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Resumo

O mieloma mudltiplo (MM) é uma neoplasia hematolégica caracterizada pela
expansao de plasmdcitos clonais que produzem imunoglobulinas monoclonais e pela
presenca de um ou mais eventos definidores de mieloma, que consistem em
caracteristicas CRAB (hipercalcemia, insuficiéncia renal, anemia e Lesbes
Osteoliticas/bone lesions) e/ou um ou mais biomarcadores de malignidade (plasmécitos
clonais = 60%, razdo entre cadeias leves livres séricas envolvidas/nao envolvidas = 100,

e presenca de pelo menos uma lesé@o focal em exames de ressonancia magnética).

A ativacao do fator nuclear-kB (NF-kB) é um evento muito comum em MM, sendo
este fator uma das moléculas mais importantes envolvidas na resposta inflamatoria,
ligando a inflamagdo cronica ao cancro. O NF-kB é um complexo homo ou
heterodimérico que se apresenta geralmente na forma de dimeros p65-p50. Os dimeros
ligam-se a locais especificos do DNA dos seus genes-alvo, promovendo a sua

transcrigao.

Apesar de existirem inUmeras possibilidades terapéuticas para um doente com
MM incluindo inibidores do proteassoma (Pls), como bortezomib (BTZ), carfilzomib
(CFZ) e ixazomib (IXZ) e imunomoduladores que aumentam a esperanca media de vida
dos doentes, ao mesmo tempo que melhoram a sua qualidade de vida, a resisténcia a
farmacos ainda é um grande obstaculo que precisa ser ultrapassado.
Consequentemente, os medicamentos disponiveis deixam de ser uma opcdo para
agueles que desenvolvem resisténcia. Por esse motivo, novos agentes
anticancerigenos, tal como o partenolide (PTL), um inibidor da ativacdo do NF-kB,
podera ser necessario para ultrapassar a resisténcia a farmacos. Além da sua atividade
anti tumoral ser mediada pela inibicdo da via de sinalizacdo do NF-kB, o PTL também
reduz o nivel celular de glutationa e induz a producao de espécies reativas de oxigénio,

induzindo stresse oxidativo.

Nesse contexto, o principal objetivo do presente projeto € avaliar o papel do PTL
em contornar a resisténcia do mieloma multiplo aos inibidores do proteassoma BTZ,
CFZ e IXZ.

Para o efeito, foram utilizadas linhas celulares de MM sensiveis (H929) e
resistentes aos inibidores de proteossoma BTZ, CFZ e IXZ (H929-BTZ, H929-CFZ e
H929-1XZ, respetivamente) foram incubadas na presenca e na auséncia de PTL, e

procedeu-se ao ensaio metabdlico com resazurina para verificar a atividade metabdlica
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celular. O tipo de morte celular induzida pela PTL foi analisado ndo sé por citometria de
fluxo (CF), utilizando a dupla coloracdo com anexina-V e 7-AAD, mas também por
microscopia 6tica, apds a coloracdo segundo o protocolo May-Griinwald Giemsa. Para
além disso, verificou-se o efeito do PTL no ciclo celular por CF, utilizando a solugéo de
iodeto de propidio/RNase. Também se verificaram os niveis de peréxidos intracelulares
utilizando a sonda DCFH2-DA e o nivel do Ayw por CF. Por ultimo, o efeito da PTL na

expressao génica foi avaliado por gPCR.

Este projeto comprovou que o PTL é capaz de reduzir a atividade metabdlica das
linhas celulares estudadas, dependendo do tempo de incubacéo, da concentracdo e da
linha celular. De facto, a linha celular resistente H929-1XZ mostrou-se menos sensivel a
acao do parthenolide. Assim, as 72 horas os valores do ICso foram de 2,40; 0,96; 2,37 e
7,32 UM para as linhas celulares H929, H929-BTZ, H929-CFZ e H929-1XZ,
respetivamente. Para além disso, o PTL induziu um aumento significativo na
percentagem de células apoptéticas em todas as linhas celulares (H929-BTZ mostrou
um aumento de 12%, H929-CFZ mostrou um aumento de 19,75% e H929-1XZ mostrou
um aumento de 20%). Além do mencionado, nas células tratadas com PTL disso
observou-se um aumentou dos niveis intracelulares de perdxidos em 1,40 vezes, 1,12
vezes, 1,14 vezes e em 1,32 vezes nas linhas celulares H929, H929-BTZ, H929-CFZ e
H929-1XZ respetivamente. Paralelamente, verificou-se um aumento do racio M/A de JC-
1 de cerca de 1,41 vezes, 1,82 vezes, 2,60 vezes e 4,67 vezes nas linhas celulares
H929, H929-BTZ, H929-CFZ e H929-1XZ respetivamente, sugerindo que o PTL induz

diminuicdo do potencial de membrana mitocondrial.

Concluindo, este estudo provou que o PTL é capaz de contornar a resisténcia aos
Pls, podendo constituir uma nova abordagem terapéutica no MM resistente a estes

farmacos.

Palavras-chave:

e Mieloma mdltiplo
® Resisténcia a farmacos
® Inibidores de proteossoma

e Parthenolide

Vi



Vil



Abstract

Multiple myeloma (MM) is a hematologic neoplasm characterized by the expansion
of clonal plasma cells that produce monoclonal immunoglobulins and by the presence of
one or more myeloma-defining events, which consist of CRAB features (hypercalcemia,
renal failure, anemia and bone lesions) and/or one or more malignancy biomarkers
(clonal plasma cells = 60%, ratio of serum free light chains involved/not involved = 100,

and the presence of at least one focal lesion on MRI scans).

Activation of nuclear factor-kB (NF-kB) is a very common event in MM, and this
factor is one of the most important molecules involved in the inflammatory response,
linking chronic inflammation to cancer. NF-kB is a homo- or heterodimeric complex that
is generally in the form of p65-p50 dimers. Dimers bind to specific locations in the DNA

of their target genes, promoting their transcription.

Choosing the right treatment for a MM patient is a complicated decision as there
are several therapeutic possibilities. Some of the treatment options include proteasome
inhibitors (Pls) such as bortezomib (BTZ), carfilzomib (CFZ) and ixazomib (IXZ).
Although the chemotherapeutic drugs used to treat MM increase the average life
expectancy of patients, while improving their quality of life, drug resistance is still a major
obstacle that needs to be addressed. Consequently, available drugs can end up not
being an option for those who develop resistance. For this reason, new anticancer

agents, such as parthenolide (PTL), are needed to overcome drug resistance.

In this context, the main objective of this project is to evaluate the role of PTL in
circumventing multiple myeloma resistance to BTZ, CFZ and IXZ proteasome inhibitors.
This compound exerts its anti-tumor activity by inhibiting the NF-kB signaling pathway.
PTL also reduces the cellular level of glutathione and induces the production of reactive

oxygen species, inducing oxidative stress.

For this purpose, MM cell lines that are sensitive (H929) and resistant to the
proteosome inhibitors BTZ, CFZ and IXZ (H929-BTZ, H929-CFZ and H929-1XZ,
respectively) were incubated in the presence of PTL, and the metabolic assay using
resazurin was proceeded to verify the cellular metabolic activity. The type of cell death
induced by PTL was analyzed not only by flow cytometry (FC), using annexin-V (AV)/7-
AAD double staining, but also by optical microscopy, after the staining according to the
May-Grinwald Giemsa protocol. Furthermore, the effect of PTL on the cell cycle was

verified by FC using the propidium iodide/RNase solution. The levels of intracellular
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peroxides were also verified using the probe DCFH2-DA and the level of Aym by FC.
Finally, the effect of PTL on gene expression was assessed by gPCR.

This project proved that PTL is able to reduce the metabolic activity of the cell lines
studied, according to the incubation time and concentration used. Furthermore, resistant
cell lines were generally less susceptible to the action of parthenolide. In fact, at 72 hours
the IC50 values were 1.98, 1.20, 1.73 and 4.56 uM for cell lines H929, H929-BTZ, H929-
CFZ and H929-1XZ, respectively. Furthermore, cell death analysis showed that PTL
caused a significant increase in the percentage of apoptotic cells in all cell lines (H929-
BTZ showed an increase of 12%, H929-CFZ showed an increase of 19.75% e H929-1XZ
showed an increase of 20%). Furthermore, it increased intracellular peroxide levels by
1.40-fold, 1.12-fold, 1.14-fold and 1.32-fold in cell lines H929, H929-BTZ, H929-CFZ and
H929-1XZ respectively. In parallel, there was an increase in the M/A ratio of 1.41-fold,
1.82-fold, 2.60-fold and 4.67-fold in cell lines H929, H929-BTZ, H929-CFZ and H929-
IXZ respectively.

In conclusion, this study proved that PTL is able to overcome resistance to Pls and

may constitute a new therapeutic approach in MM resistant to these drugs.

Keywords:

e Multiple myeloma
® Drug resistance
® Proteosome inhibitors

® Parthenolide
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Introduction






1. Hematopoietic System

A dynamic equilibrium exists in the blood, which represents one of the most
regenerative systems in the human body, between cell growth, differentiation, and death.
A common hematopoietic progenitor cell constantly replenishes and rebuilds the many
blood cell populations!?. These hematopoietic stem cells, that also have the ability to
self-renew, become more restricted in their developmental potential as they reach the
myeloid and lymphoid lineages, producing differentiated and functional blood cells.
Myeloid blood cells include erythrocytes, thrombocytes, macrophages, neutrophils,
eosinophils, and basophils while B, T, and natural killer cells are held in the lymphoid

group (Figure 1)34,

C@
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Figure 1 — Representative scheme of hematopoiesis. Hematopoietic stem cells are
multipotent progenitors capable of give rise to both myeloid and lymphoid cell lineages. Myeloid
cells derive from a common myeloid progenitor lineage whose differentiation give rise to several
cell-types. A common lymphoid progenitor originates crucial cellular components of the immune
system such as B, T, and natural killer cells. B cells, through a series of differentiation events,

results on the formation of plasma cells. [Adapted from Rocamonde, B., et al. (2019)]



Particularly, B lymphocytes are a critical component of our immune system, which
is responsible for our organism's defense and protection. A hierarchically regulated
network of transcription factors, involving PU.1, E2A, early B-cell factor 1 (EBF), and
paired box 5 (PAX5), controls the onset of early B cell development (Figure 2)°. These
transcription factors are required not only for B cell maintenance, but also for the
rearrangement of immunoglobulin variable-region genes, which is a vital phase in B cell
diversity. The naive B cells then self-renew and produce multipotent progenitors (MPPS),
which develop into a common lymphoid precursor (CLP) or a common myeloid
progenitor (CMP). Thus, early lymphoid progenitors (pre-proB cells) develop into
irreversibly committed progenitor B (pro-B) cells, precursor B (pre-B) cells in the early

stages of immunoglobulin rearrangement, and immature B cells®®.

Na'l've B
CLP Pro-B Pre-B 4
PU1 PU1 pu 1
PU.1 E2A E2A
E2A Ikaros Ikaros lkaros
Iknros Ikaros Pax5 Pax5 Pax5
EBF1 EBF1 EBF1

Figure 2 — B cell development in the bone marrow at a very early stage. The
hematopoietic stem cell (HSC) stage initiates differentiation, originating early lymphoid
progenitors (ELP). ELP differentiates into CLP that progresses on to the pro-B and pre-B stages.
B cell development in the bone marrow is completed when the immature naive B cell
differentiates. Immature B cells express a full B cell receptor at this stage and exit the bone
marrow to finish their development in the spleen. [Adapted from De, S. & Barnes, B. J. (2014)].

These naive B cells originate more differentiated progenitors, eventually resulting
in matured and differentiated blood cells expressing cell-surface immunoglobulin M (IgM)
leaving the blood marrow and being transported to the spleen through the vascular
system. Cells can re-enter the bloodstream, and when they come into contact with an
antigen, they migrate to the lymph nodes, where they hypermutate and enhance the
affinity of the antibodies generated. These centroblasts then begin to produce their
antibodies and develop into centrocytes. The centrocytes undergo a selection process,
turning into B clones that gained mutations that confer higher affinity antibodies towards
the antigen. The B clones then receive a differentiation signal to develop as either
memory B cells or plasmoblasts, that once in the bone marrow, mature into antibody

secreting plasma cells’.



The short half-life of the cellular components of the blood and their constant
replacement and maturation turns hematopoiesis very prone to the build-up of genetic
errors and, consequently, to the development of hematological malignancies. Lymphoid
malignhancies are a heterogeneous group of hematological neoplasms derived from the
alteration of B, T, or natural killer cells at any stage of their development. The existing
categorization of this broad cluster of hematological cancers reflects the maturity of the
cell lineage concerned, the clinical progression of the disease and the presence of

genetic alterations, mainly mutations and translocations®.

2. Multiple myeloma

Multiple myeloma (MM) is a rare blood disease that accounts for 1% of all cancers
and approximately 13% of all hematologic malignancies®. MM is characterized by
expansion of clonal plasma cells (PC) that secrete monoclonal immunoglobulin (Ig) in
the bone marrow (BM). These Igs circulate through the blood flow and accumulate in the
organs causing them to decline their function®. The prevalence of the disease varies
globally, although it peaks in more industrialized countries like the United States,
Western Europe, and Australial®. The increasing frequency in developed countries is
most likely due to the better diagnostic procedures and increased clinical awareness of
the condition. Moreover, MM is two to three times more common in black citizens than
in white individuals!!. This malignant neoplasm primarily affects elderly people with the

average age at diagnosis of about 70 years.

MM is included in a group of diseases known as monoclonal gammopathies and
can be originated by an asymptomatic premalignant stage denominated monoclonal
gammopathy of undetermined significance (MGUS) (Figure 3)2. The diagnosis of MGUS
requires the absence of CRAB features?. The acronym CRAB summarizes the most
typical clinical manifestations of multiple myeloma, these being hypercalcemia, renal
failure, anemia, and bone disease. CRAB can be used to distinguish between active,
symptomatic MM and MGUS®. This distinction is relevant not only for diagnosis but also
for treatment. CRAB factors also effect the prognosis of MM. In fact, a study by Nakaya,
A. et al. (2017) revealed that patients with hypercalcemia and bone disease showed a
significantly worse prognosis, whereas anemia and renal failure showed no difference in
survival'®. The diagnostic criteria for monoclonal gammopathies have been amended to
allow certain patients to begin therapy earlier (and consequently, achieving a better
therapeutic outcome), mainly because of the increased recognition of biomarkers that

can identify patients at high risk of progression to active iliness (that is, multiple myeloma



that requires therapy). Nowadays, the diagnosis of MM is reliant on the present of more
than one myeloma defining events. These myeloma defining events compromises on
one or more established CRAB features accompanied by malignity biomarkers such as
clonal bone marrow superior to 60%, serum free light chains ratio superior to 100, and
at least one focal osteolytic lesion attained on magnetic resonance imaging

examinations*1°.

Furthermore, the application of genomic tools has led to a greater understanding
of the underlying genetic abnormalities of multiple myeloma, both at a chromosomal and
single gene level, indicating that multiple myeloma is a collection of diseases with a
shared clinical pattern, rather than a single disease®.

Clonal plasma cells Clonal, malignant plasma cells

2 Qd
o.o _ d898e
@ q QOQOQ

Q
©

Initiation Progression
-
Germinal centre  —— Bone marrow Peripheral blood
Post-germinal Smouldering Multiple Plasma cell
MGUS
centre B cell multnple myeloma myeloma leukaemia
Primary genetlc events: Secondary genetic events:
* IGH translocations * Copy number abnormalities
* Hyperdiploidy ) * DNA hypomethylation

* Acquired mutations

Figure 3 — Establishment of monoclonal gammopathies. The development of MM
involves many steps, usually starting at MGUS. Genetic mutations and changes in the bone
marrow microenvironment can originate smoldering MM. This stage precedes MM and if the
tumor cells proliferate in the blood stream, plasma cells leukemia is originated. [Adapted from
Kumar, S.K., et al. (2017)]

3. NF-kB signaling pathway

The activation of nuclear factor-kB (NF-kB), is thought to be a very common event
in MM. Among the factors involved in inflammatory responses, NF-kB is one of the most
important molecules that links chronic inflammation to cancer®. In fact, inflammation
takes a crucial part in the development and the progression of most cancers. NF-kB is a
family of transcription factors that modulates immune responses to bacterial and viral
infections, inflammation and cell proliferation’. The NF-kB pathway is commonly known
for its anti-apoptotic effects promoting cancer cells survival. Thus, it is essential in MM

pathogenesis and can be constitutively active in MM*8, Moreover, it was found that drug
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sensitive MM cells display lower NF-kB activity when compared with drug resistant ones,
and that NF-kB levels were higher in MM cells obtained from relapsed patients.
Furthermore, the inhibition of the NF-kB pathway is one of the targets of bortezomib,
leading to apoptosis of myeloma cells'®. Elevated interleukin (IL)-6 production and NF-

KB activation contribute to cancer progression and chemo-resistance?.

NF-kB consists of the proteins Rel A (p65), Rel B, p50 (and its precursor p105), c-
Rel and p52 (and its precursor p100). NF-kB is a homo or heterodimeric complex that
usually consists on p65-p50 dimers. The dimers bind at kB sites in the DNA of their target
genes. Different dimer groupings can act as transcriptional activators or repressors. NF-
kKB complexes are usually detained in the cytoplasm in an inoperable state associated
with members of the NF-kB inhibitor (IkB) family such as IkBa, IkBj, IkBy, 1kBg, p105,
and p100Y’.

In the traditional or canonical activation pathway [Figure 4, (a)], IkB is
phosphorylated by IkB kinases (IKKs) due to different activators, such as tumor necrosis
factor (TNF) a, IL-18 and bacterial lipopolysaccharide (LPS). The complexes are
afterward degraded leading to the release of NF-kB in its active form which translocates
into the nucleus?t. The canonical NF-kB signaling pathway triggers the creation of
p65\p50 and c-Rel\p50 heterodimers. The intensity and length of the NF-kB activity can
be regulated by coordinating the degradation and synthesis of its components. Indeed,
IKBa is encoded by a NF-kB target-gene??. Other NF-kB target genes encode for tumor
inducing and inflammatory cytokines such as TNF, IL-1 and IL-6; for growth enhancing
cytokines like IL-2 and for cell-adhesion molecules as ICAM-1. Additionally, some
molecular factors whose expression is controlled by NF-kB, such as cyclin D1, can
mediate cell cycle progression. Interestingly, NF-kB factors can trigger cell survival by
promoting the expression of antiapoptotic genes that encode for proteins like BCL-2,
BCL-XL, XIAP and survivin?®. Moreover, the activation of the MYC gene is a molecular
driver for the progression from the premalignant MGUS stage to MM. It can be found on
chromosome 8g24. NF-kB triggers the expression of MYC (v-myc myelocytomatosis viral
oncogene homolog, c-MYC) is a oncoprotein that was discovered in 1982 as a cellular

homolog of the avian retroviral oncogene v-myc?*.

The alternative NF-kB pathway, that is induced by CD40 [Figure 4, (b)], by the
lymphotoxin B receptor, and by B cell activating factor receptor?, is crucial in lymphoid
development and B cell maturation?®. In this pathway, the instigation of IKKa homodimers
leads to the activation of p52, that favorably dimerizes with RelB?’. Then, this structure

is translocated to the nucleus and acts as a transcription factor. Additionally, this pathway
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also promotes pl05 phosphorylation by the standard IKK complex, causing the
ubiquitination, degradation and loosening of p50 homodimers that migrate into the
nucleus inducing gene transcription. The IKK complex requires its regulatory subunit,
NEMO (also known as IKK-y), to function properly. Commonly to both pathways is that
NF-kB promotes IkBa synthesis that, arriving in the nucleus, separates NF-kB from DNA,

exporting the complex back to the cytoplasm re-establishing the initial state®®.



(a) Canonical NF-kB (b) Non-canonical NF-kB
pathway pathway

IkBa
degradation

Proteasome J

Figure 4 — NF-kB canonical and non- canonical pathways. Numerous signals,
including those mediated by innate and adaptive immunological receptors (e.g., TNFa, IL1p and
LPS) activate the classical route of NF-kB (a). It involves Tak1 activating the IKK complex, IKK-
mediated IkBa phosphorylation, and subsequent degradation, culminating in the prototypical NF-
B heterodimer p65/p50 translocating to the nucleus. Phosphorylation-induced p100 processing is
activated by signals such as CD40 in the non-canonical NF-B pathway (b). This route mediates
the persistent activation of the Rel B/p52 complex and is dependent on NIK and IKK. [Adapted
from Sun, S. (2011)]

The Rel homology domain, which is about 300 amino acids long and contains
sequences essential for DNA binding, dimerization, and inhibitor binding, connects the
NF-kB proteins structurally?®. The p105 protein is encoded by the NFKB1 gene and is
found on the human chromosome 4g24. The N terminus of p105 corresponds to NF-kB
subunit p50. There is evidence that p50 is generated by the removal of the C terminal
consensus sequence of p105 by the 26S proteasome®. Since p50 is a cleaved result of
pl105, it only has the DNA binding domain and must form a complex with p65, Rel B or
c-Rel in order to perform as a transcription factor controlling gene expression3. On
another hand, the NFKBZ2 gene, located in 10924.32, encodes for the p100 protein which
just like p105, is cleaved by the proteasome, resulting in p52. The conversion of the NF-
kB2 precursor protein p100 to p52 is a key step in the alternative NF-kB pathway's
activation. The activation of NF-kB-inducing kinase (NIK) and IkB phosphorylation of
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pl00 at Ser 866 and Ser 870 is a critical molecular event in stimuli-induced p100
processing. This is necessary for the recruitment of E3 ligase b-transducin repeat
containing protein to the p100 complex in response to stimuli, as well as the subsequent
ubiquitination and processing of p100 to produce p52%. REL gene encodes for the
protein c-Rel, which is an important gene transcriptional activator, that is primarily
expressed in lymphoid and myeloid tissues. This gene is located in the chromosome
2p16.1, but it was found to be amplified on the human chromosome 2p14-15 on 23% of
diffuse large B cell lymphomas®3. The regulators of c-Rel include the inhibitors IkB and
MALT1, which impair the formation of dimers and decrease c-Rel's nuclear migration.
Just like p65 and p50, c-Rel also regulates cytokine production and plays a role in the
development of T-cells. Moreover, c-Rel induces the expression of antiapoptotic genes**.
RELA is a gene located on the chromosome 1113 that encodes for a 65 kDa subunit of
NF-kB called p65. In MM cells, this gene has been proved to be constitutively
expressed®. This protein, just like c-Rel shows a high transcriptional activity. RELB
gene, located in 19913.32, encodes for the Rel B subunit. This NF-kB element cannot
homodimerize and can only obtain it's transcriptional abilities when joined with p50 or
p52%. Rel B can be negatively regulated by trapping in p65/Rel B or p100/Rel B
complexes®. Rel B is crucial for the development of the bone marrow milieu and for the
differentiation of dendritic cells®®. Lastly the IKBKB gene, located in 8p11.21, encodes
for the IKKP protein. This kinase is crucial in the canonical activation of NF-kB. IKKf is
a catalytic subunit of the IKK complex that phosphorylates the IkBa inhibitor, causing it
to be degraded by the proteosome®°. A mutation on the IKBKB gene, resulting in the

conversion of 171 lysine to glutamate was documented in MM patients*°.

A study conducted by Annunziata et al. (2007) concluded that NF-kB related
genetic mutations are present in around 28% of MM cells, being NFKB1 amplifications
and NFKB2 deletion noted by the authors*'. According to following studies performed in
MM cell lines, mutations can activate either the classical NF-kB pathway (for example,
NFKB1, CYLD, TACI and BCMA mutations) or the alternative one (e.g., NFKB2
mutations). TACI and BCMA are two cellular receptors shared by the soluble extrinsic
factors APRIL (a proliferation-inducing ligand) and BAFF (B-cell activating factor). APRIL
and BAFF are thought to exacerbate NF-kB’s classical activity both in healthy and in
cancerous plasma cells and they play a role in supporting their survival. Additionally,
BAFF binds specifically to another receptor, BAFFR. On another hand, CYLD is a
deubiquitinating enzyme that prevents NF-kB from becoming activated. Consequently,
when mutations in the gene that encodes CYLD are present, NF-kB is activated.

Moreover, the loss of CYLD's deubiquitinating function has been linked to
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carcinogenesis*?. The negative regulation of NF-kB by CYLD interaction with NEMO
preventing IKB phosphorylation. Furthermore, CYLD can exert its deubiquitination
abilities on TRAF2 causing the suppression of NF-kB*. Nevertheless, most NF-kB
related genetic alterations trigger both pathways (for instance, clAP1/2, TRAF2 and
TRAF3 mutations)**4°. The predominancy of TRAF3 mutations on MM cells might be
elucidated by the occupation of TRAF3 in chromosome 14 that is repeatedly found
lacking in MM tumors*¢. Genetic abnormalities in the genes embodied in the last group
results in augmented levels of NIK protein, for the reason that clAP1/2, TRAF 2, TRAF
3 negatively regulates NIK. NIK levels are regulated by an interplay between TRAF 3
and TRAF 2 leading to the recruitment of the TRAF2-clAP1/2 complex culminating in
NIK’s proteasomal degradation*’. Consequently, mutations that cease clAP1/2, TRAF2
and TRAF3 expression ends in NIK stimulation and in NF-kB 2 processing. Remarkably,
high levels of NIK can set off the classical pathway alongside of the noncanonical.
Effectively, NIK expression in distinct cell lines can start up both pathways through a NIK

and IKKa reliant procedure?®,

4. Multiple myeloma treatment

Choosing the right treatment for a multiple myeloma patient is a complicated
decision-making process, mainly as a result of the deeper understanding of plasma cell
biology, which culminated in more therapeutic possibilities at each stage of treatment.
Some treatment options for MM include proteasome inhibitors (Pl), as bortezomib (BTZ),
carfilzomib (CFZ) and ixazomib (IXZ), immunomodulatory drugs (IMiDs) as lenalidomide
and pomalidomide, and monoclonal antibodies (MoAbs) as daratumumab and

elotuzumab®.

The 26S ubiquitin-proteasome pathway plays an essential role coordinating
homeostasis and various cellular events including those involved in tumorigenesis*.
This pathway is responsible for the degradation of intracellular proteins, which have been
targeted for destruction by a protein called ubiquitin, through proteasomes. The 26S
proteasome is an ATP-dependent protease that consists of two compartments: a 20S
core particle (CP) and a 19S regulatory particle (RP) that caps one or both ends of the
CP. Caspases, trypsins, and chymotrypsin-like catalytic activities are catalyzed in the
CP by three catalytic sites, B1, p2, and 5 subunits, respectively. The pharmacological
inhibition of proteasome function is useful as anticancer agents, since aberrant
proteasome-dependent proteolysis has been associated with the pathophysiology of

some malignancies, such as MM*. Therefore, aiming key features of protein function
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responsible for the growth and development of cancer has been the focus of intense
research. Misfolded or unfolded proteins gather in the endoplasmic reticulum (ER) once
the proteasome is inhibited, creating ER stress. ER stress impairs cell cycle regulation,
activates apoptotic pathways, and leads to cell death. Thus, proteasome inhibition leads
to increased rates of apoptosis induction that is particularly significant in malignant
cells®®5t, Another possible route of Pl-induced cellular damage is direct apoptosis
induction via c-Jun NH2-terminal kinase (JNK) and p53. In fact, JNK induces cell death
by triggering caspase-8 and caspase-3. Proteasome inhibition causes the accumulation
and phosphorylation of p53, inducing pro-apoptotic proteins such as NADPH oxidase
activator (NOXA) and BCL-2-associated X protein (BAX), which leads to apoptosis via

mitochondrial failure2.

Induction, consolidation, and maintenance are the three steps of the current
therapy strategy for newly diagnosed MM. Typically, the first line of MM treatment
consists of the association between bortezomib, lenalidomide and dexamethasone. This
first drug regime is also known as induction therapy. This type of combination has been
shown to have the higher response rate in MM patients eligible for transplant. The
purpose of induction therapy is to minimize myeloma load, to alleviate symptoms, and to
allow a successful stem cell collection. In order to facilitate stem cell collection and to
avoid high toxicity levels, patients who are transplant candidates usually are not inducted
for more than 4—6 cycles®3. However, this initial therapy may be continued after stem cell
harvest in patients who respond well and tolerate induction, saving autologous stem cell
transplantation (ASCT) for the first MM recurrence. ASCT is generally followed by
consolidation and maintenance therapy. This represents a brief course of chemotherapy
that aims to improve ASCT results whilst extending MM’s remission time. These
regimens normally include bortezomib, thalidomide or lenalidomide®. Significantly,
factors like comorbidities (decrease organ function), fitness, frailty syndrome, and age
can make patients not eligible for transplant. In those cases, the therapy consists of

combination regimes of bortezomib, melphalan and dexamethasone®®.

4.1 Proteasome inhibitors
4.1.1 Bortezomib
Bortezomib was the first proteasome inhibitor approved by the United States’ Food

and Drug Administration for the treatment of relapsed/refractory MM in 2005%. BTZ's
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main mechanism of action in MM is the inhibition of the 20s chymotrypsin-like domain
leading up to the blockage of the cell cycle and apoptosis through NF-kB signaling
pathway suppression. In fact, this drug was firstly used in the treatment of refractory MM
as an inhibitor of NF-kB as it prevents the proteasomal degradation of IkBa®!. Bortezomib
has been proved to reduce inducible NF-kB activity in MM cells, although its effect on
constitutive NF-kB activity is yet to be determined. Yet, a recent study found that
bortezomib enhances constitutive NF-kB activity in MM cells, implying that the effects of
bortezomib on the NF-kB pathway in MM cells may vary depending on cell type and on
the prevailing type of NF-kB pathway (canonical or non-canonical)®’. BTZ also inhibits
the expression of numerous cell adhesion molecules, including VLA-4, decreasing
adhesion-mediated drug resistance®2. Furthermore, BTZ shows a synergetic effect when

administered with dexamethasone®8:5%.60,
4.1.2 Carfilzomib

Carfilzomib (CFZ) is a next generation epoxyketone-based Pl approved by the
FDA in 2012 for the treatment of MM patients who've relapsed®. Carfilzomib binds
irreversibly to the B5 subunit of the proteasome, leading to a potent inhibition of
proliferation and induction of apoptosis. The approval of CFZ as a single agent was
based in studies, similar to the one performed by Siegel et al. (2012) that showed higher
response rates in relapsed MM patients®2. Furthermore a study performed by Stewart et
al. proved that the combination of CFZ with dexamethasone or with lenalidomide plus
dexamethasone showed significant improvement of survival in relapsed patients®:.
Moreover, CFZ originates cardiovascular side effects. Not long ago, Efentakis et al. have
found that CFZ’s cardiotoxicity is linked to autophagic processes and to the
augmentation of protein phosphatase (PP)-2A activity, although is it not related to the

suppression of the proteasome function®*.
4.1.3 Ixazomib

Ixazomib (IXZ), the first oral PI, is a reversible boronate peptide that binds and
inhibits the 5, B2 and B1 proteosome subunits. IXZ was originally approved for the
treatment of relapsed and refractory MM in 2015%. As the other Pls, IXZ promotes
caspase-dependent induction of apoptosis and inhibition of cell cycle, inhibits the NF-kB
pathway in MM cells and inhibits tumor-associated angiogenic activity®. Interestingly, IXZ
shows a superior tissue penetration and greater a biological activity compared to BTZ
whilst being better tolerated, with a noticeably low toxicity profile®. The synergetic effect

of IXZ, lenalidomide and dexamethasone was proved to significantly amplify the survival
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of patients in relapsed and refractory MM®’. Additionally, in newly diagnosed MM

patients, IXZ also showed promising results®.

In addition to Pls, other anticancer agents such as immunomodulatory drugs
(IMiDs) (e.g. lenalidomide, and pomalidomide), and monoclonal antibodies (MoAbs) (e.g.
daratumumab and elotuzumab) are also widely used in MM treatment®.

5. Multiple myeloma’s resistance mechanisms

MM patient’s clinical course is characterized by relapses after several stages of
therapy®®. The main cause for the relapses is drug resistance, resulting from genetic and
epigenetic alterations, abnormal drug transport and metabolism, decreasing the
intracellular drug levels, dysregulation of apoptosis, activation of autophagy, persistence
of cancer stem cells (CSCs) insensitive to most drugs or a dysfunctional tumor
microenvironment, enlightened by the dependence of MM cells on the stromal

microenvironment components (Figure 5)7%"1,
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Figure 5 — Most common resistance mechanisms in MM. Pls, IMiDs, and the more
recent MoABs, are the main chemotherapeutic agents used in MM treatment. Nevertheless, MM

cells develop resistant mechanisms easily turning the drugs inefficient. Red lettering indicates
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resistance to Pls, green letters indicate resistance to IMiDs, and blue letters indicates resistance
to mAbs. [Adapted from Mogollén, P. et al (2019)].

5.1 Molecular mechanisms of resistance in MM cells

Despite the breakthroughs made in the discovery and development of new drugs
for MM therapy, patients who have been treated for a long time often experience relapses
and the disease can manifest itself more aggressively. This fact becomes much more
frightening when one considers that malignant plasma cells have molecular mechanisms
to protect them from cancer-fighting molecules like Pls and IMiDs’2. The development of
therapeutic resistance can take place in stages, beginning with uncommon cell
transcriptional variability and progressing into stable epigenetic reprogramming.
Malignant plasma cells become genetically unstable and produce extreme amounts of
aberrant proteins. Genetic mutations and epigenetic modifications affecting genes like

tumor suppressors, can be involved in the resistance mechanism™.

Particularly, even though PI treatment has shown to be effective, primary, and
secondary resistance are becoming increasingly common. In most individuals, long-term
treatment with these drugs results in drug-resistant recurrence. The activity of the
proteasome inhibitors bortezomib and carfilzomib is primarily directed at the (5
proteasomal subunit®’. The most common genetic alteration found in the bortezomib-
resistant cell lines was overexpression of the B5 subunit’®. Also, the existence of point
mutations in the PSMB5 gene that codes for the 5 proteasomal subunit, resulting in
spatial arrangement of the proteasomal catalytic site, is a likely cause for proteasome

inhibitor resistance in MM®1.

Multidrug resistance (MDR) is another known mechanism of chemotherapy
protection characterized by a low cellular capacity to accumulate drugs’. This fact is a
result of the activity of an energy dependent, unidirectional, membrane bound drug efflux
pump®L. Drug efflux was found to be regulated by members of the ATP binding cassette
(ABC) transporter family of proteins. P-glycoprotein (Pgp)/ABCB1 was the first ABC
transporter reported. Currently, 49 distinct ABC transporters have been identified in
humans. MDR is caused by the overexpression of certain ABC transporters in cancer
cell lines and tumors, and it is a key promotor of chemotherapy failure. Membrane
proteins belonging to the ABC transporter superfamily are able to export a wide range of
substrates across cellular membranes leading to a reduction in intracellular drug

concentrations®7°.
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As mentioned before, anticancer treatment is impaired when apoptosis is
disrupted. Apoptosis signaling failure is a key oncogenic factor in MM resistance and it
is commonly linked to BCL-2 family dysregulation®. MCL-1, a member of the BCL-2
family, is a key antiapoptotic factor that inhibits antiapoptotic signaling. MCL-1 levels are

elevated in resistant MM cell lines, preventing cell death?®.

In summary, even though the agents that compose the backbone of MM treatment
are effective, patients frequently develop drug resistance. Thus, the clinical available
drugs may not be an option for them. For this reason, new anticancer agents, such as
parthenolide, are needed in order to overcome drug resistance in relapsed/refractory
MM.

6. Parthenolide

Parthenolide (PTL) is a sesquiterpene lactone (SL) initially purified from the shoots
of feverfew (Tanacetum parthenium), has powerful anticancer and anti-inflammatory
proprieties’’. PTL belongs to the SL family of plant secondary metabolites; thus, it has a
15-carbon (15-C) structure comprising three isoprene (5-C) units and a lactone group
(cyclic ester) (Figure 6)’8. This compound is currently being tested in cancer clinical trials.
Structure-activity relationship (SAR) studies of parthenolide uncovered crucial chemical
characteristics mandatory for biological activities, and led to the development of an
analog, dimethylamino-parthenolide (DMAPT). Parthenolide is the first small molecule

found to be selective against CSCs’®.
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Figure 6 — Chemical structure. PTL belongs to the SL family of secondary plant
metabolites. It has a 15-carbon (15-C) structure comprising three isoprene (5-C) units and a

lactone group (cyclic ester). [Adapted from Sztiller-Sikorska, M. et al (2020)].

Due to its anti-inflammatory proprieties, feverfew has been utilized for hundreds of
years to relieve arthritis pain, while being also an anticoagulant, a digestive, an insect
repellent, an initiator of uterine contractions during childbirth and of menstruation, and

as treatment for depression, vertigo, kidney stones, infant colic and skin wounds™.
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However, commercially available PTL for research has been extracted from
Chrysanthemum parthenium leaves. In 1973, PTL was shown for the first time to have
antitumor properties®. These biological abilities of PTL is the result of its inhibition of NF-
kB, primarily described in 19978, by aiming numerous steps along the NF-kB signaling
pathway®2. Actually, PTL is frequently sold as a pharmacological NF-kB inhibitor
although it also targets epigenetic factors, inhibits the Janus kinase/signal transducers
and activators of transcription (JAK/STAT) pathway and leads to cellular oxidative stress
by reactive oxygen species (ROS) formation®. The significant role that PTL can play in
cancer therapy is often restricted by secondary effects, especially at elevated doses, and
high hydrophobicity, which reduces the oral bioavailability and solubility of the drug in

blood plasma’.

PTL is a well-known NF-kB suppressor as it has the capacity to target numerous
elements of the pathway. Contrarily to most NF-kB inhibitors, the structure of PTL does
not offer radical-scavenging activity®'. Quantitative SAR linked PTL'’s inhibitory potential
with the number of alkylating centers, such as the methylene lactone and conjugated
keto or aldehyde functions. In fact, the presence of an a-methylene-y-lactone center was
the most vital condition for NF-kB inhibition®. Another study, using PTL derivatives,
discovered that more-polar molecules, bearing hydroxyl groups, are stronger inhibitors
of NF-kB, perhaps owing to hydrogen bonding with amino acid residues next to the target
cysteine in NF-kB®. Parthenolide inhibits the NF-kB pathway by directly binding to NF-
KB subunits. The exomethylene group of PTL inhibits DNA binding of the p65/NF-kB
subunit by alkylating p65 cysteine-38, which is decisive for hydrogen bonding with
DNA®4,

SLs missing the exomethylene group do not constrain NF-kB even at very high
concentrations. It is also interesting to note that p65 point mutations, in which occurs the
replacement of cysteine-38 by serine, cancels the inhibition of NF-kB by PTL.
Furthermore, PTL with extra free cysteines eliminates its NF-kB inhibitory potential®!°.
Nevertheless, not all cysteines are targeted by PTL, for instance, p65 cysteine-120
defends against the inhibitory potential®®. PTL can inhibit the IKK complex, another target
in the NF-kB pathway, leading to proteasomal degradation®. However, NF-kB DNA
binding can be completely inhibited by PTL with no effect on IKK. An effect on IkB might
be observed at higher PTL concentrations, masking the effect on p65, which is

preferentially induced at lower concentrations®®.
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6.1Anticancer mechanisms of PTL in vitro

PTL modulates signaling pathways that provide it with specific cytotoxicity to
numerous tumor types in vitro. The underlying molecular interactions are linked mainly
to the ability of PTL to inhibit NF-kB, AP-1, mitogen-activated protein kinase (MAPK),
and/or JNK and redox stress, ultimately resulting in gene expression changes,
essentially downregulating anti-apoptotic and upregulating pro-apoptotic genes (Figure
7)7887.

Furthermore, PTL also is an effective inhibitor of STAT proteins. It is known that
STAT3 expression contributes to resistance to chemotherapy and radiotherapy in
several types of cancer as it binds to DNA sequences in target genes that encode
frequently for anti-apoptotic proteins, for proteins that prevent cell cycle arrest, and for
proteins that promote cell proliferation®. By blocking STAT3 phosphorylation on Tyr705,
PTL prevents STAT3 dimerization, its nuclear translocation, and STAT3-dependent gene
expression®®. Several STAT3 inhibitors show antitumor activity and inhibit STAT3

phosphorylation but are yet to be approved for clinical cancer therapy®.

PTL's therapeutic benefits are also aided by oxidative stress. PTL-induced
apoptosis is preceded by a drop in intracellular thiol levels, including both free reduced

glutathione (GSH) and protein thiols, as well as the formation of ROS®.
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Figure 7 — PTL’s mechanisms of action. PTL inhibits the NF-kB signaling pathway, by
either interacting directly with the p65 subunit or by suppressing IKK. Additionally, PTL inhibits
STAT3 phosphorylation preventing its nuclear translocation and STAT3-dependent gene
expression. PTL also reduces cellular level of glutathione and causes the accumulation of ROS,

inducing oxidative stress. [Adapted from Sztiller-Sikorska, M. et al (2020)].
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As mentioned before, the chemotherapeutic properties of PTL were also attributed
to its impact on epigenetic mechanisms which are often modified in cancer. Another role
for PTL in cancer is its ability to modify DNA methylation. Countless tumors express high
levels of DNA methyltransferases such as DNMT1 and DNMT3b, both of which lead to
tumor progression by inhibiting the expression of tumor suppressor genes®:. PTL leads
to DNA hypomethylation in vitro and in vivo by inhibiting DNMT1 in myeloid leukemias
and skin cancer®?. Also, PTL specifically depletes histone deacetylase HDAC1 protein
that has a role in chromatin remodeling®2. The discovery of new epigenetic regulators

such as PTL is indispensable to the application of epigenetic therapies.
7. Objectives

MM is a rare blood disease that is typically managed by using anti-cancer agents
like Pls, IMiDs and MoAbs which have dramatically improved the quality of life of the
patients. However, MM remains incurable mainly due to drug-resistance, therapeutic
failure, and subsequent disease relapse. Therefore, the clinical existing drugs turn out
not being a possibility for MM patients. Hence, new anticancer agents, such as PTL, are

needed to surmount drug resistance in relapsed/refractory MM.

In this context, the major goal of the present project is to assess the role of
parthenolide in circumventing multiple myeloma resistance to proteasome inhibitors
BTZ, CFZ, and IXZ.

19



20



Materials and methods
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1. Cell culture

1.1 Cell lines description and maintenance

In this study, the NCI-H929 cell line and three PI resistance cell lines were used.
NCI-H929 was purchased from the American Type Culture Collection (ATCC). The H929
cells were originally obtained from a malignant effusion occurred in 62 years old
caucasian woman with myeloma®®. These cells grow in suspension in Roswell Park
Memorial Institute 1640 medium containing 2 mM L-glutamine, 20 mM of HEPES-Na,
1,5 g/L of NaHCO3, supplemented with 2-mercaptoethanol at a final concentration of
0.05 mM and 20% of fetal bovine serum (FBS). Also, the cell medium is supplemented
with ZellShield (Minerva Biolabs) to prevent bacteria, fungi, yeast, and mycoplasma
contaminations. The cells were incubated at 37°C in a humidified atmosphere containing
5% CO,. The Pl-resistant MM cell lines were established in the FMUC Laboratory of
Oncobiology and Hematology by continuous exposure of H929 cells to bortezomib
(H929-BTZ), carfilzomib (H929-CFZ), and ixazomib (H929-1XZ). In order to maintain a
culture of the resistance cell lines, it is necessary to add to the culture medium the drug
that the cells are resistant to. H929-BTZ grow with a concentration of 3nM of BTZ, H929-
CFZ reach an optimal growth rate at a concentration of 2,5nM of CFZ, and H929-1XZ

grow with a concentration of 20nM of IXZ.

The degree of resistance of the cell lines was calculated as the number of times it
is needed increase the dose of a drug in a resistant cell line to obtain the same effect as
in the parental line after 72 hours of incubation. H929-BTZ needs 5 times more BTZ than
the parent sensitive line. In the same way, H929-CFZ demands for 6 times more CFZ
than the parent sensitive line for the same therapeutic effect to be observed. H929-1XA

needs 14 times more IXZ than the parent sensitive line.

1.2. Cell culture for the assessment of cellular density and viability

Firstly, sensitive and resistant cell lines were exposed to Trypan Blue (TB) in order
to count cells and to assess cell viability. This method was proposed by Paul Ehrlich over
a century ago and is still the most widely used method to perform cell viability analysis.
Furthermore, the standard approach to estimate cell population density is to use TB with
a hemocytometer. TB is a cell membrane-impermeable molecule and consequently it
only enters the cells with a deteriorated membrane, meaning, dead cells®*. Upon entry
into the cell, TB binds to intracellular proteins and the dead cells are marked as blue

whereas the color of living cells remains unchanged. However, the usage of TB shows
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numerous disadvantages: TB exerts a toxic effect on cells after a short exposure period,
it can bind non-specifically, it presents a big number of false positives (like “dead cells”
resulting from irreversible damage to their membrane and not from apoptosis\necrosis)
as well as false negatives (from cells that are already undergoing apoptosis but still have
intact membranes), and lastly, cell counting is very time-consuming and operator-

dependent process®.

In order to assess the optimal cellular density to achieve the best growth rate, cells
were cultured in a 48 wells plate at the initial density of 0.1x10°, 0.3x108, 0.5x109,
0.75x10°, 1x10°, 1.25x10°, and 1.5x108 cells/mL. In this project, cells were incubated with
TB and read in an automated cell counter (Invitrogen Countess 3 FL Automated cell
counter), every 24 hours, for 96 hours, in order to estimate the optimal initial cell density
to achieve the best cell growth. In order to assess the optimal cellular density to achieve
the best growth rate, cells were cultured in a 48 wells plate at the initial density of 0.1x108,
0.3x10°, 0.5x108, 0.75x108, 1x108, 1.25x108, and 1.5x10° cells/mL. In this project, cells
were incubated with TB and read in an automated cell counter (Invitrogen Countess 3
FL Automated cell counter), every 24 hours, for 96 hours, in order to estimate the optimal
initial cell density to achieve the best cell growth. It was possible to conclude that the
optimal initial cell density to achieve the best cell growth rate is 0,5 x 10° cells. It was
also verified that after 72 hours cell viability significantly decreases because of the lack

of space and nutrients.

1.3. Cell culture for the assessment of cellular metabolic activity

The next step of this project was to assess the metabolic activity of sensitive and
resistant cell lines incubated in the absence and in the presence of various
concentrations of PTL, by the resazurin assay. This compound, discovered by Weselsky
in the 1920’s, is an indicator of cellular metabolic capacity. Primarily, it was valuable to
evaluate bacterial and yeast contamination of milk. Nowadays, this redox dye is a marker
of metabolic activity in cellular cultures. The resazurin assay is dependent on the
intracellular reduction of resazurin to resorufin by viable, metabolically competent cells,
usually being NADH and NADPH the electron source®. Resazurin is also reduced to
resorufin by dehydrogenases®’. This assay is extremely reliant on the temperature, pH,
and initial resazurin concentration, subsequently, these parameters need to be kept

constant throughout incubation and measurement®.
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In order to assess cellular metabolic activity, cells were cultured in a 48 wells plate
at the initial density of 0.5x10° cells/ml. Sensitive and resistant cell lines were incubated
with PTL at the concentrations of 0.5, 1.0, 2.5, 5.0, 7.5, 10.5, 25.0 and 50.0 uM. At every
24 hours of incubation, over the course of 72 hours, a volume of resazurin (Sigma-
Aldrich) at 0.02 mg/mL equivalent to 10% of the volume of cells was added. After about
5 hours of incubation with the dye, the intensity of reduced resazurin was measured at
600 and 570 nm on a microplate spectrophotometer. The metabolic activity on each

condition was calculated according to equation 1.:

570—600] SAMPle—A[579-¢00] Blank

Metabolic Activity (%) = al

, equation 1.
A[s70—600] CONtTol—A[s70_600] Blank

2. Evaluation of cell death
Given that resazurin does not provide information on cell death and that apoptotic
and necrotic cells are not distinguished by TB, cell death was evaluated in depth by flow
cytometry (FC), using Annexin V (AV) and 7- amino antimycin D (7-AAD) double staining.
Flow cytometry is a technique that uses the forward (forward scatter) and lateral (side
scatter) light dispersion emitted by a light source (laser) and the fluorescence emitted by
fluorochromes bound to monoclonal antibodies or other compounds to analyze and

quantify cells or other biological particles®.

Cellular decay takes place in two distinct ways, apoptosis and necrosis'®.
Apoptosis is a programmed and physiological manner of cellular death that plays a
crucial role in the homeostasis of tissues. AV is a protein that, in the presence of calcium,
binds to negatively charged phospholipids, like phosphatidylserine (PS). PS is normally
situated in the inner membrane, but, when apoptosis is induced, PS migrates to the outer

cell membrane and becomes exposed to AV,

Differently from apoptosis, necrosis is an unregulated process affecting a large
number of cells. Necrotic cell injury is mediated by two main mechanisms: meddling with
the energy supply of the cell and destruction to cell membrane. This loss of cell
membrane integrity results in the release of the cytoplasmic contents into the
surrounding tissue, sending molecular signals which leads to the recruitment of

inflammatory cells®2,

Hence, AV principally binds to the external membrane of apoptotic cells. On
another hand, 7-AAD is a DNA intercalating agent. It is excluded by the plasma
membrane of living cells and trapped by dead cells. In necrotic cells, the membrane

becomes permeable and molecules such as 7-AAD enter the cell and binds to the
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DNAZ%3, Therefore, this assay discriminates between viable cells (not stained with neither
of the compounds), early apoptotic (stained with AV but not with 7-AAD), late
apoptotic/necrotic (stained with both compounds), and necrotic cells (stained with 7-AAD
but not with AV).

To evaluate the type of cell death 1 million cells were collected and centrifuged at
1000xg for 5 min with cold PBS (0.01 M, pH 7.4). The pellet was resuspended in 100 pyL
of cold binding buffer and incubated with 2.5 yL of Annexin V-APC (Biolegend) and 7.5
pL of 7-AAD (Biolegend) for 15 minutes in the dark, according to manufacturer’s protocol.
After incubation time, 300 pL of binding buffer were added and the analysis was run on
a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA). Results were shown
as a percentage of each of the recognized cell populations, based on the positivity and/or
negativity for the dual labeling with annexin V and 7-AAD, + SEM of 4 independent

experiments.

Adding to the above stated flow cytometry assays, morphological studies were
conducted to evaluate the morphological changes induced by exposure to PTL using the
May-Grinwald Giemsa protocol and to distinguish between live and dead cells. This
technique is a combination of two stains (May- Grinwald stain and Giemsa stain). The
May-Grunwald solution combines the action of two dyes, eosin (acidic) and methylene
blue (alkaline) whilst the Giemsa stains contains azure (alkaline). Azure and methylene
blue, since they are basic compounds, they color the acid nucleus blue/purple. Eosin is
an acidic dye that is attracted to the cytoplasm, which is alkaline, creating a reddish

colouring®*,

Apoptosis involves the activation of caspases that cleave several structural
proteins in the nucleus and cytoskeleton and trigger specific death-promoting nucleases.
The apoptotic cell loses structural integrity and undertakes numerous morphological
changes, for example condensation of chromatin, cleavage of nuclear DNA, shrinking of
the cytoplasm and organelles, blebbing of the cellular membrane, and fragmentation of
the cytoplasm into apoptotic bodies. Some of the major morphological changes that
occur with necrosis include cell swelling; formation of cytoplasmic vacuoles; distended
ER; ruptured mitochondria; disaggregation and detachment of ribosomes; disrupted
organelle membranes; swollen and ruptured lysosomes and eventually disruption of the

cell membranel%.

For the morphological studies, 1 million cells were collected from each cell line and

centrifuged at 1200 x g for 5 minutes. Subsequently, the cells were washed with PBS
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and centrifuged again under the same conditions. To improve cell adhesion to the slides
the pallets obtained from the centrifugation were resuspended in FBS before smearing.
After drying, the smears were stained for 3 minutes with May Grinwald (Sigma-Aldrich)
that was diluted with distilled water, in the proportion 1:1. Then, Giemsa solution was
added, in the proportion of 3 ml of Sigma-Aldrich stock per 10 ml of ultrapure water for
15 minutes. The smears were washed and after these had dried, the morphology of the
cells was analyzed under a Nikon Eclipse optical microscope 80i, coupled with a Nikon

DXm 1200F digital camera to attain the images at 50X ampliation.

3. Evaluation of the effect of PTL in the mitochondrial membrane

potential
Apoptosis is the reason behind many major cellular events, one of which being the
loss of mitochondrial membrane potential (Aym)'. Throughout the life of a cell, the
mitochondria utilizes oxidable substrates to establish an electrochemical proton gradient
across its membrane. This gradient leads to the production of ATP%’. Yet, during
apoptosis, Ayn declines as permeability pores open in the mitochondrial membrane,
thus, the electrochemical gradient is lost. So, Ay is a critical limitation of mitochondrial

vitality and it can be easily used as an indicator of cell viability.

FC assays using the JC-1 probe can assess the Aywm in mitochondria. In fact, the
JC-1 dye is a lipophilic, green, cationic and fluorescence dye which can go into the
mitochondria where it forms reversible complexes called J-aggregates. These J-
aggregates emit fluorescence in the red spectrum instead of green. In competent cells,
the JC-1 dye enters the negatively charged mitochondria and originates red fluorescent
J-aggregates. Contrarily, in apoptotic cells, the augmented mitochondrial membrane
permeability leading to the loss of electrochemical potential, causes the mitochondria to
be less negatively charged. Hence, JC-1 does not have enough influence to trigger the
formation of J-aggregates, so the mitochondria remain fluorescent green. Based on
these premises, the green/red fluorescence ratio of the dye in the mitochondria can
assess directly of the state of the mitochondria polarization. This means that the lower
the Aywm, the higher is the green to red ratio (less J-aggregates are formed). Therefore,
the loss of mitochondrial membrane potential is designated by the increase in the green

to red fluorescence intensity ratio’°®,

After 72 hours of incubation, a volume equivalent to 1 million cells was collected

and washed twice by centrifugation with PBS for 5 minutes at 300xg. Cells were
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resuspended in 1 mL of PBS and incubated with 1 yL JC-1 (Molecular Probes,
Invitrogen) dissolved in DMSO at 5 mg/Ml to give a final concentration of 5 ug/mL, for 15
minutes at 37°C in a 5% CO, atmosphere. Subsequently, the cells were centrifuged with
PBS by for 5 minutes at 200xg and resuspended in 400 pyL of PBS. Analysis was
performed on a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA) being
that monomeric form (M) exhibited green fluorescence at the wavelength of 525 nm and
the j-aggregates (A) were detected at the wavelength of 590 nm. Hence, Aym was
estimated by the ratio of green and red fluorescence intensity, that is, by the M/A ratio.

The results represent the JC-1 M/A ratio mean + SEM of 3 independent experiments.

4. Evaluation of peroxides
The outcome on cell death brought up by PTL through oxidative stress was

evaluated using a fluorescent probe that allow the detection of ROS (peroxides).

2', 7’-dichlorodihydrofluorescein diacetate or DCFH,-DA is an ester compound that
is capable of crossing the cell membrane. In the cytoplasm, it is hydrolyzed by enzymes
called esterases in 2’,7’-dichlorodihydrofluorescein (DCFH2) becoming trapped inside
the cell. When in contact with ROS, namely hydrogen peroxide (H20>), it is oxidized in

2’ 7’-dichlorofluorescein (DCF), which emits green fluorescence upon excitation®.

After 72 hours of incubation, a volume equivalent to 1 million cells was collected
and washed twice by centrifugation with PBS for 5 minutes at 300xg. Cells were
resuspended in 1 mL of PBS and incubated with 5 uL of DCFH2-DA (Molecular Probes,
Invitrogen) dissolved in DMSO at 1 mM to give a final concentration of 5 uM for 45
minutes at 37°C in a 5% CO, atmosphere. Subsequently, the cells were centrifuged with
PBS by for 5 minutes at 200xg and resuspended in 400 pyL of PBS. Analysis was
performed on a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA)
equipped with a laser using the wavelength of 525nm. The results are expressed as the
mean of intensity of fluorescence that signifies the intracellular concentration of

peroxides in the sensitive and resistant cell lines + SEM of 3 independent experiments.

5. Cell cycle analysis
Cell cycle analysis was performed by FC, using propidium iodide/RNAse solution.
As previously said, propidium iodide is a fluorescent dye that stains DNA in permeable

cells. The fluorescence intensity, read by FC, is proportional to the DNA quantity of each
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cell, permitting us to discriminated between cells in the Go/G1 phase (fewer amount of
DNA), S phase (equivalent with the replication of DNA) and G./M phase (where the
amount of DNA is the double of the Go/G1 phase). Also, cell death can be studied through
this assay assuming that apoptotic cells account with the fewest DNA quantity as a result
of DNA disintegration. Hence, a peak (sub Go/G; or apoptotic peak) of fragmented DNA
can appear before the Go/G; phase.

Nevertheless, propidium iodide also binds to RNA so, with the purpose of having

optimal DNA resolution, it is necessary to eliminate the RNA using the RNAse solution*°,

For cell cycle assessment, 1 million of cells were collected and washed with PBS
for 5 minutes at 1000xg. Then, the cells were fixed by adding 200 uL of ice cold 70%
ethanol, while being agitated on a vortex. After the incubation time of 1 hour at 4°C, the
cells were centrifuged with PBS and then resuspended in 400 pL of propidium
iodide/RNAse solution (Immunostep). Cells were then analyzed on a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA). The obtained results signify the
percentage of cells in the different cell cycle stages (Sub G1, GO/G1, S, and G2/M) *

SEM of 4 independent experiments.

6. Gene expression analysis
In order to describe the gene expression of the four cell lines used, the NF-kB
related genes REL, RELA, RELB, NFKB1, and IKBKB were evaluated by quantitative
PCR or gPCR. Additionally, to evaluate the effect of PTL on gene expression, the
expression levels of BCL-2 and MYC genes were also assessed using the same

strategy.

Initially, after a 72h incubation 3 million cells were collected and washed twice with
PBS for 5 minutes at 1000xg. The supernatant was discarded, and the pallet was
resuspended in 1ml of TripleXtractor (GRiISP) according to manufacturer’s protocol.
TripleXtractor, is a ready-to-use monophasic solution of phenol and guanidine
isothiocyanate, that has a powerful lysis ability that leads to cellular disruption and to the
disbanding of cellular elements, while maintaining RNA integrity. Next 0.2 mL of
chloroform per 1 mL of TripleXtractor were added. The tube was shaken in a vortex and,
after 5 minutes at room temperature, it was centrifuged at 12.000xg at 4°C for 15
minutes. The addition of chloroform results in a separation of layers forming a clear upper
agueous layer (containing RNA), an interphase, and a red lower organic layer (containing

DNA, lipids and proteins). The aqueous phase was transferred to a new tube and the
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RNA is precipitated by adding 1 volume of isopropanol per 1 volume of TripleXtractor
applied. The tube was inverted and incubated at room temperature for 10 minutes. After
that, another centrifugation took place at 12.000xg at 4°C for 10 minutes. After the
exclusion of the supernatant the pellets were then washed twice by adding 1 mL of 70%
ethanol and gently inverted. The tubes were centrifuged at 12.000xg at 4°C for 5 minutes.
After the final washing step, the ethanol was discarded, and the pallets were air-dried
with the intention of eradicate trace amounts of ethanol. The RNA pellet was then
dissolved in RNase-free water and incubated at 60°C for 10 minutes. The isolated RNA

was stored at -80°C in order to be used later.

After extraction, RNA was quantified using a Nanodrop spectrophotometer. The
purity of the isolated RNA was assessed by the ratio 260 nm/280 nm. This quotient
verifies the contamination of the sample by DNA and proteins since nucleic acids and
proteins have maximal absorbance at 260 and 280 nm, respectively. An A260/A280 ratio
of 1.8-2.1 at pH 7.5 is widely accepted as indicative of highly pure RNA!1112 Another
important ratio to assess the purity is A260/A230, which value should be around 2 or
slightly above; however, there is no consensus on the acceptable lower limit of this ratio.
This proportion confirms the contamination of the sample by carbohydrates*®. For the

quantification a volume of 2 UL of each sample was employed.

Next, the isolated RNA was converted into cDNA using the Xpert cDNA Synthesis
Master-mix Kit (GRISP). This kit has the enzyme reverse transcriptase which is able to
produce cDNA complementary to the RNA.

First, in a RNase-free microtube it was mixed RNA template, mastermix (10 uL)
and RNase free water. The volume of RNA used was calculated based on the RNA
guantity acquired after quantification. The mastermix has the optimized concentration of
oligo(dT) and random hexamer primers, deoxyribonucleotides (dNTPs), and RNase
inhibitor. The volume of RNase free water added depended on the volume of RNA

necessary.

Using a thermocycler (T100 Thermal Cycler, Bio-Rad) the tubes were warmed for
5 minutes at 65°C, to eliminate potential secondary RNA structures, and then placed on
ice for 2 minutes. Next, 1 uL of Xpert Reverse Transcriptase (Xpert RTase) was added.
Xpert RTase is a DNA polymerase suitable for cDNA synthesis from long RNA templates.
It operates under high temperatures enabling the exclusion of secondary RNA
structures. Likewise, the absence of RNase activity guarantees minimization of template

degradation.
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The microtubes were then mixed, centrifuged and incubated at 25°C for 10
minutes. Finally, using a thermocycler (T100 Thermal Cycler, Bio-Rad), the tubes were
heated for 50 minutes at 50°C and 5 minutes at 85°C. The cDNA concentration was

standardized to 50 ng/pL and then stored at -20°C for later use.

The produced cDNA was then used to perform gPCR. This method uses a
fluorescent dye called SYBR Green that binds to double-stranded DNA. The subsequent
DNA-dye complex is capable of absorbing blue light and emitting green light, being
proportional to the concentration of amplified double-stranded DNA. This precise probe
allows the measurement of the fluorescence after each PCR cycle producing a real-time
calculation of the concentration of double stranded amplified DNA fragments**4,

PCR was completed applying GRS Tag DNA polymerase (GRIiSP). GRS Taq DNA
polymerase is a thermostable that holds 5°—3" polymerase action as well as weak 5'—3°
exonuclease activity. PCR starts with a DNA template and uses primers to selectively
amplify a specific DNA fragment of interest. To execute a PCR reaction the needed
reagents are: a DNA template, a pair of primers that hybridize with the DNA template,
dNTPs (A, T, G, C) to build new DNA molecules, and a thermostable DNA polymerase,

an enzyme that adds nucleotides to the forming DNA strand.

The first step of PCR consists of DNA denaturation, which is achieved by high
temperature (95 °C for 5 minutes), allowing each strand to serve as a template. In the
next phase hybridization of primers occurs. The solution is abruptly cooled to around
60°C to allow each primer to bind to a DNA strand. The primers bind to opposite ends of

the opposite strands so that the region between the primers is amplified.

Finally, the solution is heated to the optimal temperature of the DNA polymerase.
The polymerase extends both primers, as new dNTPs are added to the 3' end of each
primer. These three stages establish one cycle of PCR. In this case 35 cycles were
carried out, where each cycle doubled the quantity of DNA from the former. The process

was carried out by using T100 Thermal Cycler (Bio-Rad) thermocycler's.

The values of expression of were obtained by comparing the cycle threshold (CT)
value (which is the cycle number from which the fluorescence of the gPCR enters the
exponential phase) of the target gene, with the CT value of an endogenous control gene
(in this case it was GUS B). Because the efficacy of the endogenous control gene was
higher than the efficacy obtained in most of the target genes, the expression level of the
REL, RELA, RELB, NFKB1, IKBKB, c-MYC and BCL-2 genes was calculated by the
Pfaffl method, elucidated by equation 2.
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(E taTget)ACT target (endogenous control gene—target)

expression = , equation 2.

(E ref)ACT ref(endogenous control gene—target)

In equation 2, E target and E ref represent the efficacy of the amplification of the
target and of the endogenous control gene, respectively. Also, ACT target and ACT ref

equal to the CT of the endogenous control gene minus the CT of the target gene.

Data quality control is a crucial part of gPCR experiments. To assess the quality of
the assay, the melting and standard curves of each sample should be examined.
Typically, the thermocycler is programmed to produce the melting curve after the
amplification. To do so, the temperature of the sample is augmented as the instrument
continues to measure fluorescence. The double-stranded DNA denatures becoming
single-stranded, and the dye, SYBR Green, dissociates and the emission of fluorescence
stops. Additionally, the amplification efficiency can be determined from a series of
dilutions originating a standard curve. The amplification efficacy is the most important

indicator of the performance of a gPCR assay**.

7. Statistical analysis

Statistical analysis was performed using GraphPad Prism and all data was
expressed as mean * standard deviation. A p<0.05 was considered statistically
significant. Cell lines characterization based on gene expression was statistically
analyzed by 1 way ANOVA followed by Tukey's multiple comparison test. Regarding
metabolic activity, the half maximal inhibitory concentration (ICso) was determined from
log dose-response curves using non-linear regression analysis. In order to compare
experimental data with controls and to examine the effect of PTL on metabolic activity
and gene expression, analysis of variance using ANOVA or the non-parametrical
equivalent (Kruskal-Wallis test) followed by Dunn's or Turkey’s multiple comparison test
was performed. Statistical analysis of PTL’s effect on cell death, cell cycle, peroxide
levels and Aym was performed using t-test or the non-parametrical equivalent (Mann-
Whitney test).
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1. MM cell line characterization based on gene expression.

To assess if PTLs therapeutic targets are expressed in the cell lines utilized, the
gene expression levels of the REL, RELA, RELB, NFKB1, and IKBKB genes were
evaluated by RNA extraction followed by cDNA conversion and gPCR and the results

are illustrated in Figure 8.

Concerning the expression levels of the five genes, no significant differences were
detected between the cell lines. REL and RELA showed the higher expression values

meanwhile NFKB1 and IKBKB are expressed at a lower rate.

The REL expression levels were 1.78 in H929, 1.96 in H929-BTZ, 1.78 in H929-
CFZ, and 2.14 in H929-1XZ. The RELA gene expression levels were 1.25, 1.06, 1.13,
and 1.33 in H929, H929-BTZ, H929-CFZ, H929-IXZ respectively. The NFKB1 gene
expression was 0.77 in H929, 0.79 in H929-BTZ, 0.80 in H929-CFZ, 0.78 in H929-1XZ.
Finally, the expression levels of IKBKB gene were 0.71, 0.67, 0.66 and 0.72 in H929,
H929-BTZ, H929-CFZ, and H929-1XZ cell lines, respectively.
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Figure 8- Expression of NF-kB pathway genes. The gene expression levels of the
REL, REL A, REL B, NFKB1, and IKBKB genes were obtained by qPCR as described in the
Materials and Methods section. The results represent the mean + SEM of 3 independent
experiences. A statistical analysis was performed using 1 way ANOVA followed by Tukey's
multiple comparison test, in order to compare the expression in the resistant cell lines with the
sensitive H929 cell line.
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2. Cellular metabolic activity assessment.

The dose-response curves obtained with the resazurin assay are shown in Figure
9. By analyzing these curves, it is possible to conclude that PTL decreased the metabolic
activity in both sensitive and resistant cell lines, in a time, dose and cell type dependent
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Figure 9- Dose-response curves of sensitive and resistant H929 cells. The metabolic
activity was assessed by alamar blue assay in H929 cells and in their resistant counterparts H929-
BTZ, H929-CFZ and H929-1XZ incubated in the absence and presence of 0.5, 1.0, 2.5, 5.0, 7.5,
10.0, 25.0, and 50.0 uM of PTL. Data is expressed in percentage of metabolic activity
representing the mean + SEM of 5 independent experiments. Statistical analysis was performed
using Kruskal-Wallis test followed by Dunn's or Dunnett's multiple comparison test, being #
p<0,05 comparing to 0 hours; ## p<0.01 comparing to 0 hours; ### p < 0.001 comparing to 0

hours; $ p<0.05, comparing to control; $$ p<0.01 comparing to control; $$$ p<0.001 comparing
to control.
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In H929 cells at 24 hours of incubation time, the three lower PTL concentrations
(0.5, 1.0, and 2.5 pM) induced some decrease in the metabolic activity (11.08% loss of
metabolic activity for 0.5 uM PTL, 17.46% loss of metabolic activity for 1.0 yM PTL,
24.78% loss of metabolic activity for 2.5 yM PTL). However, 5.0 yM PTL resulted in a
decrease of 54.96%. In the four higher PTL concentrations (7.5, 10.0, 25.0, and 50.0
MM) the decrease was always superior to 75.00%. At 48 and 72 hours of incubation time,
the PTL concentrations were able to produce a bigger effect on the reduction of
metabolic activity. A similar pattern was observed in resistant cell lines. However, in
H929-1XZ a reversal in the reduction of metabolic activity was observed for some

concentrations after 24h of incubation.

On Table 1 are represented the PTL’s ICso values in the four cell lines, after 72
hours of incubation. One can conclude that the resistant cell line H929-IXZ is the one
showing the higher ICso value (7.32). This means that this cell line is the least susceptible
to PTL. H929 and H929-CFZ showed similar ICso values (2.41 and 2.37, respectively),
whilst H929-BTZ revealed to be the most susceptible cell line to PTL (being 0.96 the I1Cso

value showed by this cell line).

Table 1- PTL’s ICso value in the four cell lines,

after 72 hours of incubation with PTL.

Cell lines ICs0 72H (pM)
H929 241
H929-BTZ 0.96
H929-CFZ 2.37
H929-1XZ 7.32
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3. Cell death assessment.

Cell death was evaluated by FC. After a 72-hour incubation with PTL, the cells
were stained using AV and 7-AAD. As observed in figure 10, the percentage of live cells
decreased considerably in all cell lines: sensitive H929 showed a 14.50% decrease,
H929-BTZ 16.25%, H929-CFZ 30.25%, and H929-1XZ 27.50%. PTL triggered a
significant increase in the percentage cells in the late apoptosis/necrosis group in
resistant cell lines (H929-BTZ showed a 12.00% increase, H929-CFZ showed a 19.75%
increase, H929-IXZ showed a 20.00% increase). Moreover, in H929-CFZ it was also
observed an increase (4.50%) in the percentage of early apoptotic cells. In the sensitive

cell line, PTL caused an augmentation of 3.75% of cells in necrosis.

Ho2o H929.-BTZ H929-CFZ H929-1XZ
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Figure 10- Cell death analysis of sensitive and resistant H929 cells. Cell death was
evaluated in depth by FC using AV and 7-AAD double staining after a 72-hour incubation with
PTL. Data is expressed in cellular percentage representing the mean + SEM of 4 independent
experiments. Statistical analysis was performed using a non-parametrical equivalent to a t-test

(Mann-Whitney test), being * p<0.05, comparing to control.

In order to verify the morphological changes induced by PTL by optical
mycroscopy, smears were stained by the May-Grunwald Giemsa protocol. In figure 11 it
is possible to observe examples of the morphological characteristics observed. In fact,

the cells exhibit lymphoblastic cellular characteristics as they look circular with a large
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nucleus located eccentrically. There are morphological differences between the cells
untreated and treated with PTL. The PTL brought up mainly typical apoptotic traits (such
as shrinking of the cytoplasm and organelles, blebbing of the cellular membrane, and

fragmentation of the cytoplasm into apoptotic bodies).
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Figure 11 — Morphlogical aspects of Pl sensitive and resistant H929 cells lines treated
(50X ampliation). Cells were incubated for 72 hours in absence or presence of different
concentrations of PTL as described in the figure above. May-Griinwald-Giemsa staining was
performed as described in the Materials and Methods section. The cells were analyzed by light
microscopy.

4. Cell cycle assessment.

Cell cycle was evaluated by FC. After a 72-hour incubation without and with 5 yM
of PTL, the cells were stained using propidium iodide/RNAse. The results are shown in
table 2. Based on these results, PTL does not appear to have a cytostatic effect on any
of the cell lines given that no statistically significant difference was found between the
treated conditions and the controls. Particularly, the cell percentages of cells in the
GO0/G1, G2/M, and S did not alter substantially after the incubation with PTL.

Sub Go/G1 GolG1 S G2/M
H929 CTL 0.75 + 0.22 66.75 + 2.19 26.00+1.80  7.25+0.96
g{’i‘" 1.50 + 0.43 62.25 + 2.13 30.00+2.37  7.50+0.83
HO929-BTZ  cTL 1.00 + 0.35 69.50 + 2.14 22.00+2.62 = 8.00+0.79
g{_‘i‘" 1.75 + 0.96 65.75 + 2.72 26.75+3.78  6.00 +1.37
H929-CFZ  cTL 1.25 +0.54 63.75 + 1.85 2850 +1.25  8.00+0.94
g{.‘:" 3.50 +1.35 60.75 +3.90 33.25+4.10  6.75+0.22
HO29-IXZ  cTL 2.75 + 0.65 61.75 + 4.46 32.00+5.09 7.25+1.24
g{‘i‘" 5.25 + 0.96 61.50 + 3.51 29.00+2.67  9.50+1.09

Data is expressed as percentage of cells in sub Go/G1 peak, Go/G1 phase, S phase, G2/M
phase and represent mean + SEM obtained from 4 independent experiments. Statistical
analyses were performed by comparison with control, using t-test.

5. Evaluation of oxidative stress and mitochondrial membrane potential

Oxidative stress has been correlated with some cellular events in cancer, such as
cell proliferation, growth and death, in a concentration dependent manner. Moreover, the
usage of PTL has been linked to an increase of intracellular ROS levels. Therefore, the
levels of peroxides were assessed, by FC, using the DCFH»-DA probe. Furthermore, the
Aym was also determined, using the JC-1 probe, by FC. In Table 3 are represented the

peroxide levels and the M/A ratio in MM cell lines sensitive and resistant to PI.

PTL induced a significant increase on peroxides in both sensitive and resistant cell

lines. H929-1XZ and H929-BTZ show the largest amount of intracellular peroxides [1.40-
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fold in H929 (p=0.0013), 1.12-fold in H929-BTZ (p=0.0051), 1.14-fold in H929-CFZ
(p=0.0125), and 1.32 in H929-IXZ (p=0.0002)].

Moreover, as mentioned before, the M/A ratio can translate the loss of Aywm (since
a high M/A ratio is indicative of a high loss of Aynm). Through the analysis of the results
shown, all cell lines showed a significant increase of the M/A ratio after 72 hours of
incubation with PTL [1.41-fold in H929 (p=0.0002), 1.82-fold in H929-BTZ (p=0.0002),
2.60-fold in H929-CFZ (p<0.0001), and 4.67 in H929-1XZ (p<0.0001)].

Table 3- Peroxide levels and AWM in MM cell lines sensitive and resistant to PI.

'DCF AWM (M/A)
H929 CTL 331,00 + 11,52 2,17 + 0,05
5 uM PTL 464,00 + 6,85* 3,07 + 0,03**
H929-BTZ CTL 442,00 + 3,40 3,49 + 0,06
5 uM PTL 494,00 + 6,85* 6,35 + 0,09%**
H929-CFZ CTL 389,33 + 2,87 4,25 + 0,04
5 uM PTL 444,00 + 8,50* 11,03 + 0,14%***
H929-1XZ CTL 471,67 + 3,07 3,20 + 0,04
5 uM PTL 623,67 + 8,82%* 14,96 + 0,40%***

Data is expressed as mean + SEM from 3 independent experiments. Statistical analyses
were performed by comparing the treated condition with the control on each cell line,
using t-test being * p<0.05, **p<0.01, *** p<0.001, and **** p<0.0001, comparing to control.
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6. PTL’s effect on gene expression

In order to verify if PTL's induced NF-kB inhibition caused alterations in gene
expression, the genes c-MYC and BCL-2 were assessed by RNA extraction followed by
cDNA conversion and gPCR and the results are illustrated in Figure 12. c-MYC is a
transcription factor that regulates many biological functions, including cell proliferation,
cellular metabolism and apoptosis, whilst promoting the progression of MGUS to MM. A
model proposed by Chesi, M. et al (2008) suggests that the MGUS to MM progression
starts with the overexpression cyclin D gene as a result of a mutation (e.g. translocation,
hyperdiploidy). Overexpression of Cyclin D in PCs allows them to bypass the early Go/G:
checkpoint, resulting in MGUS. One secondary event that alleviates the remaining cell
cycle limitations is c-MYC overexpression. c-MYC has been shown to play a direct role
in DNA replication while also controlling cell development towards S-phase!!’. BCL-2
encodes for an anti-apoptotic protein that triggers MM cell survival and proliferation. Both

of these genes are NF-kB target genes.

The c-MYC gene expression levels were very similar between the treated and the
non-treated conditions and between the cell lines. No statistically significant difference

was detected.

In regards of the BCL-2 gene, even though no statistically significant difference
was detected between the treated and the non-treated conditions and between the cell
lines, a slight decrease seems to be induced by PTL, particularly in H929 and H929-1XZ
(0.89-fold for H929 and 0.77-fold for H929-1XZ).

46



2.0 A

= 1
) .5
> D T
L0
c O
O —
= T m
» 2 1.0
0 N
L =
o ®
x £
m f—

o i

2 0.5

0.0-
c-MYC BCL-2
H929 H929 5 uM PTL I Ho929BTZ I H929BTZ5uM PTL
M H929 CFz Bl H929 CFZ5uM PTL H929 IXZ PN H929 IXZ5uM PTL

Figure 12 — c-MYC and BCL-2 gene expression assessment. The gene expression levels
of the c-MYC and BCL-2 genes were acquired through qPCR as described in the Materials and
Methods section. The results represent the mean + SEM of 3 independent experiences. A
statistical analysis was performed using Kruskal-Wallis followed by Dunn’s multiple comparison

test, in order to compare the expression in the resistant cell lines with the sensitive H929 cell line.
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Discussion
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1. Evaluation of the therapeutic potential of PTL in MM

Therapeutic agents such as Pls, IMiDs, and MoAbs, have significantly improved
MM patients’ quality of life. However, this disease remains incurable due to drug
resistance, therapeutic failure, and eventual iliness relapse. Drug resistance can be
caused by genetic and epigenetic alterations, atypical drug transport and metabolism,
dysregulation of apoptosis, activation of autophagy, persistence of drug-resistant CSCs,
or a dysfunctional tumor microenvironment. On another hand, a frequent event in MM is
the activation of NF-kB, commonly known for its anti-apoptotic effects promoting cancer
cell survival and the expression of antiapoptotic genes. PTL is a potent antineoplastic
drug that inhibits the NF-kB factor. In this context, the aim of this project was to assess
the capacity of PTL in overcoming MM’s resistance to proteosome inhibitors BTZ, CFZ
and IXZ.

Primarily, the gene expression levels of the REL, RELA, RELB, NFKB1, and IKBKB
genes were evaluated by gPCR in order to assess if PTLs therapeutic targets are
expressed in the cell lines utilized. These genes are involved in the NF-kB pathway
coding for the proteins c-REL, p65, REL B, p105 and IKK(, respectively. The results
showed that RELA, RELB and c-REL are expressed at a very high level in all the cell
lines equally. Hence, this outcome was not surprising since the NF-kB factor is highly

expressed in MM cells*®,

Nevertheless, the evaluation of the NFKB1 and IKBKB genes demonstrated that
these genes are expressed at a lower level. As the NF-kB pathway is constitutively
expressed in MM cells, it was expected for the NFKB1 gene to have a higher expression.
The IKBKB gene encodes for the IKKB protein that targets IkBa for degradation by the
proteosome, leading to NF-kB activation®*. However, the IKKB protein is not the only
player in IkB’s inhibition. In fact, NEMO and IKKa are also crucial for canonical and non-
canonical NF-kB activation?, so the confluence of the expression levels of these factors
will dictate the activation of NF-kB. The activation of the classical NF-kB pathway favors
the formation of p65/p50 and c-Rel/p50 heterodimers, leading to the overexpression of
the RELA, REL and NFKB1 genes. Contrarily, the activation of the non-canonical NF-kB
pathway, favors the formation of Rel B/p52 heterodimers, leading to the overexpression
of RELB!® . Even though the RELA gene was substantial expressed, the lower NFKB1
and IKBKB expression can signify that the non-canonical NF-kB pathway is being

activated facilitating the formation of Rel B/p52 heterodimers.

As PTLs targets were proven to be expressed in the MM, PTL could be a potential

agent to tackle the cancer cells. The cell lines were then incubated with PTL, in order to
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assess their metabolic activity. In the results, it was noted that PTL exerted a time and
dose dependent reduction on the metabolic activity of the cell lines. In fact, at 72 hours
the lowest value of metabolic activity was obtained in most of the tested conditions in

most of the cell types.

Moreover, it was confirmed that the resistant H929-IXZ cell line is less susceptible
to PTL than the sensitive cell line. In fact, after 72 hours of incubation, it showed the
higher 1Csq.

As a matter of fact, the resistant cell lines can exhibit MDR resulting in a low cellular
capacity to accumulate drugs’. As stated earlier, the MDR mechanism can be caused
by the overexpression of certain members of the ABC transporter family of proteins, like
the transporters Pgp/ABCB1 and ABCC1. These membrane proteins are able to export
a wide range of molecules, including PTL, across cellular membranes leading to a
reduction in intracellular drug concentrations®-7>11°, Additionally it has been previously
described in a study performed in the FMUC Laboratory of Oncobiology and
Hematology, that these membrane transporters are overexpressed in MM resistant
cells'?°, Therefore, the drug resistance originally established in the resistant cell lines to
the drugs BTZ, CFZ and IXZ can now be instigating cell resilience towards PTL via MDR.

A drug can cause cellular metabolic activity diminution by exerting a cytotoxic
and/or cytostatic activity. Hence, it was necessary to assess if this decline was due to
cell death or to an arrest in cellular proliferation. For the purpose of assessing on cell
death, FC assays were executed using the AV/7-AAD double staining. The percentage
of live, early apoptotic, late apoptotic/necrotic and necrotic cells was estimated (live cells
were not marked with any of the molecules, early apoptotic cells were marked with AV,
late apoptotic/necrotic cells were marked with both of the molecules and necrotic cells
were stained with 7-AAD).

PTL induced cancer cell death mostly by apoptosis which corroborates with the
existing literature'?1122123 Furthermore, PTL has been proven to be effective not only

against MM but also towards other types of malignant illnesses!?4125.126,127.128

Moreover, apoptosis causes morphological cellular alterations like condensation
of chromatin, cleavage of nuclear DNA, shrinking of the cytoplasm and organelles,
blebbing of the cellular membrane, and fragmentation of the cytoplasm into apoptotic
bodies. In order to verify if PTL caused structural changes in the cells, morphological
studies were conducted by implementing the May-Grinwald Giemsa smear staining

protocol. In fact, PTL promoted mainly typical apoptotic attributes.
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To assess if PTL might reduce cellular metabolic activity through cytostatic activity,
FC assays were completed using propidium iodide/RNAse solution. No major difference
was found between the non-treated and the treated conditions. A study by
Suvannasankha et al. (2008) also reached the same conclusion'?t. In MM cells, the
incubation with PTL is preceded by immediate activation of apoptosis, which leaves no

time period for significant cell cycle alteration.

However PTL has been proven to cause cell cycle arrest in Go/G: phase in
bladder?4, skin'?®, gastric?® cancer as well as in chronic myeloid leukemia®*°. Also, PTL

caused an arrest in the G/M phase in glioblastoma*®! and in breast cancer?.

Consequently, one can conclude that PTL reduces cell metabolic activity through
its cytotoxic effects (leading to cell death) and that this compound showed no cytostatic

action.

Consequently, one can conclude that PTL reduces cell metabolic activity through
its cytotoxic effects (leading to cell death) and that this compound showed no cytostatic

action in the MM cell lines studied.

Incubation with PTL has also been linked to an increase of intracellular ROS levels
and a decrease in antioxidant defenses, leading to oxidative stress. Moreover, oxidative
stress has been correlated with some cellular events in cancer, such as cell proliferation,
growth and death. Dysregulation of different aspects of antioxidant defense, including as
the thioredoxin system, glutaredoxin system and catalase, is involved in the cytotoxicity
mechanisms of ROS-inducing substances. In fact, auranofin, arsenic trioxide, and
disulfiram, are FDA-approved therapeutic alternatives for other types of cancers, are
currently being studied to see if they may be used to treat MM*32, Auranofin has been

found to block thioredoxin-mediated redox signaling and reduce MM cell proliferation33.

Therefore, to evaluate the oxidative stress of MM cell lines, basal levels peroxides
were assessed, by FC, using the DCFH»>-DA probe. The results confirmed that PTL
increased peroxide quantities in all of the cell lines, particularly in the resistant ones.

H929-1XZ and H929-BTZ showed the largest amount of intracellular peroxides.

H929-BTZ, H929-CFZ, and H929-1XZ are resistant to the proteosome inhibitors
BTZ, CFZ, and IXZ, respectively. The inhibition of proteasomes leads to unfolded protein

buildup, triggering ER stress'*4. On another hand, a known side effect of ER stress is
oxidative stress'®. Due to a greater burden of unfolded proteins during ER stress, the

activity of some enzymes increases, resulting in higher levels of ROS. Protein disulfide
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isomerase, endoplasmic reticulum oxidoreductin, NADPH oxidase complexes, and
mitochondrial electron transport enzymes are amongst the enzymatic components
implicated in ER stress-dependent ROS generation**13’, The production of oxidative
stress is only partially facilitated by ROS generated as a consequence of protein
folding®®*®. Another key component of ROS formation is the mechanism involved in
calcium homeostasis. Ca?* leaking from the ER into the cytosol might thereby cause
oxidative stress'®. These facts elucidate the reason behind the higher peroxide levels
that were obtained in the H929-BTZ and on H929-1XZ cell lines.

Furthermore, the Aym was also determined, using the JC-1 probe, by FC. The M/A
ratio reveals the Ayy, being that a higher M/A ratio is associated with a greater loss of
Aynm. Through the analysis of the results regarding the A, it is possible to conclude that
in all cell lines, a significant decrease of Ayy was observed. Especially, the biggest Aywm
loss was noted in H929-IXZ, followed by H929-CFZ.

As mentioned before, the resistant cell lines displayed the higher ROS levels. ROS
activate many enzymatic cascades and transcription factors, which play a vital role in
physiological cellular activities. Excessive ROS values are often harmful causing
mitochondrial depolarization, cytochrome c release, lipid peroxidation, and DNA
damage®*°. Consequently, finding the higher loss of Aym0n a resistant cell line was not
surprising. The fact that PTL leads to mitochondria disturbance is in agreement with
studies performed in MM, acute myeloblastic leukemia!*°, hepatocellular

carcinoma*, but also in lung'?’, ovarian!*?, and breast'?® cancer.

The results obtained in the cell death evaluation assays are consistent with the JC-
1 results since the H929-IXZ cell line showed both the biggest Aym loss and the highest
increase in the percentage of cells in the late apoptosis/necrosis. In fact, after
mitochondrial membrane depolarization, the pro-apoptotic molecule cytochrome c
causes the initiation of caspase-9, that sequentially activates caspase-3 and 7 giving rise

to apoptosis!*.

The NF-kB pathway is responsible for regulating the expression of many genes,
including c-MYC and BCL-2 neoplastic genes. Thus, PTL’s inhibition of NF-kB can affect
the expression of these genes. For the purpose of evaluating PTL’s effect on gene

expression, c-MYC and BCL-2 expression levels were assessed by qPCR.

Concerning c-MYC gene, the results showed a homogenous value of expression
amongst all conditions of all the cell lines. This fact shows that c-MYC does not have its

expression reliant on NF-kB, thus it is not affected by NF-kB inhibition by PTL. In fact,
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the gene is originally expressed in the transition from MGUS to MM, maintaining its high
expression levels in the malignant stage of the disease**. However, the down regulation
of c-MYC by PTL was noted in a study executed on a non-small cell lung cancer cell
line'*>. Moreover, c-MYC expression levels can be strongly associated with cell
proliferation. In fact, the fist described c-MYC target genes (such as cyclins) are in fact
regulators of cell cycle. As c-MYC stimulates cell cycle progression and that the
expression levels of this gene were not affected by PTL, this might help explain why no

changes were noted in the cell cycle*®.

As mentioned before, BCL-2 expression can also be triggered by NF-kB’.
According to the statement that the NF-kB factor is highly expressed in MM cell lines?®,
it was expected high BCL-2 expression values in the non-treated conditions, which was
observed. On the same note, the incubation with PTL was anticipated to reduce BCL-2
expression values, because of the PTL’s inhibition of NF-kB. Even though, no statistically
significant alteration was observed, a decrease in BCL-2 gene expression levels was
noted in the PTL treated condition. Additionally, BCL-2 overexpression is triggered not
only by the NF-kB factor but also by genetic mutations, such as translocations involving
the IgH locus!®®. The down regulation of BCL-2 by PTL was also noted in a study
executed on cervical and breast cancer cell lines!?® and in one study performed in
pancreatic cancer cells'®. BCL-2 binds to pro-apoptotic members such as BAX,
preventing loss of Aym and cytochrome c release. PTL’s induced reduction of BCL-2
gene expression levels, accompanied by high levels of BAX, culminates in cell death®®°,
Also, a in vivo study noted that PTL decreased the BCL-2 and BCL-XL protein levels,

whilst increasing BAX protein levels leading to apoptosis through mitochondrial failure®*.
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The present study was able to elucidate on the effects of PTL in MM cells resistant

to Pls, in order to complement the knowledge on this research area. The main

conclusions are the following:

1.

Gene expression appraisal results showed that RELA, RELB, and c-REL are
expressed at a very high level in all the cell lines, whilst NFKB1 and IKBKB

were expressed at a lower rate.

PTL caused a time, cell and dose dependent decline on the metabolic activity.
The biggest drop in metabolic activity was obtained at 72 hours. Moreover, it
was confirmed that the resistant cell line H929- IXZ is less vulnerable to PTL

than the sensitive cell line.

Cell death evaluation by CF assays, showed that PTL sparked a significant
increase in the cellular percentage in the late apoptotic/necrotic group in
resistant cell lines and a rise of the cell percentage in the early apoptotic group
in H929-CFZ.

Cell cycle evaluation revealed no major differences between the treated

conditions and the control.

PTL treated cells showed higher levels of ROS and a loss of Aywm.

Significant changes in the expression of BCL-2 and c-MYC were not exhibited,
neither between the treated conditions and the control or between the cells

lines.

This project discloses that PTL is capable of circumventing drug resistance to Pl,

being quite useful at inducing cell death. As future perspectives, it would be relevant to

characterize the cell lines on their expression of NFKB2. Also, it would be interesting to

evaluate the effect of PTL on other genes such as STAT3, since this compound is an

effective inhibitor of STAT proteins. Additionally, it would be interesting to assess PTL’s
effect on epigenetic factors (like DNMT1, DNMT3b and HDAC1). Moreover, the cell cycle

regulating gene, CCND1, and the antiapoptotic genes XIAP and BIRC5, would be

appropriate to evaluate as they represent important MM molecular therapeutic targets.

Also, it would be pertinent to conduct association assays between PTL and the three Pls

to verify if this compound can re-sensitize the resistant cells to Pls.
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