?>%260 (Fig. 23).
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Fig. 23. PRDX1 functional dimer and the role of cysteine residues. lllustration presenting oxidized PRDX1 dimer
after the catalytic cycle (post H20; reduction)%. Cys52 and Cys173 are required for PRDX1 catalytic function
and PRDX1 dimerization, and Cys83 is hypothesized to play a role in oligomerization, although there is no direct
evidence for its significance in this process?>%2%0, AS — active site.

BV173 sgPRDX1 cells were modified with a vector containing either WT PRDX1 or its
catalytically active (C83A) or inactive (C52A and C173A) variants. PRDX1 protein expression
was evaluated by immunoblotting (Fig. 24A). A slight shift of the reconstituted PRDX1 bands
results from the presence of the T2A linker in the overexpressed proteins. Sensitivity to IMAT
of BV173 sgPRDX1 cells with PRDX1 reconstitution was assessed after 48h incubation with
the drug (Fig. 24B). Restoration of both catalytically active variants substantially reversed the
PRDX1 knockout effect on cells’ viability, both in untreated and treated groups, while

restoration of inactivated PRDX1 did marginally improve the cell viability.
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Fig. 24. The reconstitution of wild-type (wt) PRDX1 or its Cys-mutated variants in BV173 sgPRDX1 cells and
their influence on the cells’ sensitivity to IMAT. BV173 sgPRDX1 cells were genetically modified with a vector
encoding either wt PRDX1 or its variants with selected Cys to Ala substitutions (C52A, C83A, C173A). A.
Confirmation of PRDX1 reconstitution in sgPRDX1 BV173 cells by immunoblotting. B. Cell viability was assessed
after 48h treatment with indicated concentrations of IMAT by PI exclusion of dead cells in flow cytometry (n=4).
Means * SD are presented. Statistical significance was estimated by a pairwise t-test with Bonferroni correction
in comparison to sgPRDX1 cells, for each IMAT concentration separately. * p<0.05, ** p<0.01, ***p<0.001, non-
significant comparisons not shown on the graph.
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4.5.2. Effects of ROS scavengers on the sensitivity to IMAT

To fully elucidate the impact of ROS on BV173 sgPRDX1 cells’ sensitivity to IMAT, ROS
scavengers, sodium pyruvate and catalase, were used to remove ROS from cells in the 48h
IMAT treatment assay (Fig. 25). ROS removal caused noticeable viability improvement of

sgPRDX1 cells, but slightly better survival in groups treated with higher IMAT concentration

was also observed for sgNTC cells.
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Fig. 25. Effect of ROS scavengers on IMAT cytotoxicity in BV173 cells. Cell viability (n=4) was assessed after 48h
treatment with indicated concentrations of IMAT by Pl exclusion of nonviable cells in flow cytometry. Two BV173
groups had ROS scavengers (scav) added to the media at the start of the experiment: 50ug/ml catalase, and
1mM sodium pyruvate (right panel). Means * SD are presented. Statistical differences between groups were
assessed by a White-adjusted 2-way ANOVA, with comparisons between groups without or with scavengers

separately: ***p<0.001.
Even though elevated levels of ROS weren’t detected in sgPRDX1 cells in previous
experiments, significant improvement of cells viability (both untreated and subjected to

IMAT) upon either catalytically active PRDX1 reconstitution or addition of scavengers

indicates that PRDX1 catalytic activity plays an important role in cells survival and sensitivity

83




to IMAT. This could be explained by limited sensitivity of previously used assays as well as a
possible narrow and/or transient localization of ROS accumulation, making it extremely hard
to detect using the utilized techniques, although there is no data to fully support this

hypothesis.

4.6. Investigation of the effect of PRDX1 knockout on DNA damage induction in Ph+

lymphoid cells

4.6.1. Measurement of DSBs levels and DDR-related genes expression in IMAT-treated PRDX1-
proficient and -deficient cells

Because RNAseq of IMAT-treated BV173 sgPRDX1 cells revealed upregulation of
pathways related to DNA damage and repair, PRDX1 role in the maintenance of DNA integrity
was investigated. To measure the amount of DSBs in BV173 cells upon IMAT treatment, levels
of yH2AX DSB marker have been assessed. It was measured using anti-yH2AX-specific
antibodies, with two methods: flow cytometry (Fig. 26A) and immunoblotting (Fig. 26B). The
cytometric approach showed an increase in the accumulation of yH2AX in untreated sgPRDX1
compared to control cells, and this effect increased upon IMAT treatment in a dose-
dependent manner. As ROS scavengers reversed PRDX1 knockout effects in BV173 cell’s
growth, their influence on DNA damage markers was also tested. The addition of scavengers
caused a lowering of yH2AX levels in sgPRDX1 cells, with restoration to control level in
untreated cells. In contrast, the level of yH2AX upon IMAT treatment was still higherin PRDX1
knockout cells even in the presence of ROS scavengers. This observation was independent of
IMAT dose, as indicated by the insignificant IMAT-group interaction factor in the 2-way
ANOVA analysis. The results obtained with flow cytometry were confirmed with
immunoblotting (Fig. 26B), where significantly higher levels of yH2AX in sgPRDX1 cells treated

with IMAT were observed, regardless of scavengers’ presence.
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Fig. 26. Effects of PRDX1 knockout on H2AX activation in BV173 cells upon IMAT treatment. Before the assays,
BV173 cells were treated with indicated concentrations of IMAT for 24h, with or without the addition of ROS
scavengers (50ug/ml catalase, 1ImM sodium pyruvate) to cell media. A. Levels of H2AX activation measured
using Histone H2A.X Dual Detection Kit (n=4-6). Cells were fixed, permeabilized, and stained according to the
manufacturer’s protocol and analyzed on MUSE Cell Analyzer, with discrimination of dead cells. Statistical
significance was estimated by a White-adjusted 2-way ANOVA (tables below graph) and pairwise t-test with
Bonferroni correction (on the graph). Means +SD are presented. B. Assessment of H2AX activation in BV173
cells by immunoblotting, following 24h treatment with 250nM IMAT, using an antibody specific to p-H2AX.
Means * SD are presented. * p<0.05, ** p<0.01, ***p<0.001, non-significant comparisons not shown on graphs.

A more direct assessment of DSB was also performed utilizing the TUNEL assay (Fig.
27). It is based on the enzymatic addition of BrdUTP nucleotide specifically to the DSBs and
its detection with fluorochrome-conjugated antibodies using flow cytometry. It has
confirmed previous observations that the levels of DSBs are higher in sgPRDX1 cells. This
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effect was dependent on IMAT concentration, as confirmed by a statistically significant IMAT-
group interaction factor in the 2-way ANOVA analysis. Also, the addition of scavengers

reversed this effect only partially.
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Fig. 27. The effects of PRDX1 knockout on the levels of DNA double-strand breaks in BV173 cells upon IMAT
treatment assessed by TUNEL. Before the assays, BV173 cells were treated with indicated concentrations of
IMAT for 24h, with or without the addition of ROS scavengers (50ug/ml catalase, 1mM sodium pyruvate) to cell
media. Cells were stained following the manufacturer’s protocol and analyzed in flow cytometry (n=2-4). Means
+SD are presented. Statistical significance was estimated by a White-adjusted 2-way ANOVA. Groups with
scavengers weren’t statistically tested due to low n. * p<0.05, ** p<0.01, ***p<0.001.

As RNAseq analysis revealed upregulation of DDR-related pathways upon IMAT
treatment in PRDX1-deficient cells, expression of chosen DDR-related genes (RAD50, LIG4,
XRCC4, PAXIP1 and BRCA1) was additionally measured by gPCR in BV173 cells (Fig. 28). RAD50
is required for forming the MRN complex?®!, LIG4, XRCC4 and PAXIP1 are important for cNHEJ
pathway?%22%3 and BRCA1 is indispensable for HR activity?®*. While the expression of RAD50,
XRCC4 and PAXIP1 was elevated by PRDX1 knockout alone, 24h IMAT treatment caused
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upregulation of all genes in comparison to control, most prominently pronounced in case of

RAD50 and LIG4.
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Fig. 28. mRNA levels of genes related to DDR. BV173 sgNTC and sgPRDX1 cells were incubated for 12h or 24h
with IMAT, followed by RNA isolation and RT-gPCR. A. Relative mRNA levels in BV173 cells were measured using
SybrGreen and RPL29 gene as a reference in two technical repeats. Means + SD are presented.

Taken together, those results clearly show that PRDX1 knockout in BV173 cells causes

accumulation of DNA damage, even though RNAseq and qPCR showed the upregulation of

DNA damage-related pathways and genes. This indicates that DDR upregulation in PRDX1-

deficient cells isn’t sufficient to counteract the accumulation of DSB. This uncovers DNA repair

as a potential vulnerability in BV173 sgPRDX1 cells, warranting further investigations.
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4.6.2. Efficacy of DNA repair inhibitors in PRDX1 knockout lymphoid and myeloid cells
Previous results revealed the upregulation of DNA damage repair elements upon
PRDX1 knockout in BV173 cells, including induction of genes related to HR (BRCA1) and NHEJ
(LIG4, POLL) with concomitant accumulation of DNA damage. This indicates the role of PRDX1
in the maintenance of genomic integrity, leading to the hypothesis that PRDX1-deficient cells
might be more sensitive to inhibition of DNA repair. To test this, the effectiveness of two

NHEJi, NEDI and OLAP was tested in BV173 cells (Fig. 29).
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Fig. 29. Sensitivity of BV173 cells with PRDX1 knockout to NHEJi. BV173 cells viability was assessed after 48h
treatment with indicated concentrations of NEDI (panel A; n=4) or OLAP (panel B; n=6) by Pl exclusion of dead
cells in flow cytometry. Means * SD are presented. Statistical differences between groups were assessed by a
White-adjusted 2-way ANOVA: ***p<0.001.

NEDI inhibits DNA-PKs, therefore blocking cNHEJ, while OLAP is a PARP1 inhibitor, thus
blocking altNHEJ. Due to NEDI low cytotoxic effect at the Cmax (“10uM?°1), concentrations up

to 50uM were tested (Fig. 29A). PRDX1 knockout cells exhibited significantly higher sensitivity
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to NEDI, especially in its higher tested concentrations. OLAP, on the other hand, effectively
killed control cells at much lower concentrations, with only 25% viable sgNTC cells at 1/2 Cmax

(Fig. 29B). Even though OLAP was cytotoxic to control cells, PRDX1 knockout caused a much
higher sensitivity to the treatment.
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Fig. 30. Sensitivity of K562 cells with PRDX1 knockout to NHEJi. K562 cells viability was assessed after 48h
treatment with indicated concentrations of NEDI (panel A; n=6) or OLAP (panel B; n=5) by Pl exclusion of
nonviable cells in flow cytometry. Means +SD are presented. Statistical differences between groups were

assessed by a White-adjusted 2-way ANOVA: *p<0.05, ***p<0.001.

To check whether the observed effects are specific to lymphoid lineage, the same
assay was performed in K562 cells (Fig. 30). Surprisingly, PRDX1 knockout in those cells slightly
improved their viability in untreated and treated groups. Even though this observation is

statistically significant, the size of the effect was small and almost negligible.
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The observed impact of PRDX1 knockout in BV173, but not K562 cells, on sensitivity
to NHEJi suggests that PRDX1 plays a much more prominent role in NHEJ maintenance in

lymphoid BV173 cells than their myeloid K562 counterpart.

4.6.3. Efficacy of DNA repair inhibitors and IMAT combinations in lymphoid and myeloid cells

Potentiation of NHEJ inhibition effect by PRDX1 knockout in BV173 cells led to a
conclusion that inhibition of NHEJ could potentiate the cytotoxicity of the combination of the
TXN system inhibitors with TKls . But first, TKIs and NHEJi interaction had to be tested, to

exclude possibility of antagonistic effects.
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Fig. 31. Cytotoxic effects and synergy assessment of IMAT and NEDI combination in Ph+ lymphoid cells. BV173
and SUP-B15 Ph* lymhoid cell lines were treated with IMAT in combination with NEDI (n=4). Cells were incubated
with drugs for 48h, and the viability was assessed by the exclusion of dead cells in flow cytometry using PI
staining. The synergistic effect was calculated with the SynergyFinder R package?!3. Synergy scores: lower than
-10 — antagonism, between -10 and 10 — additive effect, higher than 10 - synergy. Means + SD are presented.
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Therfore, the efficacy of the combination of IMAT and NHEJi in Ph* lymphoid cell lines

was tested. Both BV173 and SUP-B15 cells scored similarly in synergy assessment of NEDI and

IMAT (Fig. 31), but OLAP potentiated IMAT treatment more in BV173 cells (Fig. 32). This shows

a potential for combining NHEJi with IMAT for the treatment of Ph* B-ALL.
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Fig. 32. Cytotoxic effects and synergy assessment of IMAT and OLAP combination in Ph+ lymphoid cells. BV173
and SUP-B15 Ph* lymphoid cell lines were treated with IMAT in combination with OLAP (n=4). Cells were
incubated with drugs for 48h, and the viability was assessed by the exclusion of dead cells in flow cytometry
using Pl staining. The synergistic effect was calculated with the SynergyFinder R package?®. Synergy scores:
lower than -10 — antagonism, between -10 and 10 — additive effect, higher than 10 - synergy. Means +SD are

presented.
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Fig. 33. Cytotoxic effects and synergy assessment of IMAT and NEDI combination in CML cells. K562, LAMA-
84, and MEG-A2 CML cell lines were treated with IMAT in combination with NEDI (n=4). Cells were incubated
with drugs for 48h, and viability was assessed by the exclusion of dead cells in flow cytometry using PI staining.
The synergistic effect was calculated with the SynergyFinder R package?!®. Synergy scores: lower than -10 —
antagonism, between -10 and 10 — additive effect, higher than 10 - synergy. Means + SD are presented.
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Fig. 34. Cytotoxic effects and synergy assessment of IMAT and OLAP combination in CML cells. K562, LAMA-
84, and MEG-A2 CMLS cell lines were treated with IMAT in combination with OLAP (n=4). Cells were incubated
with drugs for 48h, and viability was assessed by the exclusion of dead cells in flow cytometry using Pl staining.
The synergistic effect was calculated with the SynergyFinder R package?!3. Synergy scores: lower than -10 —
antagonism, between -10 and 10 — additive effect, higher than 10 - synergy. Means * SD are presented.
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The same assays have been performed in myeloid cells to test the lineage-specificity
of those observations. NEDI showed a strong synergistic effect in all tested IMAT
concentrations in K562 cells, and a significant synergy was achieved in higher doses of drugs
in LAMA-84 cells, while MEG-A2 cells were insensitive to the combination (Fig. 33). OLAP, on
the other hand, did not synergize with IMAT, except for a weak interaction in the highest

concentrations in K562 cells (Fig. 34).

Those observations suggest that NEDI or OLAP addition to IMAT might be highly
beneficial in the lymphoid Ph* leukemias. As for myeloid Ph* cells, NEDI combination with
IMAT might also be favorable in some cases, although inconsistency of the results between
cell lines indicate that this effect could vary between cases. Moreover, OLAP didn’t
significantly potentiate IMAT effects in tested myeloid Ph* cell lines, indicating that this

approach may have a limited potential.

4.6.4. Comparison of IMAT and NHEJi efficacy in Ph+ lymphoid and myeloid cells with PRDX1
knockout

Previous experiments showed that both PRDX1 knockout and NHEJi seem to sensitize
Ph* lymphoid cells to IMAT treatment, and PRDX1 knockout alone upregulates pathways
related to DNA damage response and repair. This suggests that additional inhibition of DNA
repair might further potentiate cell death in PRDX1-deficient cells. The impact of PRDX1
knockout on combination treatment has been tested in BV173 cells (Fig. 35). Knockout of
PRDX1 greatly potentiated both combinations’ effects, although much greater cytotoxicity
was achieved for IMAT and OLAP combination, with almost all cells dead in higher
combinations. The same treatment was applied to K562 cells to check whether the observed
response is specific to lymphoid cells only. PRDX1 knockout in K562 cells slightly sensitized
them to NEDI and IMAT combination, while it did not exert beneficial effects on OLAP and

IMAT treatment (Fig. 36).
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Fig. 35. Cytotoxic effects and synergy assessment of IMAT and NHEJi combination in sgPRDX1 lymphoid cells.
BV173 cells’ viability was assessed after 48h treatment with indicated concentrations of IMAT in combination
with either NEDI (panel A, n=4) or OLAP (panel B, n=4) by PI exclusion of dead cells in flow cytometry. Means
+ SD are presented. Statistical differences between groups were assessed by a White-adjusted 2-way ANOVA:
*p<0.05, ***p<0.001.
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Fig. 36. Cytotoxic effects and synergy assessment of IMAT and NHEJi combination in sgPRDX1 myeloid cells.
K562 cells’ viability was assessed after 48h treatment with indicated concentrations of IMAT in combination
with either NEDI (panel A, n=4) or OLAP (panel B, n=4) by Pl exclusion of dead cells in flow cytometry. Statistical
differences between groups were assessed by a White-adjusted 2-way ANOVA: *p<0.05, ***p<0.001.
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Those results showed that the inhibition of PRDX1 by genomic knockout potentiated
NHEJi and TKls effect, both in monotherapy and in combination with each other. This fact
encouraged development of triple combination assay, using TKls, NHEJi and AUR in lymphoid
Ph* cells. As tested myeloid Ph* cell lines were insensitive to AUR in high concentrations and
PRDX1 knockout did not potentiate their response to separate combination elements, only

lymphoid cell lines were tested further.

4.7. Assessment of the efficacy of triple combination comprising AUR, NHEJi, and TKls
in lymphoid Ph+ cells

Previous results led to the hypothesis, that parallel inhibition of BCR-ABL1, NHEJ and
TXN system might have beneficial effects in lymphoid Ph* leukemias. To test it, two lymphoid
Ph* cell lines BV173 and SUP-B15, and several patient-derived PDXs were used. Inhibition of
BCR-ABL1 was achieved by using either IMAT or DASA, TXN system was targeted with AUR,
while cNHEJ or altNHEJ were blocked with either NEDI or OLAP, respectively.

4.7.1. Lymphoid Ph+ cell lines

The efficacy of triple combinations of AUR, NHEJi and TKIs were evaluated in Ph*
lymphoid cell lines. Firstly, a triple combination of AUR, IMAT, and NEDI was performed. Very
strong enhancement of the cytotoxic effects of IMAT and NEDI combinations by the addition
of relatively low AUR concentrations was noticeable in BV173 cells, while a weaker but
significant impact of AUR addition was observed in SUP-B15 cells (Fig. 37). A combination of
IMAT, AUR, and OLAP was also tested (Fig. 38). Again, a significant effect of AUR addition to
IMAT and OLAP combinations was uncovered for both cell lines, although overall viability was

higher for BV173 as well as SUP-B15 cells than in combinations with NEDI.
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Fig. 37. Triple combination of AUR, IMAT, and NEDI in lymphoid Ph* cell lines. BV173 (n=4) and SUP-B15 (n=4)
cells’ viability was assessed after 48h treatment with indicated concentrations of drugs combinations in the
absence or presence of AUR by PI exclusion of dead cells in flow cytometry. Statistical differences between
groups without distinction between AUR concentrations were assessed by a White-adjusted 2-way ANOVA:

*p<0.05, ***p<0.001.
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Fig. 38. Triple combination of AUR, IMAT, and OLAP in lymphoid Ph* cell lines. BV173 (n=4) and SUP-B15 (n=4)
cells’ viability was assessed after 48h treatment with indicated concentrations of drugs combinations in the
absence or presence of AUR by PI exclusion of dead cells in flow cytometry. Statistical differences between
groups without distinction between AUR concentrations were assessed by a White-adjusted 2-way ANOVA:

*p<0.05, ***p<0.001.
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4.7.2. Lymphoid Ph+ PDXs

The cytotoxic effects of the 72h triple combination comprising AUR, TKls and NHEJi
have been evaluated in patient derived Ph* B-ALL PDX cells. For TKIs and NHEJi,
concentrations corresponding to Cmax in patients’” serum were used, while a relatively low
AUR concentration of 0.25uM was chosen, based on previous studies in B-ALL’4#*29, PDX cells
were assigned into two groups, based on their sensitivity to TKIs — TKI sensitive (TKI**") and

TKI resistant (TKI™s).
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Fig. 39. Triple combination of AUR, IMAT, and NEDI in Ph* PDX cells. PDXs were grouped according to their
sensitivity to IMAT (panel A — sensitive, n=3; panel B — resistant, n=3), and their viability was assessed after 72h
treatment with 8uM IMAT (I) in combination with 10uM NEDI (N) in the absence or presence of 0.25uM AUR by
PI exclusion of dead cells in flow cytometry. Each point on the plot represents the mean of two independent
measurements of an individual PDX sample. Viability of PDXs was normalized to PDX with highest % of viable
cells in the control group, separately for TKI**" and TKI™* PDXs. Means + SD are presented. Statistical differences
between groups were assessed by a White-adjusted 2-way ANOVA: ***p<0.001.

First, the cytotoxic effect of NEDI, IMAT, and AUR was assessed (Fig. 39). For TKIse"
samples (Fig. 39A), sensitivity to AUR only was very different among PDXs. Moreover, NEDI
alone did eradicate ~50% of cells in all samples, while the addition of IMAT only improved

that effect marginally. AUR decreased viability in all groups, with the most killed cells in the
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group treated with all three drugs. Results for TKI™ samples (Fig. 39B) were very similar to
the TKI*®" group, although overall cell viability in all of the groups was noticeably higher, even
in triple combinations. Also, response to all drugs and combinations was consistent across
different PDXs. A similar test was performed, using DASA instead of IMAT (Fig. 40), and the

results were very similar as for IMAT.
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Fig. 40. Triple combination of AUR, DASA, and NEDI in Ph* PDX cells. PDXs were grouped according to their
sensitivity to DASA (panel A — sensitive, n=3; panel B — resistant, n=3), and their viability was assessed after 72h
treatment with 160nM DASA (D) in combination with 10uM NEDI (N) in the absence or presence of 0.25uM AUR
by Pl exclusion of dead cells in flow cytometry. Each point on the plot represents the mean of two independent
measurements of an individual PDX sample. Viability of PDXs was normalized to PDX with highest % of viable
cells in the control group. Normalization was performed for sensitive and insensitive cells separately. Means *
SD are presented. Statistical differences between groups were assessed by a White-adjusted 2-way ANOVA:
***¥p<0.001.

In the next tests, OLAP was used with AUR and TKIs. All PDXs were resistant to OLAP
treatment, regardless of their sensitivity to TKls, and its addition to groups treated with either
IMAT or IMAT and AUR didn’t decrease cells’ viability (Fig. 41). The same results were

obtained for combinations with DASA (Fig. 42). AUR addition to OLAP alone, or in combination

100



with IMAT, didn’t show significant synergistic effect, as it exerted similar effect as in

combination with IMAT only.
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Fig. 41. Triple combination of AUR, IMAT, and OLAP in primary Ph* PDX cells. PDXs were grouped according to
their sensitivity to IMAT (panel A —sensitive, n=3; panel B —resistant, n=3), and their viability was assessed after
72h treatment with 8uM IMAT (1) in combination with 5uM OLAP (O) in the absence or presence of 0.25uM AUR
by Pl exclusion of dead cells in flow cytometry. Each point on the plot represents the mean of two independent
measurements of an individual PDX sample. Viability of PDXs was normalized to PDX with highest % of viable
cells in the control group. Normalization was performed for sensitive and insensitive cells separately. Means *
SD are presented. Statistical differences between groups were assessed by a White-adjusted 2-way ANOVA:
**%0<0.001.

Those results show the beneficial effect of pharmacological cNHEJ inhibition by NEDI
in addition to TKls and AUR combinations in both Ph* lymphoid cell lines and patient-derived
PDXs. This reveals a potential of NEDI, TKls, and AUR triple combinations for further pre-
clinical research in the context of Ph* B-ALL. As for OLAP, while it potentiated cell death alone
and in combination with TKls and AUR in Ph* lymphoid cell lines, it showed no effect in PDX

samples in a three-day assay.
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Fig. 42. Triple combination of AUR, DASA, and OLAP in primary Ph* PDX cells. PDXs were grouped according to
their sensitivity to DASA (panel A —sensitive, n=3; panel B —resistant, n=3), and their viability was assessed after
72h treatment with 160nM DASA (D) in combination with 5uM OLAP (O) in the absence or presence of 0.25uM
AUR by PI exclusion of dead cells in flow cytometry. Each point on the plot represents the mean of two
independent measurements of an individual PDX sample. Viability of PDXs was normalized to PDX with highest
% of viable cells in the control group. Normalization was performed for sensitive and insensitive cells separately.
Means + SD are presented. Statistical differences between groups were assessed by a White-adjusted 2-way
ANOVA: ***p<0.001.
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5. Discussion

Even though Ph* B-ALL patients’ prognosis has been vastly improved upon the
introduction of TKls to therapy, still a significant fraction of patients does not respond to
treatment or relapses, worsening disease outcome in both children and adults >’. To address
this issue, multiple pre-clinical and clinical studies, aimed at the maximization of Ph* B-ALL
therapy outcomes with minimal side effects, are ongoing®. Tested approaches include
combinations of clinically-approved TKls with other therapies used in ALL, such as intensive
chemotherapy (NCT05026229), or immunotherapy (NCT04722848)%%7°, ASCI, a TKI with a
novel allosteric mechanism of action is also being investigated in Ph* B-ALL in either
monotherapy or in combination with other TKls, such as IMAT or DASA (NCT03595917,
NCT02081378). Combination of blinatumomab with PONA is also tested in a phase Il study
(NCT04722848).

In the preclinical research, novel potential targets in Ph* B-ALL are also seeked. One
of proposed strategies is targeting DDR with OLAP in Ph* B-ALL, exhibiting significant
synergistic effect with IMATY, Inhibition of TXN system was also shown to be efficient in B-
ALL, including the Ph* B-ALL subtype’®. Another approach is targeting PKC with phospholipid
conjugate of gemcitabine, showing promising selective effects in mice bearing Ph* B-ALL cell
lines?®>.Even though some preclinical and preliminary results are promising, emerging
therapy resistance warrants the need for a better understanding of Ph* B-ALL biology and
pathogenesis. This knowledge may allow for the identification of its specific vulnerabilities
and may lead to the development of novel, targeted combination therapies with better

efficacy and selectivity.

As Ph* B-ALL patients respond much worse to TKlIs treatment than those suffering
from CML in CP>®, the main goal of this study was to propose a novel approach, allowing for
a potential improvement of Ph* B-ALL therapeutic outcomes in the future. Because the
inhibition of the TXN system was shown to be beneficial in other B cell malighancies’®74120 it
was initially selected as a promising target. Further investigation utilizing PRDX1-defiecent

cell line models revealed NHEJ as the next pathway with prominent role in lymphoid Ph* cells.
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Taken together, these discoveries led to formulation of potentially beneficial triple
combination targeting TXN system, BCR-ABL1 and NHEJ, the efficacy of which was confirmed
in patient derived Ph* B-ALL PDXs.

5.1. Specific role of the TXN system in lymphoid Ph* leukemias

To counteract the effects of elevated OxS, cancer cells increase the activity of the
antioxidant systems, mainly the GSH and TXN systems®®%°. Increased expression of the TXN
system elements were identified in lymphoid malignancies, including B-ALL’71%, although a
Ph* B-ALL subtype wasn’t investigated in this context. The rationale for studying the TXN
system in Ph* B-ALL was also provided by the analysis of a publicly available gene set, showing
gene expression changes in pre-B cell line upon induction of BCR-ABL1 expression, which
revealed tendency for downregulation of GSH-related genes, and a concomitant elevation of
PRDX1, TXN1 and TXN-R1 (Table 7). This suggested that Ph* B cells may rely on the TXN1
system for the maintenance of redox homeostasis, with less significant role of the GSH

system.

Considering the beforementioned points, the effects of the TXN system inhibition on
the cytotoxicity of TKls was tested in myeloid and lymphoid Ph* cell lines. Two TXN system
inhibitors, AUR (targeting TXN-R1/22%¢) and ADE (inhibiting TXN-R, TXN, PRDX1/21252¢7) were
used. Inhibition of the TXN system alone or in combination with either IMAT or DASA, had
significant cytotoxic effects mainly in Ph+ lymphoid cells (Figs. 3-6). Even though the cytotoxic
effects of the TXN system inhibition were previously reported in other cancers including B-
ALL, the synergistic effect between TKls and the TXN system inhibitors in Ph* B-ALL is a novel
discovery. Interestingly, the tested myeloid Ph* cell lines were insensitive to both AUR and

ADE, less pronounced role of TXN system in cells of that lineage.

5.2. Role of PRDX1 in proliferation, survival, and drug sensitivity of lymphoid Ph+ cells
Moreover, in this study, the upregulation of PRDX1 in Ph* B-ALL was revealed, both at

the protein (Fig. 7) and the mRNA levels (Fig. 8) in cell lines and primary material, respectively.

As the mechanism of action of neither AUR nor ADE is specific for PRDX1, to investigate the

role of PRDX1 in lymphoid and myeloid Ph* cells, two CRISPR-Cas9-mediated PRDX1 knockout
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cell lines — K562 (CML) and BV173 (CML in LBC) - were generated. Similarly to the TXN system,
PRDX1 was revealed to be crucial for lymphoid, but not myeloid, cells survival (Fig. 10) and
sensitivity to TKIs (Figs. 11-13). PRDX1 knockout in lymphoid Ph* cells also potentiated IMAT-
induced apoptotic signaling (Fig. 14). The most noticeable changes upon PRDX1 knockout
were JNK and BIM overactivation with parallel BCL-W downregulation in PRDX1-deficient
cells. This effect of the PRDX1 knockout in Ph* lymphoid cells could be explained by its known
role in the protection of malignant cells from death through such mechanisms as activation
of NF-kB'? or preventing stress-mediated apoptosis dependent on JNK activation?’.
Moreover, BCL-W is also a known inhibitor of JNK?®8, so its downregulation further

overactivated JNK signaling.

5.3. Elucidation of the mechanisms of cell death induced by IMAT in PRDX1-
deficientPh+ lymphoid cells

To elucidate the mechanisms of cell death triggered by IMAT in PRDX1-deficient Ph*
lymphoid cells, an unbiased, RNAseq-based approach was employed. In IMAT-untreated cells,
the PRDX1 knockout caused downregulation of several genes involved in the processes
supporting malignant cells’ survival and proliferation, including (1) the maintenance of DNA
integrity (SAMHD1%%), (2) TKI resistance (CASD1%'°, SPARC?*%*) or (3) survival promotion
(ANXA5231232)  Also two tumor suppressors genes, LRRC26 and SRCIN1%3%235, were
upregulated (Table 8). This changes in gene expression could explain worse overall state and
higher sensitivity to TKIs of PRDX1 knockout BV173 cells. Moreover, further analysis of
changes in IMAT-induced signaling upon PRDX1 knockout was performed by a GSEA analysis,
comparing activity of pathways in IMAT-treated control and PRDX1 knockout cells. GSEA
revealed prominent early downregulation of several pathways linked to processes crucial for
proper cell functions, such as oxidative phosphorylation, regulation of translation (Fig. 17),
and later strong upregulation of pathways involved in apoptotic signal transduction and
apoptosis (Fig. 18). Additionally, some changes were identified in UPR and OxS-induced
pathways. Even though the observed UPR and OxS upregulation in PRDX1-deficient cells is in

108-

line with the well-known PRDX1 functions'©8-110 the upregulation of UPR-related genes ATF4

and CHOP, ROS, and OxS markers were not confirmed in the subsequent experiments (Figs.
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19-22). Despite that, reconstitution of the catalytically active PRDX1, but not inactivated
mutants, in PRDX1 knockout BV173 cells reversed the IMAT-sensitive phenotype (Fig. 24).
Moreover, removal of ROS from the IMAT-treated cells through the addition of ROS
scavengers partially reversed IMAT cytotoxic effect in both control and PRDX1 knockout cells
alike, although significant viability differences between cell lines were still present (Fig. 25).
This indicates that PRDX1 catalytic function is involved in lymphoid Ph* cells response to
IMAT, although it is not exclusively responsible for IMAT sensitivity of the PRDX1-deficient

cells, suggesting additional PRDX1’s role in those cells.

5.4. Increased levels of DNA DSB upon PRDX1 knockout BV173 cells upon IMAT

treatment

As neither UPR nor OxS were identified major factors responsible for the sensitization
of PRDX1-deficient Ph* lymphoid cells to TKls, the exact mechanism of observed PRDX1
knockout effect was still elusive. GSEA revealed upregulation of DDR-related pathways in
PRDX1 deficient cells upon IMAT-treatment, possibly due to the accumulation of DNA lesions.
Indeed, assessment of the DSB in IMAT-treated, PRDX1-defiecient cells revealed
accumulation of DNA lesions in those cells in comparison to control ones, as shown by yH2AX
levels (Fig. 26) and TUNEL assay (Fig. 27). A parallel increased mRNA levels of both HR and
cNHEJ elements were also observed in PRDX1 knockout cell subjected to IMAT (Fig. 28),
suggesting that upregulation of DDR wasn’t sufficient to repair IMAT-induced DNA damage.
Moreover, PRDX1 knockout caused significant sensitization to inhibitors of either cNHEJ or
altNHEJ in a lymphoid-specific manner, as this effect was observed only in BV173 cells, while
K562 weren’t affected by PRDX1 knockout (Fig. 29 and Fig. 30). This led to a hypothesis that
inhibition of DSB repair in PRDX1-deficient BV173 cells could exert further potentiate imatinib

cytotoxicity.

5.5. Sensitization of lymphoid Ph+ cells to IMAT by inhibition of NHEJ
More effective NHEJ inhibition in cells with PRDX1 knockout provided rationale for the
addition of NHEJi to TKls and AUR combination. Before that, interaction of TKls and NHEJi had

to be investigated. Although synergistic effects of OLAP and TKIs were observed previously?°,
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the referenced study was more focused on myeloid malignancies, and not many Ph* B-ALL
samples were tested and no DNA-PKcs inhibitors were investigated. To test the proof of
concept of targeting NHEJ in Ph+ B-ALL, the efficacy of inhibitors of cNHEJ (NEDI) and altNHEJ
(OLAP) in combination with IMAT was tested in both myeloid and lymphoid Ph* cell lines.
More consistent synergism of NHEJ inhibitors was observed in lymphoid cells. These results
may be explained by the previously shown upregulation of NHEJ elements in all tested B-ALL
patients!®®182  This indicates that NHEJ may be a crucial DSB repair pathway in lymphoid
malignancies, making them susceptible to its inhibition. On the other hand, inK562 myeloid
cell line a very strong synergistic effect of NEDI and IMAT was identified (Figs. 31-34). K562
cell line was shown to exhibit impaired end joining activity?®®27%, possibly making it
susceptible to further NHEJ inhibition. Surprisingly, low synergistic effects of OLAP and IMAT
in K562 cells are in opposition to the results of previously shown potentiation of IMAT effects
by OLAP in CML primary samples?’®. This may be due to differential genetic background of
K562 and samples tested in the cited study, as OLAP effect was shown for CML in CP and AP,

while K562 is a model of highly mutated, aggressive CML in MBP.

5.6. Sensitization of Ph+ lymphoid cell lines and PDXs to TKls and NHEJi combination by
inhibition of the TXN system

As the inhibition of NHEJ enhanced the effectiveness of IMAT in both K562 and BV173
cell lines, the effect of PRDX1 knockout on the sensitivity of the combination of NHEJi and
IMAT was tested. PRDX1 knockout sensitized only BV173 cells to the treatment, especially
with OLAP and IMAT combination, allowing for killing almost all cells in the highest tested
drugs concentration. K562 cells were mostly unaffected by the PRDX1 knockout (Fig. 35 and
Fig. 36). Those results, taken together with much stronger synergistic effect of the TXN system
inhibition with TKls in lymphoid Ph* cell lines (Figs. 3-6) prompted further investigation of the
triple combinations of AUR, TKIs and NHEJi solely in Ph* lymphoid cells (Figs. 37-42). Both
NHEJi were effective in triple combinations in cell lines, with more pronounced effect of NEDI
than OLAP. On the other hand, in PDXs only NEDI addition was effective in both TKI*®" and
TKI™®s samples, while all PDXs were insensitive to OLAP, regardless of their TKI sensitivity. This

discrepancy of results in cell lines and PDXs might be caused by the fact that both BV173 and
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SUP-B15 cell lines are proliferating, progressing through subsequent phases of cell cycle,
while PDXs are in large part non-proliferating cells in an ex vivo setting. This may be of

271 and its

importance, as altNHEJ was shown to be most active in S and G, phases of cell cycle
activity decreased when cells entered plateau phase?’2. On the other hand, cNHEJ is known
to be active throughout all of the cell cycle phases, including Go/G1 phase?’1?73, Moreover,
PARP1 was shown to play more pronounced role in proliferating cells, promoting their
progression through cell cycle and its inhibition caused arrest in G1/G0 phase?’4?7>, possibly
further explaining differences in OLAP efficacy in proliferating cell lines and resting PDX cells.
The limitation of this study is the lack of characterization of the functionality of subsequent

DDR pathways in the investigated model cells. This will be further studied to allow for the full

interpretation of these results.

The selective sensitivity of Ph+ PDXs to cNHEJ, but not altNHEJ, inhibition could also
be potentially explained by their B cell origin. RAG1/2 expression and activity, characteristic
only for lymphoid cells, causes elevated DSB occurrence!#417¢, As Ph* B-ALL cells are stalled
at pre-B stage, an ongoing V(D)J recombination and RAG1/2 activity were identified in the
majority of the tested B-ALL cases'’”''78, yet limited to Go/G1 phase of the cell cycle!’®. Also,
RAG1/2 promotes cNHEJ activity over altNHEJ, with HR normally unattainable during V(D)
recombination, although exact mechanism of favoring cNHEJ over altNHEJ by RAGs isn’t fully
elucidated**17¢, Among proposed explanations of this phenomena is low polymerase theta
expression in Goand G phases, limiting altNHEJ activity'’®. Moreover, RAG1 was also shown

to bind Ku70-containing complexes'’®

, and lately Ku70 was discovered to repress altNHE)
repair of RAG induced DSBs in Gi-arrested progenitor B cells**, Therefore, in non-

proliferating, Ph+ B-ALL cells, cNHEJ is most likely the dominant mechanism of DDR.

PRDX1 was shown to promote NF-kB signaling!?

, possibly also contributing to RAGs
downregulation. This indicates that PRDX1 knockout or inhibition might promote RAGs
activity, possibly explaining observed accumulation of DSBs in PRDX1-deficient cells.
Moreover, BCR-ABL1 inhibition by IMAT in Ph* B-ALL was discovered to downregulate BCR-
ABL1's downstream signaling involving AKT and NF-kB, subsequently activating RAGs,

regardless of the cell cycle phase!”. Those results taken together with the results obtained
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in this PhD thesis, led to formulation of possible mechanism of action of the triple
combination composed of TXN system, BCR-ABL1 and NHEJ inhibition (Fig. 43). It is
hypothesized that the observed effect of triple combination is caused by concomitant
activation of RAG1/2 activity by PRDX1 knockout and BCR-ABL1 inhibition, leading to
generation of DSBs that can’t be efficiently repaired due to NHEJ inhibition. Even though, this
is only a hypothesis, and more in-depth study of RAG1/2 involvement in those processes is

needed to elucidate the exact mechanism behind cytotoxic effect of triple combination.

TXNi+TKIs TXNi+TKIs+NHEJi
TXNi TXNi
TKIs J TKIs -/
TXN sys‘(em 5 TXN system

T}(Nl
BCR-ABL1 BCR-ABL1
: TXN R] ) | T}{h Rl

mmmmcxmm

: NHEJi
v H

DNA repair IDNA repair
v v

RO NOMR R R R

l

Fraction of cells survive H Decrease of cells' viability

Fig. 43. Proposed mechanism of triple AUR, TKIs and NEDI effect on Ph+ lymphoid cells. In short, inhibition of
TXN system and BCR-ABL1 (left) generates DSBs, which are partly repaired by the elevated DNA repair, allowing
a fraction of cells to survive. Additional inhibition of NHEJ (right) decreases repair of therapy-induced DSBs,
causing increased cell death. Indicated in red are the inhibitors used for treatment. Dashed arrows indicate
omitted intermediary states, not relevant to the proposed mechanism. NHEJi — non-homologous recombination
inhibitors, PRDX1 — peroxiredoxin 1, TKls — tyrosine kinase inhibitors, TXN1 — thioredoxin 1, TXNi — thioredoxin
system inhibitors, TXN-R1 — thioredoxin reductase 1.
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Even though results presented in this thesis are encouraging, further research is still
needed. Investigation triple combination’s mechanisms, including explanation for its
lymphoid specificity and RAGs involvement, and extensive studies in more pre-clinical

models, including leukemia xenografts in vivo models, are still necessary.
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6. Conclusions

Inhibition of the TXN system ameliorates IMAT and DASA cytotoxicity in Ph* cell lines,
in a lymphoid-specific manner;

PRDX1 expression is upregulated in lymphoid Ph* primary cells (CML in LBP and Ph* B-
ALL) in comparison to their myeloid counterparts (CML in CP and MBP);

PRDX1 supports growth and resistance to TKls specifically in Ph+ lymphoid cells;
PRDX1-deficient Ph* lymphoid cells upregulate several stress- and apoptosis-related
pathways and accumulate greater amounts of DNA DSB upon IMAT treatment;
Inhibition of altNHEJ, TXN system, and BCR-ABL1 by a triple combination of OLAP, AUR
and IMAT exerts potent cytotoxic effects in lymphoid Ph* cell lines;

Inhibition of cNHEJ, TXN system, and BCR-ABL1 by a triple combination of NEDI, AUR,
and TKIls exerts potent cytotoxic effects both in lymphoid Ph* cell lines and patient-

derived Ph* B-ALL PDXs.
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KB/l /2015

Komisja Bioetyczna przy Warszawskim Uniwersytecie Medycznym

po zapoznaniu si¢ z wnioskiem /wymieni¢ wnioskodawce/ - w dniu 10 marca 2015r.
Prof.dr hab. Jakub Golab, Zaklad Immunologii,

ul. Chalubinskiego 5,02-004 Warszawa,

dotyczacym: wyrazenia opinii w sprawie badania pt.: ,, Rola peroksyredoksyny 1 i innych
biatek antyoksydacyjnych w ostrej bialaczce limfoblastycznej B komorkowe;.”

wyraza nastepujacg
opinig
- stwierdza, ze jest ono dopuszczalne i zgodne z zasadami naukowo-etycznymi*.

cada ankawwo—etvezns-

tuaterdz Ze 1ot o edapnuczezal niezZo aQ mi-n 1M
Saaadr aaiKovywwoO— Tty U y it

Q o no-ni Zalnao 1 zoodne-z 73
STVWICTOZO, 20 Just oo THCOQUpUSZUZarT T mTZgoant 7zt

Uwagi Komisji-verte

Pouczenie-w ciaggu 14 dni od otrzymania decyzji wnioskodawcy przystuguje Prawo
odwolania do Komisji Odwolawczej za posrednictwem Komisji Bioetycznej przy
Warszawskim Uniwersytecie Medycznym.

Komisja dziala na podstawie art.29 ustawy z dnia 5.12.1996r. o zawodzie lekarza /Dz.U.nr 28/97 poz.152
wraz z p6zn.zm./, zarzadzenia MZiOS z dn.1 1.05.1999r. w sprawie szczegblowych zasad powolywania i
finansowania oraz trybu dzialania komisji bioetycznych /Dz.U.nr 47 poz.480/, Ustawy prawo
farmaceutyczne z dnia 6 wrzesnia 2001r. (Dz.U.Nr 126, poz. 1381 z pézn. zm.) Zarzgdzenie nr 56/2007

z dnia 15 pazdziernika 2007 r.w sprawie dzialania Komisji Bioetycznej przy Warszawskim Uniwersytecie
Medycznym /Regulamin Komisji Bioetycznej przy Warszawskim Uniwersytecie Medycznym/.

Komisja dziala zgodnie z zasadami GCP.

W zataczeniu- sktad Komisji oraz lista obecnosci.
Przewodniczgca
Komisji Bioetycznej

-
Prof. d}h»a’;b. n .med. lgéria Roszkowska-Blaim

*niepotrzebne skresli¢



UCHWALA NR WAW2/095/2019
z dnia 28 czerwca 2019r.

Il Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzetach w Warszawie

§1

Na podstawie art. 48 ust. 1 pkt. 1' ustawy z dnia 15 stycznia 2015r. o ochronie zwierzat
wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266), zwanej dalej ,ustawg” po
rozpatrzeniu wniosku pt.: ,Namnazanie ludzkich komérek biataczkowych w myszach z niedoborem
odpornosci oraz ocena skutecznosci immunoterapii” z dnia 04 czerwca 2019 roku, ztozonego przez
Warszawski Uniwersytet Medyczny, | Wydziat Lekarski, adres: ul. Zwirki i Wigury 61, 02-091 Warszawa,
zaplanowanego przez Matgorzate Firczuk?

przy udziale3 -
Lokalna Komisja Etyczna:

WYRAZA ZGODE

na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w §, Lokalna Komisja Etyczna ustalita, ze:

1. Whniosek nalezy przypisa¢ do kategorii: badania podstawowe, onkologia.
2. Najwyzszy stopien dotkliwosci proponowanych procedur to: umiarkowana.
3. Doswiadczenia beda przeprowadzane na gatunkach lub grupach gatunkéw*:

Gatunek Wiek/stadium rozwoju Liczba
Mysz domowa NOD/ShiLtJ (NSG) 8-12 tygodni 342

4. Doswiadczenia beda przeprowadzane przez: Matgorzata Firczuk, Angelika Muchowicz,
Klaudyna Fidyt, tukasz Komorowski, tukasz Cheda.

5. Doswiadczenie bedzie przeprowadzane w terminie® od 01.07.2019 do 30.06.2023 r.

6. Doswiadczenie bedzie przeprowadzone w osrodku®: Centrum Badan Przedklinicznych i
Technologii WUM, Banacha 1B, 02-097 Warszawa.

7. Doswiadczenie bedzie przeprowadzone poza osrodkiem, w: Centrum Nauk Biologiczno-
Chemicznych, Uniwersytet Warszawski, Zwirki i Wigury 101, 02-089 Warszawa.

8. Uzyte do procedur zwierzeta dzikie zostang odtowione przez: nie dotyczy.

9. Doswiadc zostanie/nie zostanie

zenie
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. .o . . .7
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! Niewtasciwy zapis usunaé

2imie i nazwisko osoby, ktéra zaplanowata i jest odpowiedzialna za przeprowadzenie do$wiadczenia
3 Wypetni¢ w przypadku dopuszczenia do postgpowania organizacji spoteczne;.

4 podaé liczbe, szczep/stado, wiek/stadium rozwoju

5 Nie dtuzej niz 5 lat



§3

Uzasadnienie:

Komisja ocenita wniosek zgodnie z kryteriami zawartymi w art. 47.1. ustawy z dnia 15 stycznia 2015r.
o ochronie zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266). Po
zapoznaniu sie z problematyka badawczg przedstawiong we wniosku komisja stwierdza, Ze
przedstawiony projekt spetnia zasady dopuszczenia doswiadczen na zwierzetach. Na podstawie art.
107 § 4 ustawy z dnia 14 czerwca 1960 r. — Kodeks postepowania administracyjnego z pézniejszymi
zmianami (Dz. U. z 2017 poz. 1257) odstgpiono od sporzadzania uzasadnienia decyzji, gdyz uwzglednia
ona w catosci zadanie strony.

§4

Integralng cze$é niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1.

/Z {$ g1 M Jb \

(Pieczec lokalnej komisji etycznej) (Podpis Przewodniczacej komisji)

Pouczenie:

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1i 2 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca
1960 r. Kodeks postepowania administracyjnego (Dz. U. 2017, poz. 1257 —tj.; dalej KPA) od uchwaty Lokalnej
Komisji Etycznej strona moze wnie$¢, za jej posrednictwem, odwotanie do Krajowej Komisji Etycznej do Spraw
Doswiadczeh na Zwierzetach w terminie 14 od dnia doreczenia uchwaty.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwotania strona moze zrzec sig¢ prawa do
jego wniesienia, co nalezy uczyni¢ wobec Lokalnej Komisji Etycznej, ktéra wydata uchwate. Z dniem
doreczenia Lokalnej Komisji Etycznej o$wiadczenia o zrzeczeniu si¢ prawa do wniesienia odwotania przez
ostatnig ze stron postepowania, decyzja staje sie ostateczna i prawomocna.

Otrzymuje:
1)  Uzytkownik,
2)  Organizacja spofeczna dopuszczona do udziatu w postepowaniu (jesli dotyczy)
3) a/a
Uzytkownik kopie przekazuje:
. Osoba planujgca doswiadczenie
. Zespot ds. dobrostanu



