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Abstract  

B cell lymphomas are a heterogeneous group of malignancies affecting B lymphocytes 

that play an essential role in immune responses as they differentiate into antibody-

secreting plasma cells. B cell lymphomas can broadly be divided into B cell Hodgkin 

lymphoma (HL) and B cell non-Hodgkin lymphoma (NHL) which include more than 50 

different types, varying from slow-growing to fast-growing lymphomas. The two most 

common types of NHL are Diffuse large B cell lymphoma (DLBCL) and follicular 

lymphoma, whereas some types of NHL are rare such as Burkitt lymphoma and 

Waldenstrom Macroglobulinemia.  

Multiple oncogenic drivers are involved in the formation and progression of these 

malignancies, such as extracellular signal regulated kinase 1 and 2 (ERK1/2) signaling 

and histone deacetylase 6 (HDAC6).  Deregulation of ERK signaling leading to its 

constitutive activation is a prominent feature of B-cell lymphomas, including DLBCL. 

Moreover, mutations of histone-modifying genes promoting malignant transformation 

are common in B-cell lymphomas, especially in DLBCL. Hence, novel therapies 

targeting oncogenic mechanisms are particularly attractive as an alternative therapeutic 

strategy to replace the standard chemotherapies which are associated with a wider 

range of adverse events and a high rate of relapse after initial therapy in lymphoma 

patients. Therefore, the central hypothesis in this project is that single and dual 

inhibition of ERK1/2 signaling and HDAC6 activity will impair the survival of B cell NHL. 
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For this thesis, I tested the efficacy of pharmacological inhibitors of ERK1/2 signaling 

and HDAC6 activity as single agents to prevent the proliferation and survival of several 

B cell NHL cell lines in vitro (Aim 1). Afterwards, I evaluated the combined effect of dual 

ERK1/2 and HDAC6 inhibition in a cell culture model and characterized the combined 

mechanisms of action (Aim 2). Finally, I optimized a matrix-assisted laser 

desorption/ionization mass spectrometry imaging (MALDI MSI) approach specifically 

designed to detect a novel HDAC6 inhibitor, Sahaquine, in zebrafish larvae to assess its 

safety and metabolism (Aim 3). 

Results show that monotherapies including ERK1/2 cascade inhibitors (Compound 1 

and PD184352), and HDAC6 inhibitors (Sahaquine and ACY1215) hinder cell growth 

and have mainly cytostatic effects. Conversely, dual inhibition of ERK1/2 and HDAC6 

induces cell death. To better understand the potential mechanisms of action of this 

combination, acetylation-affinity purification combined with mass spectrometry was 

performed. This led to the identification of four proteins of interest, namely Actin-related 

protein 2/3 complex subunit 2 (ARPC2); Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase 

mitochondrial (ECH1); Cathepsin D (CATD/CTSD); and Strawberry notch homolog 1 

(SBNO1). These results can help provide an explanation linking the inhibition of HDAC6 

and ERK1/2 activity to interference with DNA damage responses and energy 

production. Safety studies indicate that Sahaquine has a good safety profile in zebrafish 

larvae. Moreover, MALDI MSI data detected a potential Sahaquine metabolite 

(glucuronidated form) and identified a distinct protection mechanism that enables 

zebrafish larvae to eliminate xenobiotics via yolk-intestine translocation associated with 

intestine metabolic activity. 
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As a comprehensive body of work, this study provides insight into an innovative strategy 

and suggests that dual inhibition of ERK1/2 signaling and HDAC6 activity shows 

promise as a more efficacious strategy than a single therapy for the improvement of 

lymphoma treatment. In addition, the optimized MALDI MSI protocol applied in a 

zebrafish safety study can be widely used to study metabolic fate and distribution of 

other anti-tumorigenic compounds.  

 

Abrégé  

Les lymphomes à cellules B constituent un groupe hétérogène de tumeurs malignes 

affectant les lymphocytes B qui jouent un rôle essentiel dans les réponses immunitaires 

en se différenciant en plasmocytes sécréteurs d'anticorps. Les lymphomes à cellules B 

peuvent être divisés en deux grandes catégories : les lymphomes hodgkiniens à 

cellules B (HL) et les lymphomes non hodgkiniens à cellules B (LNH), qui comprennent 

plus de 50 types différents, allant des lymphomes à croissance lente aux lymphomes à 

croissance rapide. Les deux types de LNH les plus courants sont le lymphome diffus à 

grandes cellules B (DLBCL) et le lymphome folliculaire. Les LNH, comme le lymphome 

de Burkitt et la macroglobulinémie de Waldenstrom, sont quant à eux plus rares. 

De multiples facteurs oncogéniques sont impliqués dans la formation et la progression 

de ces tumeurs malignes, tels que les signaux extracellulaires régulés par les kinases 1 

et 2 (ERK1/2) et histone désacétylase 6 (HDAC6).  La dérégulation de la signalisation 

ERK conduisant à son activation constitutive est une caractéristique majeure des 
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lymphomes à cellules B, y compris les DLBCL. De plus, les mutations des gènes 

modifiant les histones et favorisant la transformation maligne sont fréquentes dans les 

lymphomes à cellules B, en particulier dans les DLBCL. Par conséquent, de nouvelles 

thérapies ciblant les mécanismes oncogéniques sont particulièrement intéressantes en 

tant que stratégie thérapeutique alternative pour remplacer les chimiothérapies 

traditionnelles qui, elles, sont souvent associées à un large éventail d'effets secondaires 

indésirables et à un taux élevé de rechute après la thérapie initiale chez les patients 

atteints de lymphome. Ainsi, l'hypothèse centrale de ce projet est que l'inhibition simple 

et double de la signalisation ERK1/2 et de l'activité HDAC6 réduira la survie des cellules 

B issues de LNH. 

Dans le cadre de cette thèse, j'ai d’abord testé l'efficacité in vitro d'inhibiteurs 

pharmacologiques de la signalisation ERK1/2 et de l'activité HDAC6 en tant qu'agents 

uniques pour empêcher la prolifération et la survie de plusieurs lignées cellulaires de 

LNH à cellules B (Objectif 1). Ensuite, j'ai évalué l'effet combiné de la double inhibition 

d'ERK1/2 et d'HDAC6 dans un modèle de culture cellulaire et j'ai caractérisé les 

mécanismes d'action combinés (objectif 2). Enfin, j'ai optimisé une approche d'imagerie 

par spectrométrie de masse par désorption/ionisation laser assistée par matrice (MALDI 

MSI) spécialement conçue pour détecter un nouvel inhibiteur de HDAC6, la Sahaquine, 

dans des larves de poisson zèbre et ce, afin d'évaluer la toxicité et la façon dont ce 

composé est métabolisé (Objectif 3). 

Les résultats montrent que les monothérapies comprenant des inhibiteurs de la 

cascade ERK1/2 (Compound 1 et PD184352) et des inhibiteurs de HDAC6 (Sahaquine 

et ACY1215) entravent la croissance cellulaire et ont principalement des effets 
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cytostatiques. À l’inverse, la double inhibition d'ERK1/2 et d'HDAC6 induit la mort 

cellulaire. Afin de mieux comprendre les mécanismes d'action potentiels de cette 

combinaison, une purification par acétylation et affinité combinée à la spectrométrie de 

masse a été réalisée et a conduit à l'identification de quatre protéines d'intérêt, à savoir 

la sous-unité 2 du complexe Actin-related protein 2/3 (ARPC2), la Delta(3,5)-Delta(2,4)-

dienoyl-CoA isomerase mitochondriale (ECH1), la cathepsine D (CATD/CTSD) et le 

Strawberry notch homolog 1 (SBNO1). Ces résultats peuvent contribuer à expliquer le 

lien entre l'inhibition de l'activité de HDAC6 et de ERK1/2 et l'interférence avec les 

réponses aux lésions de l'ADN et la production d'énergie. Les études de toxicité 

indiquent que Sahaquine a un bon profil d’innocuité chez les larves de poisson zèbre. 

En outre, les données MALDI MSI ont permis de détecter un métabolite potentiel de la 

Sahaquine (forme glucuronidée) et d'identifier un mécanisme de protection distinct qui 

permet aux larves de poisson zèbre d'éliminer les xénobiotiques via la translocation sac 

vitellin-intestin associée à l'activité métabolique de l'intestin. 

Dans l’ensemble, cette étude propose une stratégie innovante et suggère que la double 

inhibition de la signalisation ERK1/2 et de l'activité HDAC6 est prometteuse et plus 

efficace qu'une thérapie unique afin d’améliorer le traitement du lymphome. De plus, le 

protocole MALDI MSI optimisé appliqué à une étude de sécurité chez le poisson zèbre 

peut devenir un outil de choix pour étudier la métabolisation et la distribution d'autres 

composés anti-tumorigènes. 
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1. Targeting ERK1/2 signaling via TPL2 inhibition is an effective therapeutic strategy to 

inhibit the growth of B cell NHL. 
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2. The impact of TAK1-IKK-TPL2-MKK1/2 pathway inhibition depends on the presence 

of TLR activation signals in a lymphoplasmacytic lymphoma cell line with MYD88 

mutations.  

3. Blocking HDAC6 activity has an inhibitory effect on B cell NHL proliferation in a dose-

dependent manner. 

4. The dual inhibition of ERK1/2-HDAC6 leads to an additive effect in DLBCL with p53 

aberrations and normal NF-κB activity. Therefore, it can be considered as a potential 

alternative strategy to treat DLBCL patients with similar profiles. 

5. The combination of HDAC6 and ERK1/2 inhibitors induces cytocidal effects, 

presumably by affecting mechanisms involved in disrupting DNA damage response via 

targeting ARPC2 and SPNO1 acetylation, in addition to probably reducing metabolic 

energy production by interfering with cathepsin D and ECH1 functions. 

6. Sahaguine has a good safety profile and it did not accumulate in vital organs; instead 

it was metabolized into a glucuronidated form and excreted, as shown in the zebrafish 

larvae study. Therefore, it merits further investigations in other disease models. 

7. The MALDI MSI study enhanced our understanding of the xenobiotics distribution 

and elimination in zebrafish larvae by identifying a distinct protection mechanism that 

enables zebrafish larvae to eliminate xenobiotics via accumulating them in the yolk, 

then translocating and metabolizing them in the intestine. 

8. The optimized MALDI MSI protocol can be widely used to study the distribution and 

metabolic fate of other Sahaquine-related molecules in the aquatic environment and to 

understand their potential consequences on aquatic species.  
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ARID1A AT-Rich Interaction Domain 1A 
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Bad  Bcl-2-associated death promoter 
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BCR B-cell antigen receptor  
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Bid BH3-interacting domain death agonist  

Bik  Bcl-2-interacting killer  

Bim Bcl-2 interacting mediator of cell death 

BLNK B-cell linker protein 

Bmf Bcl-2 modifying factor  
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Bok  BCL-2–related ovarian killer 

BTK Bruton's tyrosine kinase 

CATD/CTSD Cathepsin D 

CCND3 Cyclin D3 

CD Cluster of differentiation  

CDK Cyclin dependent kinase 

COO Cell Of Origin  

CoREST co-repressor for element-1-silencing transcription factor  

CREBBP  CREB Binding Protein 

CTCL Cutaneous T cell lymphoma  
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CYP Cytochrome P 
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DEF Docking site for ERK and FXFP  
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DLK Dual leucine kinase 
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dpf days of post fertilization  

ECH1 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase mitochondrial 

EGFP Enhanced green fluorescent protein 

ELK-1 ETS Like-1 protein 

EMA European Medicines Agency  

EP300  E1A binding protein p300 
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ERK Extracellular signal–regulated kinase 

FDA Food and Drug Administration 

FL Follicular Lymphoma 

Fos Finkel-Biskis-Jinkins osteosarcoma 

GCB Germinal center B-cell 

GCs Germinal centres  

Grb2/SOS  Growth factor receptor-bound protein/Son of Sevenless 

HATs Histone Acetyltransferases  

HDACs Histone Deacetylases 

HL Hodgkin lymphoma  

HPFB Health Products and Food Branch  

Hrk Harakiri protein 

ID3 Inhibitor Of DNA Binding 3 

Ig Immunoglobulin 

IKK Inhibitor of nuclear factor-κB (IκB) kinase 

ITAM Immunoreceptor tyrosine-based activation motif 

ITO Indium tin oxide  

JNK Jun N-terminal kinase 

KMT2D Lysine methyltransferase 2D  

KSR Kinase suppressor of Ras 

LAG3 Lymphocyte-activation gene 3  

LYN Lck/Yes novel tyrosine kinase 

LZK Leucine zipper kinase  
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MALDI MSI matrix-assisted laser desorption/ionization mass spectrometry 

imaging  

MAP2K Mitogen Activated Protein Kinase Kinase 

MAP3K Mitogen Activated Protein Kinase Kinase Kinase 

MAPK Mitogen Activated Protein Kinase  

Mcl-1 Myeloid leukemia 1 

MHC Major histocompatibility complex  

MKP3 MAPK phosphatase 3  

MLK  Mixed lineage kinase 

MLL2  Mixed Lineage Leukemia 2 

MNK MAPK interacting kinase 

MOS Moloney murine sarcoma 

MP1 MEK Partner-1  

MSK Mitogen- and stress-activated kinases 

mTOR  Mammalian target of rapamycin  

MYC  Myelocytomatosis oncogene 

MYC  Myelocytomatosis 

MYD88 Myeloid differentiation primary response gene 88 

NAD+ Nicotinamide adenine dinucleotide  

NF-κB  Nuclear Factor kappa B  

NHL Non-Hodgkin lymphoma  

NLK Nemo-like kinase 

Noxa Phorbol-12-myristate-13-acetate-induced protein 1 



16 
 

NuRD nucleosome remodeling and deacetylation  

P53 tumor protein 53 

PARP poly (ADP-ribose) polymerase 

PCR  Polymerase chain reaction 

PD1 Programmed cell death protein 1  

PI3K Phosphoinositide 3-kinase  

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PKCβ   Protein kinase C beta 

PLCγ2 Phospholipase C gamma 2 

PTCL Peripheral T cell lymphoma  

PTEN Phosphatase and TENsin homolog 

Puma P53 upregulated modulator of apoptosis 

RAF Rapidly Accelerated Fibrosarcoma 

RAS Rat sarcoma 

RSK Ribosomal S6 kinase 

SBNO1 Strawberry notch homolog 1  

Sin3 Swi-independent 3  

SIRT Sirtuins  

SMARCA4 SWI/SNF related, matrix associated, actin dependent regulator of 

chromatin, subfamily a, member 4 

SRC Sarcoma 

SYK Spleen tyrosine kinase 

T7E1 T7 Endonuclease I  
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TAK1 Transforming growth factor β -activated kinase 1  

TAO Thousand and one 

TCF3   Transcription factor 3 

TIM3 T-cell immunoglobulin and mucin-domain containing protein 3  

TLR Toll-like receptor  

TPL2 Tumor Promoting Locus 2  

TRIF TIR domain-containing adaptor protein inducing interferon-β  

WM Waldenstrom Macroglobulinemia  

ZAK Sterile alpha motif and leucine zipper containing kinase AZK 
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Chapter 1: Introduction  

1.1 Lymphomas 

1.1.1 Introduction 

Lymphomas are malignancies affecting the lymphatic system that consists of lymph 

nodes, lymphatic organs, and lymphatic vessels [1]. This system circulates the 

lymphocytes throughout the body to fight infections [2]. Therefore, lymphomas can arise 

in nodal or extra-nodal sites, such as the gastrointestinal tract, skin, breast, bone, lung, 

or brain. Lymphocytes belong to a category of white blood cells which are essential 

components of the immune system. There are three main types of lymphocytes: B 

lymphocytes (B cells), T lymphocytes (T cells), and natural killer cells. Lymphocytes 

originate from pluripotent hematopoietic stem cells in the bone marrow that give rise to 

lymphoid progenitor cells which are the precursor of the lymphocytes [3]. B lymphocytes 

undergo maturation in the bone marrow, then migrate to peripheral lymphoid tissue to 

complete their development [4], while T lymphocytes maturate in the thymus. B and T 

lymphocytes are responsible for adaptive immune responses against foreign antigens 

because they bear antigen receptors [5].  

 

1.1.2 B lymphocytes maturation, development, and differentiation 

B lymphocytes have the B-cell antigen receptor (BCR), a membrane immunoglobulin 

(antibody) that undergoes 3 gene-remodeling processes during maturation and 

development [6]. The first remodeling (VDJ recombination) takes place in bone marrow 
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and leads to B cell maturation via the formation of functional BCR. This functional BCR 

on mature naive B cells can recognize (at low affinity) antigens expressed on T cells, 

circulating throughout the body [7]. Upon antigen activation, these activated B cells are 

recruited to secondary lymphoid tissues to undergo a second BCR-gene remodeling 

event, where they establish germinal centres (GCs). The second remodeling (somatic 

hypermutation) increases BCR affinity for a cognate antigen and occurs in a specific 

area of the GC called the dark zone [8].    

The third BCR-gene remodeling (class switch recombination) also occurs in GCs in a 

specific area called the light zone. It results in the exchange of IgM and IgD constant 

regions with IgG, IgA, or IgE leading to the BCR antibody recognizing the same antigen, 

but it initiates different functions [9]. These developed GC B cells will differentiate into 

either memory B cells or antibody-secreting plasma cells and will leave the GC 

microenvironment. The last two remodeling processes with the differentiation steps are 

known as the GC reaction [10]. 

 

1.1.3 BCR structure and signaling 

The BCR consists of pair of heavy and light immunoglobulin chains, each chain 

containing two regions: the variable-region that interacts with the antigen and the 

constant-region that interacts with downstream effectors. B cells in the bone marrow 

develop a functional BCR by rearranging DNA segments of the variable-region to form a 

V, (D), and J gene segment combination known as V(D)J recombination [9]. Following 

BCR activation, the rearranged variable-region genes are subject to deletions, 

duplications, or point mutations via a process called somatic hypermutation that occurs 
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in germinal centers. B cells with favorable somatic hypermutation (higher antigen 

affinity) will be selected to undergo constant-region exchange to switch from IgM or IgD 

to IgG, IgA, or IgE, which is known as class switch recombination. This switching is 

essential to alter BCR effector functions, without affecting the specificity for the antigen  

[11, 12].   

 

The BCR is coupled with a heterodimer of CD79A (Igα) and CD79B (Igβ) subunits that 

possess a cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM) 

containing two tyrosine residues [13]. Antigen-dependent activation of the BCR leads to 

receptor aggregation and phosphorylation of ITAM tyrosine residues by the SRC-family 

kinases (mainly LYN) [14, 15].  Phosphorylated tyrosine residues on CD79A/CD79B 

recruit and activate tyrosine kinase SYK, which in turn promotes B-cell linker protein 

(BLNK) to phosphorylate downstream effectors such as BTK and PLCγ2, in addition to 

the cytoplasmic tail of CD19, which can activate PI3K. Phosphorylated PLCγ2 cleaves 

PIP2 to generate DAG and inositol triphosphate which is involved in the regulation of 

intracellular calcium levels. DAG mediates PKCβ activation leading to RAS-dependent 

phosphorylation of ERK1/2, in addition to Nuclear Factor kappa B (NF-κB) pathway 

activation. ERK1/2 signaling can also be activated by recruiting the Grb2/SOS complex 

to associate with ITAM or BLNK. Therefore, BCR signaling promotes B cell proliferation, 

differentiation, and survival [16-18].     
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1.1.4 Lymphomas and their characteristics  

Lymphoma was first reported by Thomas Hodgkin in 1832; therefore, lymphomas have 

been categorized into two main groups: Hodgkin lymphoma (HL) that affects B cells and 

non-Hodgkin lymphoma (NHL) that can affect B, T, or natural killer cells. Both types can 

appear in either adults or children and vary from slow-growing (indolent) to fast-growing 

(aggressive) lymphomas. The origin of various B-cell lymphomas can be determined 

based on the stage of GC reaction that is characterized by a specific BCR-structure and 

expression of B cell cluster of differentiation (CD) markers, in particular histological 
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structures. B cell CD markers include CD79A/CD79B, CD19, CD20, CD24, CD27, and 

CD38 [9, 19-21] .  

 

Hodgkin Lymphoma (HL) 

HL accounts for 10% of all lymphomas and are distinguished by the presence of 

pathological Reed-Sternberg cells that are malignant B cells. There are 4 types of 

classical HL, namely nodular sclerosing, mixed cellularity, lymphocyte rich, and 

lymphocyte depleted HL, and only one type of non-classical HL that is nodular 

lymphocyte-predominant. No underlying causes are defined in the majority of cases. 

Some risk factors are immunodeficiency and Epstein Barr virus infection. HL is mostly 

curable with combinations of several cytotoxic chemotherapies and radiation therapy. 

Moreover, relapsing can be effectively treated with chemotherapy followed by 

autologous stem cell transplantation [22] .  

 

Non-Hodgkin Lymphoma (NHL) 

NHL accounts for 90% of all lymphomas, including diverse malignancies that arise from 

either B cells (90%) or T and natural killer cells (10%). There are more than 60 different 

NHL types, classified according to histological characteristics. The two most common 

types are diffuse large B Cell lymphoma and follicular lymphoma, which together 

represent 65% of all NHL types, whereas some types are rare, such as Burkitt 

lymphoma and Waldenstrom Macroglobulinemia. 
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Diffuse Large B Cell Lymphoma (DLBCL)  

DLBCL, the most common B cell NHL, is a genetically, clinically, and morphologically 

heterogenous aggressive malignancy that arises from mature B lymphocytes during the 

GC reaction [23, 24]. DLBCL cells express the standard B-cell markers, including CD19, 

CD20, CD22, CD45, and CD79a [25]. Alterations in histone-modifying genes are among 

the most frequent genetic mutations in DLBCL, such as genetic inactivation of EP300 

/CREBBP (acetyltransferases) and MLL2 (histone methyltransferase). These mutations 

prevent B cells from terminating the GC reaction. Therefore, they can promote 

malignant transformation [25-29]. DLBCL generally escape immune surveillance and 

become invisible to cytotoxic T lymphocytes and natural killer cells due to genetic 

lesions affecting the expression of CD58 and major histocompatibility complex (MHC) 

class I, both of which are necessary for immune system recognition [30]. 

 

DLBCLs are classified according to their probable Cell Of Origin (COO) into two main 

subtypes with distinct genomic profiles and different clinical outcomes, namely the 

germinal center B-cell (GCB) and activated B-cell (ABC) subtypes. In addition, one 

minor subtype consists of DLBCL that cannot be classified as either GCB or ABC. 

These subtypes are clinically further categorized based on the presence of BCL2, 

BCL6, and MYC chromosomal translocations and expression [25, 31]. It is postulated 

that GCB DLBCL affects GC B cells during the second BCR-gene remodeling (somatic 

hypermutation). GCB DLBCL preferentially express IgG BCR [11, 32] and generally 

harbor t(14;18) translocation [33-35] leading to the upregulation of BCL2 (anti-apoptotic 
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protein). Membrane IgG possesses a longer C-terminal cytoplasmic end, containing 

both a protein–protein interaction domain (PDZ) and a tyrosine phosphorylation site 

[36]. Therefore, the IgG tail can enhance signaling, including activating the extracellular 

signal–regulated kinase (ERK) pathway [37, 38], in addition to traditional BCR signaling 

mediated by CD79A and CD79B. It is postulated that ABC DLBCL is derived from GC B 

cells either during the third BCR-gene remodeling or immediately after it.  Most 

commonly ABC DLBCL express IgM BCR [11, 32] with NF-κB constitutive activation as 

a result of variant alterations including MYD88 mutation [39, 40]. IgM BCR signaling is 

mediated mainly via CD79A and CD79B because IgM has very short cytoplasmic tail 

that consists of a few amino acids only [36]. 

 

The treatment of choice for DLBCL is R-CHOP immunochemotherapy: Rituximab is an 

anti-CD20 monoclonal antibody; Cyclophosphamide is an alkylating agent; 

Hydroxydaunorubicin (doxorubicin) is an intercalating agent; Oncovin (vincristine) is an 

anti-microtubule agent; and Prednisone is an immunosuppressant and anti-

inflammatory agent. Although R-CHOP therapy improved the overall survival of DLBCL 

patients, eventually more than half of them relapse. Recurrent DLBCL is associated with 

more aggressive characteristics and extremely poor outcomes [41]. After relapsing, 

salvage immunochemotherapy with autologous stem cell transplantation can cure only 

10% of cases [42]. Novel therapeutics targeting DLBCL dysregulated signaling 

pathways are under investigation, including NF-κB [43-50], BCR [51-53], BCL-2 [54, 55], 

and PI3K–AKT–mTOR [56, 57] signaling. Clinical trial results showed that these 
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inhibitors are generally more effective when used in combinations comparted into single 

therapy procedures [43-47, 50-57]. 

 

Follicular Lymphoma (FL) 

FL, the second most common B cell NHL, is an indolent lymphoma mainly affecting 

adults with a median survival of 10 years. The initiating genetic translocation t(14;18) 

occurs in the bone marrow during the first BCR-gene remodeling, leading to the 

overexpression of the anti-apoptotic protein BCL2. However, this mutation alone is not 

enough to form FL. The accumulation of further genetic mutations in the GC during the 

second and third steps of BCR-gene remodeling is essential to complete FL 

transformation. Moreover, in some cases FL can progressively transform into more 

aggressive DLBCL [58] . Currently, FL is generally considered an incurable disease. 

Therefore, for patients without treatment indications, the watchful monitoring strategy is 

adopted [59].  Upon relapsing, FL patients can be treated with several 

chemoimmunotherapy regimens, phosphoinositide 3-kinase inhibitors, and lenalidomide 

plus rituximab [60].       

 

Burkitt lymphoma 

Burkitt lymphoma is a GC B-cell non-Hodgkin lymphoma, representing 1% of adult NHL 

and 30-50% of childhood NHL  [61]  Burkitt lymphoma is classified as follows: 

immunodeficiency (HIV)-related type; Epstein Barr virus-related malaria-endemic type; 

and developed-nations sporadic type [62]. In Burkitt lymphoma, MYC was identified as 
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an important oncogene due to t(8; 14) chromosomal translocation that constitutively 

activates the MYC gene, leading to rapid cell proliferation, thus making it the fastest 

growing human tumor [63, 64]. Moreover, frequent mutations of PI3K-AKT signaling 

(TCF3, ID3, PTEN), epigenetic regulation (ARID1A, SMARCA4, KMT2D), cell cycle 

progression (CCND3), and apoptosis (TP53) are found in Burkitt lymphoma [65]. 

TP53 mutations are associated with higher incidence of refractory disease, especially in 

pediatric cases [66]. Survival has improved for Burkitt lymphoma patients treated with 

multiagent chemotherapies and Rituximab (anti-CD20 monoclonal antibody); however, 

the relapsing survival rate remains poor [67, 68].  

Preclinical studies have suggested that the inhibition of the PI3K/AKT/mTOR  pathway 

alone [69]  or in combination with either chemotherapy [70] or HDAC inhibitors [71] and 

single or dual [72]  inhibition of BET epigenetic readers [73]  and cyclin dependent 

kinases (CDK) [62] can be therapeutic options for Burkitt lymphoma. 

 

Lymphoplasmacytic Lymphoma/ Waldenstrom Macroglobulinemia (WM) 

WM is an indolent rare B cell Lymphoma, accounting for 1% of all NHL, with an overall 

median survival greater than 5 years. WM affects post-germinal-centre B cells which are 

the B cells that undergone the second BCR-gene remodeling, but are transformed 

before completing the third BCR-gene remodeling process [74]. In WM patients, the 

most common mutation, found in >90% of cases, is Gain-of-Function mutation affecting 

MYD88, which is a Toll-like receptor signaling adapter molecule. The dominant MYD88 

mutation is leucine to proline substitution in codon 265 (MYD88[L265P]), which leads to 
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increased cellular proliferation and survival via activation of the NF-κB and Mitogen 

Activated Protein Kinase (MAPK) pathways [75]. Currently WM is mainly incurable, with 

patients often experiencing relapse after initial therapy. Therefore, treatments are 

focused on controlling the symptoms and improving quality of life. Only patients with 

symptoms are considered for treatment, whereas asymptomatic patients are followed 

with surveillance [76]. Frontline therapies include rituximab alone or combined with 

alkylators, proteasome inhibitors, nucleoside analogs, and ibrutinib, which is the first 

FDA approved Bruton’s tyrosine kinase (BTK) inhibitor [77]. BTK inhibitors play central 

roles in BCR signaling, leading to several activation cascades, including NF-κB, PI3K, 

and MAPK-ERK signaling pathways [17]. Moreover, autologous stem cell transplant can 

be considered in eligible patients [78].   

 

 

 

1.2 Mitogen-activated protein kinases (MAPKs) 

MAPKs are a family of signal transduction proteins that convert extracellular stimuli into 

cellular responses via three-tier sequential phosphorylation events. They play key roles 

in diverse cellular processes including cell growth, development, proliferation, 

differentiation, survival, and innate immunity [79, 80]. Therefore, dysregulated MAPK 

signaling is involved in the development and progression of several cancers, including 

ovarian, breast, colorectal, melanoma, thyroid, and lung cancers [81, 82], and B cell 

lymphomas including DLBCL [36, 75, 83, 84]. 
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MAPKs transmit signaling via four main cascades, each cascade consisting of three 

core tiers including from upstream to downstream (closer to nucleus) MAPK kinase 

kinase (MAP3K), which encompasses serine/threonine kinases; MAPK kinase (MAP2K) 

which encompasses tyrosine and threonine/serine dual-specificity kinases; and MAPK, 

which encompasses serine/threonine  kinases [85, 86]. 

The four MAPK cascades are named according to the MAPK tier as follows: 

extracellular-signal-regulated kinase 1/2 (ERK1/2) pathway; c-Jun N-terminal kinase 

(JNK) pathway; p38 pathway; and ERK5 pathway [87]. All MAPK cascades integrate 

with different signaling pathways to generate more complex networks that regulate 

physiological functions. The ERK1/2 cascade is primarily involved in proliferation and 

differentiation processes, but it can also participate in stress and other processes under 

certain conditions [88]. JNK and p38 MAPK cascades participate mainly in cellular and 

environmental stress responses, in addition to immune and inflammatory responses 

[89]. As of now, at least 22 MAP3K, 7 MAP2K, and 14 MAPK have been identified in 

mammalian cells [90]. 

 

1.2.1 Mitogen-activated protein kinase kinase kinase (MAP3K) 

MAP3K can be activated by different stimuli, including growth factors, antigens, 

inflammatory cytokines, and stresses to participate in cellular responses  [91]. Currently, 

22 MAP3K has been identified, including MEKK(1-4), RAF(A,B,C), TAO(1-3), ASK(1-2), 

TAK1, TPL2, MOS, MLK(1-4), ZAK, LZK, and DLK. There are 6 MAP3K that regulate 

the ERK1/2 cascade, whereas 12 and 9 MAP3K regulate JNK and p38 cascades, 

respectively [92].  
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Rapidly Accelerated Fibrosarcoma (RAF) kinases  

The RAF family, consisting of A-RAF, B-RAF, and C-RAF, is part of the canonical RAS-

RAF-MKK1/2-ERK1/2 cascade, which is a critical growth signaling cascade. RAF is 

activated in response to growth factors (receptor tyrosine kinases) and hormones (G-

protein coupled receptors) that stimulate RAS (GTP-binding protein) activity. RAS 

activation leads to RAF membrane recruitment and stimulation. All the three isoforms of 

RAF are activated by RAS; however, B-RAF phosphorylates MEK1/2 more efficiently 

than either A-RAF or C-RAF  [93]. 

B-RAF has high frequency of mutation in human cancer (7%) [94]  but A- and C-RAF 

are rarely mutated. The most common B-RAF somatic point mutation that accounts for 

90% of all B-RAF mutations in human cancers is the substitution of valine at position 

599 for glutamic acid [V599E], leading to B-RAF constitutive activation. Therefore, B-

RAF is considered as an important human oncogene [95-97].  

 

Transforming growth factor β -activated kinase 1 (TAK1) 

TAK1 is required for the activation of NF-κB [98]  and MAPK (ERK1/2, JNK and p38) 

cascades [99] downstream of tumor necrosis factor receptors [100] and Toll-like 

receptors (TLRs) [101]. The TLR family, consisting of 10 members, participates in innate 

immune responses as they recognize foreign invaders to trigger inflammatory signaling 

via signaling adaptors [102]. 
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Currently, there are five TLR adaptors, the main two being the myeloid differentiation 

primary response gene 88 (MYD88) and the TIR domain-containing adaptor protein 

inducing interferon-β (TRIF). MyD88 is utilized by all TLRs, excluding TLR3 which 

employs TRIF as its adaptor for signal transmission. Notably, TLR4 can activate both a 

MyD88-dependent pathway and a MyD88-independent pathway utilizing TRIF [103]. 

Activation of TLR pro-inflammatory signaling through an MYD88 adaptor is linked to the 

development and growth of tumors. Conversely, triggering TLR-mediated Type I 

interferon production via the TRIF adaptor is related to promoting an immune response 

against tumors [104, 105].In the TLR pathways, MYD88  mediates the recruitment and 

activation of TAK1, which subsequently activates the IκB kinase (IKK) complex, which in 

turn mediates the activation of both NF-κB and TPL2.  Also, TAK1 can directly 

phosphorylate MKK4/7 and MKK3/6 to activate JNKs and p38 signaling, respectively 

[106].  

 

Tumor Promoting Locus 2 (TPL2) 

TPL2, also known as Cancer Osaka Thyroid (COT) or MAP3K8, is a cytoplasmic kinase 

that is expressed as long isoform M1-TPL-2 (58 kDa) and short isoform M30-TPL-2 (52 

kDa) due to alternative translational initiation at methionine 1 (M1) or methionine 30 

(M30) [107]. TPL2 is stabilized by forming a complex with a small proportion of p105 

NF-κB1[108, 109]. p105 NF-κB1 is a precursor of p50 NF-κB1, which is a member of 

the NF-κB family consisting of five proteins including p65 (RelA), RelB, c-Rel, p105/p50 

(NF-κB1), and p100/52 (NF-κB2). These proteins combine to form up to 15 different NF-

κB complexes, with p50-p65 being the main canonical complex [110]. TLR ligand-
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stimulation activates MYD88/TAK1/IKK signaling. Activated IKKβ phosphorylates p105 

NF-κB1 lead to its degradation which releases full-length but not short-length TPL2 from 

this complex [111, 112]. In B cells, the liberated Tpl2 is an essential activator of ERK1/2 

via MKK1/2 in response to TLR signals (immune stimuli) but not mitogens [113], in 

contrast to the canonical RAF-MKK1/2-ERK1/2 pathway that is stimulated by mitogens 

[108].  

 

1.2.2 Mitogen-activated protein kinase kinase (MAP2K) 

The primary function of MAP2K is to transmit signals from the cell surface to the 

nucleus, therefore orchestrating a range of cellular responses, including growth, 

differentiation, and stress adaptation. Their role in connecting extracellular signals to 

intracellular processes makes them critical components in various physiological and 

pathological contexts. The MAP2K family contains 7 kinases divided into four 

subfamilies based on their homology and substrate specificity, including ERK-activating 

MAP2Ks (MKK1/2); JNK-activating MAP2Ks (MKK4/7); p38-activating MAP2Ks 

(MKK3/6); and MKK5 which activate ERK5. 

Mitogen-activated protein kinase kinase 1 and 2 (MKK1/2) 

MKK1 and MKK2 are tyrosine and threonine/serine dual-specificity kinases that transmit 

signals specifically to ERK1/2 downstream of RAF(A,B,C), TPL2, MEKK1, and MOS 

kinases [92]. The RAF-MKK1/2 tier amplifies the signal, while the MKK1/2-ERK1/2 tier 

enhances the cooperativity of activation by involving other modulation events [91]. 

MKK1/2 are activated by phosphorylation of either serine 217 or 221 residues within 
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their activation loops, whereas ERK1/2 dual phosphorylation is required for full activity 

[114, 115]. 

1.2.3 Mitogen-activated protein kinase (MAPK) 

MAPKs are the effector proteins of the MAPK cascades, and they are divided into 

conventional and atypical MAPK subfamilies according to their ability to be activated by 

MAP2K. The conventional MAPK family consists of four main subgroups: ERK(1/2); 

JNK(1-3); p38(α,β,γ, δ); and ERK5. Atypical MAPK include ERK(3,4 and 7) and Nemo-

like kinase (NLK) which are not substrates for MAP2K; therefore, they have different 

regulatory mechanisms and their activation does not require MAP2K phosphorylation 

[116, 117].  

 

Extracellular signal-regulated kinase 1 and 2 (ERK1/2)   

ERK1 and ERK2 are closely related kinases that are activated specifically by MKK1/2 

via the dual phosphorylation of threonine (T202) and tyrosine (Y204) residues or T185 

and Y187 residues within ERK1 and ERK2 activation loops, respectively. Most 

frequently, the ERK1/2 pathway is primarily activated by RAF isoforms. However, other 

MAP3Ks can activate ERK1/2 in specific cell types or under specific stimulations. For 

example, during oocyte maturation, MOS activates ERK1/2 in response to steroid 

receptor stimulation leading to meiotic progression [118]. In B cells and macrophages, 

following TLR stimulation, ERK1/2 is activated via Tpl2 [119]. Under stress situations, 

MEKK1 activates ERK1/2 in neuronal cells [120].  
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Phosphorylation of ERK1/2 initiates a variety of cellular responses. These responses 

are regulated by several factors, including docking motifs, scaffold proteins, and protein 

phosphatases. Docking motifs can modulate substrate affinity for ERK1/2, such as 

the docking site for ERK and FXFP (DEF) which was identified in many ERK1/2 

substrates including ELK-1 and KSR [121]. Scaffold proteins are critical signal 

transducers that facilitate the assembly of ERK1/2 signaling components, which in turn 

allows for phosphorylation and activation of specific pathways such as KSR, MP1, and 

β-arrestins scaffolding proteins [122]. Phosphatases play regulatory roles in ERK1/2 

signaling as they can directly impact ERK1/2 functions, such as the dual-specificity 

MAPK phosphatase 3 (MKP3) that acts as a negative regulator of ERK1/2 [123]. 

Phosphorylated ERK1/2 catalyzes the activation of hundreds of nuclear and cytoplasmic 

substrates. Nuclear substrates of ERK1/2 include transcription factors and regulatory 

molecules, such as Elk1, c-Fos, and c-MYC. Cytosolic ERK1/2 substrates include 

RSK1-4, MNK1/2, and MSK1/2, in addition to the cytoskeletal elements such as paxillin. 

Activation of these substrates plays a key role in regulating cellular growth, proliferation, 

motility, and survival [124]. 

 

1.2.4 MAPK cascades and tumorigenesis 

Dysregulated ERK1/2 cascade signaling is involved in various diseases, including 

inflammation and developmental and neurological disorders [80]. The discovery of 

oncogenic mutations leading to ERK1/2 constitutive activation or elevated expression 

[80] linked ERK1/2 signaling to multiple forms of cancer, including colorectal, ovarian, 

melanoma, pancreatic, thyroid [125], and lung cancers [126], as well as to 
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hematological malignancies [127]. Therefore, targeting the ERK1/2 signaling pathway 

has received widespread attention. 

Mutations affecting RAS and RAF are most common in the classical RAS-RAF-MEK1/2-

ERK1/2 pathway. Currently, three B-RAF inhibitors, namely Vemurafenib (Zelboraf), 

dabrafenib (Tafinlar), and encorafenib (Braftovi), are FDA-approved for the treatment of 

B-RAF-mutant melanoma [128]. In addition, three MKK1/2 inhibitors have received FDA 

approval to be used as a treatment for B-RAFV-mutant diseases, including Trametinib 

(Mekinist), Cobimetinib (Cotellic) and Binimetinib (Mektovi) [129]. However, the efficacy 

of these inhibitors is limited by their adverse effects and the emergence of drug 

resistance [130]. Therefore, in order to improve their therapeutic effectiveness, they 

have been combined with other agents such as chemotherapy, immunotherapy, and 

small molecule inhibitors including PI3K and B-cell lymphoma-2 (BCL2) inhibitors  [131-

136]. 

BCL2 inhibitors in combination with ERK1/2 signaling inhibitors 

The B-cell lymphoma-2 (BCL-2) family comprises pro-apoptotic and anti-apoptotic 

members responsible for regulating mitochondrial outer membrane permeability, thereby 

controlling the release of pro-apoptotic factors and influencing B-cell survival. These 

family members share conserved BCL2-homology (BH) domains, categorized by BH1, 

BH2, BH3, and BH4 motifs, determining their classification and functions [137]. Anti-

apoptotic proteins possess BH(1-4) domains, including Bcl-2, Bcl-w, Bcl-xL, Mcl-1, and 

BFL-1/A1. Pro-apoptotic proteins can be divided into multidomain effector subsets 

including Bax, Bak, and Bok, and the BH3-only subset including Bad, Bid, Bik, Bim, 

Bmf, Hrk, Noxa, and Puma. Notably, the "BH3-only subset" shares homology primarily 
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at the BH3 domain and serves as an initiator of apoptosis in response to cellular stress. 

Naturally, the BH3-only subset neutralizes anti-apoptotic proteins through direct binding 

which tightly regulates apoptosis [138]. However, this balance is disrupted in various 

hematological malignancies including DLBCL [139, 140]. For example in DLBCL, BCL2 

protein is overexpressed due to t(14;18) translocation, BCL2 gene amplification, and/or  

BCL2 transcriptional upregulation via NF-kB constitutive activation, all of which shift the 

balance in favor of anti-apoptotic signals, leading to survival following cellular insults 

[141, 142]. BCL-2 protein is the first identified major anti-apoptotic regulator, composed 

of 239 amino acids with a molecular weight of approximately 26 kDa [143]. Recently, 

BCL2 inhibitors showed anticancer effects, such as the BH3 mimetics ABT199 

(Venetoclax) and ABT263 (Navitoclax), which bind to anti-apoptotic proteins and 

effectively counteract their apoptotic inhibitory effects, thus promoting cell death 

induction [140, 144]. However, the therapeutic benefit of BCL2 inhibitors alone, ABT263 

being a case in point, is limited due to acute toxicity including dose-dependent 

thrombocytopenia; therefore, they are used in combination with other agents [145]. The 

combination of BCL2 and ERK1/2 inhibitors has enhanced their efficacy and showed 

promising results in several cancers, including acute myeloid leukemia and colorectal 

and lung cancers [146-148]. This approach holds promise, particularly in cancer 

therapy, where BH3 mimetics disrupt the survival advantage conferred by anti-apoptotic 

BCL-2 family members, ultimately facilitating apoptotic pathways and combating cell 

proliferation.  

Targeting ERK1/2 via TPL2  
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An alternative therapeutic target to control ERK1/2 pathway activation is via TPL2, 

especially in immune cells. Downstream of the TLR pathway, MYD88 activates the IKK 

complex which in turn mediates parallel activation of both NF-κB and TPL2 [75, 119]. 

This has led to an overestimation of the role of NF-κB and an underestimation of TPL2-

ERK1/2 roles in the scientific literature investigating the role of MYD88 in cancer [149, 

150].  Recent studies highlight the importance of the TPL2-MKK1/2-ERK1/2 pathway in 

cancers, including ovarian carcinomas [151], melanoma [152], leukemias [153], and 

lymphomas [75]. Previous analysis from our lab, investigating the mutations found 

downstream of MYD88[L265P], identified 7 genes which are likely oncogenic drivers 

that can all be linked to the TPL-ERK1/2 pathways. This analysis identified the ERK 

pathway as a major target of TLR-driven lymphocyte transformation [75]. TPL2 inhibitors 

have been developed and they are under investigation in pre-clinical models [154, 155]. 

In chapter 2, we studied the anti-lymphoma activity of novel TPL2 inhibitors (tested in 

pre-clinical studies) and classical ERK1/2 pathway inhibitors alone or in the presence of 

either TLRs agonists or BCL2 inhibitors in cell culture. 
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1.3 Histone Deacetylases 

HDACs are a family of enzymes that play a critical role in regulating diverse cellular 

functions, including cell survival, proliferation, inflammation, and immunity. HDACs 

control these functions by catalyzing the removal of acetyl groups from histone and 

nonhistone proteins to counteract the effects of Histone Acetyltransferases (HATs) that 

add acetyl groups. This modification can alter the structure of proteins and change their 

accessibility to the machinery that activates or suppresses them. In histones, generally 

speaking, deacetylation restores the positive charges of histones, thus increasing the 

affinity for negatively charged DNA, resulting in a more compact and less accessible 
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chromatin structure that usually leads to the repression of gene expression and vice 

versa for acetylation induced by HATs [156-158].     

In humans, currently, 18 HDAC proteins have been identified, and they are classified 

into four classes based on their sequence homology and enzymatic activity. The four 

classes include class I HDACs (HDAC1, 2, 3, and 8); class II HDACs that are further 

divided into class IIa (HDAC4, 5, 7 and 9) and class IIb (HDAC6, and 10); class III 

HDACs (Sirtuins SIRT1-7); and class IV HDAC (HDAC11) [159]. 

Class I HDACs are primarily localized in the nucleus and mainly regulate gene 

expression. Class II HDACs are found in both the cytoplasm and nucleus, and they play 

a role in various cellular processes such as cytoskeleton organization and stress 

response [160]. Class III comprises the only class that depends on NAD+ as a cofactor 

instead of Zn2+ and they are involved in regulating metabolism  [161] and aging [162]. 

Class IV HDAC consists of a sole member HDAC11 that has both class I and II 

characteristics and participates in the regulation of immune functions [163].  

HDAC 1 and HDAC2 (HDAC1/2) 

HDAC1/2 share structural and functional characteristics, making them closely related 

members of the class I HDAC family. They often collaborate in the regulation of gene 

expression and can be found together in several major co-repressor complexes such as 

Swi-independent 3 (Sin3); nucleosome remodeling and deacetylation (NuRD); and the 

co-repressor for element-1-silencing transcription factor (CoREST) [164-166]. This 

repression is important for maintaining proper gene expression patterns and cellular 

functions. HDAC1/2 are particularly important for the control of cell growth and 
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differentiation. Consequently, dysregulation of HDAC1/2 has been linked to various 

diseases including cancer and neurological disorders [167, 168]. 

HDAC6 

HDAC6 is the largest enzyme of the HDAC family (1215 amino acids) that plays a 

critical role as a non-histone deacetylase with mainly cytoplasmic localization. Currently, 

HDAC6 and HDAC10 (class IIb) are the only members that have two catalytic domains. 

The HDAC10 second catalytic site is not functional, making HDAC6 the only HDAC 

protein with two catalytically active domains [169]. HDAC6 C-terminal end contains a 

ubiquitin-binding zinc finger domain that is involved in ubiquitination-mediated 

degradation. Both the deacetylase and ubiquitin-binding activities are necessary for 

HDAC6 regulation of aggresomal formation in response to misfolded protein stress 

which affects cell viability [170]. 

HDAC6 is a microtubule-associated deacetylase that specifically removes the acetyl 

group from α-tubulin lysine 40 (K40) residue located on the luminal surface of the 

microtubule hollow tube which is composed of α-tubulin and β-tubulin dimers [171, 172]. 

Acetylation stabilizes microtubules by improving flexibility and resilience, whereas 

deacetylation decreases the rigidity of microtubules, rendering them more susceptible to 

breakage after stresses [173-175].  The second catalytic domain of HDAC6 is 

responsible for catalyzing α-tubulin deacetylation [176], which regulates mitosis, motility, 

and intracellular transport [177]. Moreover, HDAC6 can target ERK1 acetylation and 

regulates c-Myc expression and NF-κB activity (more details in chapter 3) [178-180]. 
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HDACs and tumorigenesis 

Targeting HDACs has been identified as a potential therapeutic strategy for a variety of 

diseases, including inflammatory conditions [181], cardiac diseases [182], 

neurodegenerative disorders [183], and cancers [184]. Altered HDAC expression or 

activity is frequently observed in various human cancers, such as gastric [185], breast 

[186], and colon [187] cancers, as well as hematological malignancies [188-191]. 

  

To date, four HDAC inhibitors have received FDA approval, namely Vorinostat (Zolinza), 

a pan HDAC inhibitor (hydroxamic acid family) approved for the treatment of cutaneous 

T cell lymphoma (CTCL); Romidepsin (Istodax), a class 1 selective HDAC inhibitor 

(cyclic peptide family) approved for the treatment of CTCL and peripheral T cell 

lymphoma (PTCL); Belinostat (Beleodaq), a pan HDAC inhibitor (hydroxamic acid 

family) approved for the treatment of PTCL; and Panobinostat (Farydak), a pan HDAC 

inhibitor (hydroxamic acid family) approved for the treatment of multiple myeloma in 

combination with other drugs [192]. 

FDA-approved HDAC inhibitors are widely used; however, resistance to treatments and 

toxicity remain key problems [193]. Therefore, experimental HDAC inhibitors are under 

investigation as single agents or in combination with other therapeutics as potential 

treatments for various malignancies [194]. Based on the chemical structures, HDAC 

inhibitors can be divided into five groups: hydroxamates, cyclic tetrapeptides, 

benzamides, aliphatic acids, and electrophilic ketones [195]. 
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As a group, hydroxamates constitute the most widely explored HDAC inhibitors due to 

the encouraging results obtained from clinical trials [196, 197]. Recently, the novel 

selective HDAC6 inhibitor, Sahaquine, has been synthesized by combining hydroxamic 

acid with primaquine [198]. In chapter 3, we investigate the effectiveness of Sahaquine 

(tested in pre-clinical studies) as a single agent on inhibiting cell growth in several B-cell 

NHL cell lines and in combination with ERK1/2 inhibitors. 

 

1.4 Drug Safety Assessment in Zebrafish Model 

Drug safety assessment is an important step in the drug development process to 

identify and evaluate the potential risks and side effects associated with drug 

administration, in order to balance the effectiveness of a drug against its adverse effects 

[199, 200]. Drug safety information is collected throughout the life cycle of a drug, from 

preclinical toxicology studies to clinical trials and post-marketing surveillance [201]. The 

drug safety data is evaluated by regulatory agencies such as the US Food and Drug 

Administration (FDA), the Health Products and Food Branch (HPFB) of Health Canada, 

and the European Medicines Agency (EMA), all of which assess the potential benefits 

and risks of the drug to make decisions about its approval and labeling [202-204]. 

 Preclinical toxicity can be evaluated using in vitro and in vivo models. Cytotoxicity is 

initially assessed in a cell-culture model, a procedure which is less expensive and faster 

than in vivo models; however, in vivo models more successfully predict toxicity [205, 

206]. Recently, zebrafish (Danio rerio) have emerged as an attractive vertebrate model, 

bridging the gap between in vitro and in vivo studies as this model combines cell culture 
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convenience with the power of a whole animal model [207, 208]. Zebrafish have a high 

reproductive capacity allowing them to produce hundreds of embryos from a single 

mating. Zebrafish embryos are transparent and develop rapidly, with major organ 

development within the first few days post fertilization (dpf) [209, 210]. Most embryos 

hatch from the chorion by 2-3 dpf to enter the larval stage. The yolk is the main source 

of nutrients up to 5 dpf; therefore, the non-feeding life-stages are not subject to 

regulations for animal experimentation and do not need ethical approval [211].  These 

unique features make the zebrafish model ideal for studying drug efficacy and safety in 

zebrafish larvae or xenografted larvae models (more details in chapter 4) [212-214].  

 Zebrafish share a relatively high degree of genetic similarity with humans, with 

approximately 70% of human genes having a zebrafish counterpart [215]. The zebrafish 

genome contains HDAC genes which are orthologs of human HDACs (except HDAC2) 

[216]. Zebrafish HDAC6 catalytic domain 2 is a well-studied substitute for human 

HDAC6 catalytic domain 2, as the active site structures of both zebrafish and humans 

are essentially identical (except for one amino acid substitution in each). Also, zebrafish 

HDAC6 catalytic domain 2 generates crystals of better quality compared to human 

HDAC6; therefore, zebrafish HDAC6 is used for crystallographic studies to assess 

structure–affinity relationships of novel HDAC6 inhibitors [217, 218]. Moreover, several 

human metabolizing enzymes have counterparts in zebrafish, such as cytochrome P450 

(CYP), sulphation, and glucuronidation enzymes. Human CYP3A4, the major 

detoxifying CYP in humans, shares zebrafish ortholog CYP3A65, which has a similar 

function, with 54% amino acid sequence identity [219-221]. 
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Visualizing the spatial distribution of drugs and metabolites, simultaneously, in the 

zebrafish model has received widespread attention. Advances in matrix-assisted laser 

desorption/ionization mass spectrometry imaging (MALDI MSI) has made this possible 

and provided images of small molecules distributed in zebrafish larvae. However, the 

process is still technically challenging, and there is a need to improve imaging 

approaches in the zebrafish larvae model [222, 223]. In chapter 4, we develop an 

optimized MALDI MSI protocol to evaluate Sahaquine safety and examine its possible 

metabolites in the zebrafish larvae model. 

 

1.5 Hypothesis and Objectives  

Based on the aforementioned information, the central hypothesis in this project is that 

single and dual inhibition of ERK1/2 signaling and HDAC6 activity will impair the survival 

of B cell NHL. 

The main objectives of this thesis are as follows: 

1. Test the efficacy of pharmacological inhibitors of ERK1/2 signaling and HDAC6 

activity as single agents to prevent the proliferation and survival of several B cell NHL 

cell lines in vitro. 

2. Evaluate the combined effect of dual ERK1/2 and HDAC6 inhibition in the cell culture 

model and characterize the combination mechanisms of action. 

3. Assess Sahaquine (in-house HDAC6 inhibitor) safety and metabolism in the zebrafish 

larvae model using an optimized matrix-assisted laser desorption/ionization mass 

spectrometry imaging (MALDI MSI) approach. 
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Preface 

Mitogen-activated protein kinases (MAPKs) are essential signaling molecules that play 

a critical role in transmitting signals from the cell surface to the nucleus, where they 

regulate vital cellular processes. Due to their involvement in these processes, the 

dysregulation of MAPK signaling pathways can lead to various diseases, including 

cancer. Targeting the extracellular signal-regulated kinase 1 and 2 (ERK1/2) MAPK 

signaling pathway has received widespread attention since the discovery of ERK1/2 

pathway oncogenic mutations leading to its constitutive activation. In B cells, the protein 

kinase Tumor Promoting Locus 2 (TPL2) is an essential activator of ERK1/2 in response 

to Toll-like-receptor (TLR) signals following immune stimulation. However, TLR signaling 

mediates parallel activation of both nuclear factor kappa B (NF-κB) and TPL2, leading to 

the overestimation of NF-κB roles and the underestimation of TPL2-ERK1/2 roles in the 

scientific literature. Therefore, at a very early stage of this thesis, we aimed to reach a 

deeper understanding of the impact of the TPL2-ERK1/2 signaling pathway on B-cell 

lymphoma proliferation. To this end, we performed several preliminary experiments in 

cell culture using different TPL2-ERK1/2 pharmacological inhibitors alone or in 

combinations. 
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2.1 Abstract 

A hallmark of many B-cell malignancies is the constitutive activation of the protein 

kinases extracellular signal-regulated kinase 1 and 2 (ERK1/2), resulting in uncontrolled 

cellular proliferation. ERK1/2 activation can occur either downstream of the classical 

MKK1/2-ERK1/2 cascade via RAF kinase or specifically in immune cells via the Tumor 

Promoting Locus 2 (TPL2) kinase in response to Toll-like-receptor (TLR) stimulation. We 

report here that the anti-lymphoma activity of TPL2 inhibitors is dependent on the 

presence of TLR activation in BCWM.1 cell line that harbors oncogenic mutations in the 

TLR adaptor molecule MYD88. These MYD88 gain-of-function mutations are found in 

90% of Waldenström macroglobulinemia (WM), a rare incurable B-cell lymphoma. We 

then investigated the impact of ERK1/2 inhibition on the proliferation of OCI-Ly2 cells 

representing Diffuse Large B-Cell Lymphoma (DLBCL), the most common form of B-cell 
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lymphoma. We found that blocking the ERK1/2 signaling cascade using either MKK1/2 

inhibitors (PD184352 and MEK162) or TPL2 inhibitors (Compound 1 and Compound 

34) was mainly cytostatic. Finally, we showed that while TPL2-MKK1/2-ERK1/2 

inhibition leads to cytostatic effect, Compound 1 has cytocidal effect at high 

concentrations, mediated via targeting additional kinases. Taken together, this study 

demonstrates the involvement of TPL2 in oncogenic signaling of B-cell lymphoma and 

supports the idea that targeting multiple molecular pathways linked to cellular 

transformation is a superior avenue for future therapies.   

 

2.2 Introduction 

Constitutive activation of the protein kinases extracellular signal-regulated kinase 1 and 

2 (ERK1/2) is a hallmark of many B-cell malignancies (Platanias, 2003a), leading to 

uncontrolled cellular proliferation and growth. Activation of ERK1/2 in hematologic 

malignancies can occur downstream of the classical [rat sarcoma (RAS)- rapidly 

accelerated fibrosarcoma (RAF)- mitogen-activated protein kinase kinase 1 and 2 

(MKK1/2)] pathway or alternatively downstream of the Tumor Promoting Locus 2 (TPL2) 

protein kinase following activation of the Toll-like-receptor (TLR) signaling pathway 

(Dumitru et al., 2000; Beinke et al., 2004; Rousseau and Martel, 2016). TLR pathways 

are normally associated with host defense responses and inflammation (Kawasaki and 

Kawai, 2014). Recently, this pathway was identified as the most frequently mutated 

signaling pathway in lymphoid neoplasms (Rousseau and Martel, 2016) which makes 

TPL2 an attractive target to treat hematologic malignancies.  
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The most commonly found mutated gene in lymphoid neoplasm is myeloid 

differentiation primary response protein 88 (MYD88) (>22%), a TLR signaling adapter 

molecule which can be affected by gain-of-function mutations, mainly the nucleotide 

substitution leucine to proline in codon 265 (MYD88 L265P) (Rousseau and Martel, 

2016). This mutation leads to ERK1/2 activation in the absence of TLR cognate ligands 

such as lipopeptide and Flagellin (Rousseau et al., 2016). 90% of lymphoplasmacytic 

lymphoma/Waldenström macroglobulinemia (WM), an indolent incurable B cell non-

Hodgkin Lymphoma, have MYD88 L265P mutations (Treon et al., 2015). MYD88 

mutations can also be found in Chronic Lymphocytic Leukemia (CLL) or an activated B-

cell-like (ABC) subgroup of Diffuse Large B Cell Lymphoma (DLBCL), the most common 

form of non-Hodgkin lymphoma.   

DLBCL has a heterogeneous molecular origin, and future therapies will target the 

molecular defects responsible for oncogenic progression in specific subsets. Molecular 

heterogeneity means that tumor cells use different pathways to escape cell death 

signals and proliferate. The overexpression of the anti-apoptotic B-cell lymphoma 2 

(BCL-2) protein is a common feature of DLBCL (Rosenwald et al., 2002) associated with 

poor prognosis (Hermine et al., 1996). BCL2 plays a key role in regulating intrinsic 

apoptosis via controlling cytochrome c release from the mitochondria (Yang et al., 

1997). Venetoclax (ABT-199) is the first BCL-2 inhibitor approved by the FDA, alone or 

in combination, to treat several hematologic malignancies (Roberts, 2020). Previous 

studies showed that simultaneous inhibition of the MKK1/2 - ERK1/2 pathway and 

antiapoptotic Bcl-2 family members had superior anticancer effects against acute 

myeloid leukemia, colorectal, melanoma, and lung and pancreatic cancers (Sale and 
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Cook, 2013; Tan et al., 2013; Airiau et al., 2016). Therefore, we aimed to investigate the 

combined effect of BCL2-TPL2 dual inhibition in the DLBCL cell line. 

In this report, we studied the effectiveness of inhibiting TPL2 and the classical MKK1/2 - 

ERK1/2 pathway, in the presence or absence of TLR ligands, on cell viability in non-

Hodgkin lymphoma. In addition, we investigated whether the simultaneous inhibition of 

TPL2 and BCL2 is an efficient strategy to reduce DLBCL cell viability.  

 

2.3 Methods 

 

2.3.1 Cell culture 

The immortalized BCWM.1 cell line from a MYD88[L265P] WM patient was obtained 

from Dr. Steve Treon (Bing Center for Waldenstrom's Macroglobulinemia, Harvard 

Medical School). Immortalized Human Diffuse Large B-Cell Lymphoma OCI-Ly2 cells 

were graciously provided by Prof. Minden (University of Toronto). RAMOS cells (Burkitts 

B-cell lymphoma) were purchased from ATCC (Rockville, MD, USA). OCI-Ly2, RAMOS, 

and BCWM.1cells were cultured in RPMI 1640medium (#350-000-CL, Wisent) 

supplemented with 10% fetal bovine serum (#080-450, Wisent) and 1% 

penicillin/streptomycin (#450-201-EL, Wisent).  All cells were maintained at 37°C in 5 % 

CO2 and 95% humidity. The medium was changed every 48–72 hours until cells were 

treated as described. 
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2.3.2 Trypan blue exclusion assay 

Cells were seeded in 12-well plates at a concentration of 2.5x105 cells /mL. Cells were 

treated with increasing concentrations of inhibitors, including 5Z-7-Oxozeaenol (#HY-

12686, MedChemExpress); BI605906 (#HY-13019, MedChemExpress); MEK162 

(Binimetinib) (#HY-15202, MedChemExpress); PD184352 (CI-1040) (#HY-50295, 

MedChemExpress); Compound 1 (C1); and Compound 34 (C34), kindly provided by 

Professor Sir Philip Cohen (MRC PPU, University of Dundee, UK). The plates were 

incubated at 37°C in a humidified atmosphere containing 5% CO2. After incubation, 

cells were centrifuged and resuspended in phosphate-buffered saline (PBS) (#311-010-

CL, Wisent). Then trypan blue (#609-130-EL, Wisent) was added (1:1), and viable cells 

were counted under a microscope using a hemocytometer.  

 

2.3.3 Flow cytometry analysis of cell death by propidium iodide (PI) staining 

OCI-Ly2 and Ramos cells were seeded at 2.5x105 cells/mL and treated with PD184352 

at IC50 (4 and 3 µM respectively) for 72 hours. As a positive control, cells were treated 

with 1.6mM H2O2 for 24 hours. Prior to analysis by flow cytometry (BD LSRFortessa X-

20), cells were washed and resuspended in 500 μL of Binding Buffer (#1006, BioVision) 

and incubated at dark with 1 µL of Propidium Iodide (PI, 250 µg/mL) (#1056, BioVision) 

staining for 5 minutes at room temperature. A total of 10,000 events were acquired and 

data were analyzed using FlowJo software. 
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2.3.4 MTT cell proliferation assay 

OCI-Ly2 and Ramos cells were seeded in 96-well plates and incubated with increasing 

concentrations of C1 and C34 (provided by Dr. Cohen Lab, Dundee University) alone or 

in combination with ABT199 (Venetoclax) (#HY-15531, MedChemExpress) and ABT263 

(Navitoclax) (#HY-10087, MedChemExpress). In addition, OCI-Ly2 cells were treated 

with 625nM of Doxorubicin; 625nM of Vincristine; 10µM of Cyclophosphamide; or 

1µg/mL of Rituximab. Cell numbers were assessed with the Vybrant MTT Cell 

Proliferation Assay Kit (#V-13154, Thermo Fisher Scientific Inc.), according to the 

manufacturer protocol. In short, cells were incubated with MTT solution (1mM) at 37°C 

for 2 hours, then centrifuged, and DMSO (200 µL) was added. The plate was incubated 

at 37°C for 30 minutes and absorbance was measured with a Tecan Infinite M1000 

microplate reader at 540 nm using “I-control 1.5” software. Optical density (OD) values 

were converted to cell numbers based on a standard curve equation generated using 

standard samples with known cell numbers (2-fold dilutions) and their correlated OD 

values.  

 

2.4 Results 

2.4.1 The susceptibility of the BCWM.1 cell line to TAK1-IKK-TPL2-MKK1/2 

pathway inhibitors is dependent on the presence of TLR activation. 

We have previously shown that the most common mutation found in hematologic 

malignancies, namely MYD88[L265P], leads to ERK1/2 activation via TPL2 in a 

heterologous expression system (Rousseau and Martel, 2016). We hypothesize that 

proliferative signals may be mediated by increased constitutive activation of ERK1/2 via 
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TPL2. Therefore, inhibition of key molecular effectors of ERK1/2 activation by 

MYD88[L265P] should decrease the proliferation of WM lymphoma cells. We exposed 

the BCWM.1 cell line from a MYD88[L265P] WM patient to 5Z-7-Oxozeaenol (TAK1 

inhibitor) (Fig. 1A); BI605906 (IKK inhibitor) (Fig. 1B); Compound 1 (TPL2 inhibitor) (Fig. 

1C); or MEK162 (MKK1/2 inhibitor) (Fig. 1D), all upstream activators of ERK1/2. The 

TAK1 inhibitor decreased cell viability at concentrations close to those required to 

prevent TAK1 protein kinase activity in cells, whereas both BI605906 and Compound 1 

decreased cell viability, only at doses much higher than those required for maximal 

protein kinase inhibition. Finally, no impact was noted in the presence of the MKK1/2 

inhibitor.  

We then repeated the experience in the presence of agonists of Toll-Like Receptors 

(TLRs), namely PAM3CSK4, a TLR1/2 agonist; Flagellin, a TLR5 agonist; and Poly(I:C), 

a TLR3 agonist. Under the stimulated conditions, in contrast to the unstimulated ones, 

we noted a significant decrease in survival of the BCWM.1 cells in the presence of the 

TPL2 (Fig. 2A), IKK (Fig. 2B), and MEK1/2 (Fig. 2C) inhibitors.  

Therefore, the impact of inhibition of the TPL2-MKK1/2 pathway on BCWM.1 cells is 

dependent on the environmental context. Next we focused on determining the impact of 

TPL2 inhibition on cells arising from other lymphomas.  

 



53 
 

 

Fig. 1 Susceptibility of the BCWM.1 cell line to MEK-ERK pathway inhibitors. 

Cell viability after treatment with (A) 5Z-7-Oxozeaenol; (B) BI605906; (C) Compound 1 

(C1); and (D) MEK162 for 72 hours. Viability was measured using the Trypan Blue 

exclusion assay. Horizontal red lines represent the initial number of seeded cells. 
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Shown is the mean value (SD) from three experiments (n=6, one-way ANOVA with 

Dunnett's post hoc test, *** p < 0.001, ** p < 0.01, * p < 0.05). 
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Fig. 2 Effects of stimulating signals in the presence of MEK-ERK pathway 

inhibitors on BCWM.1 cell viability. 

BCWM.1 cells were stimulated with Polyinosinic-Polycytidylic acid (Poly I:C,10 µg/mL, 

75 minutes); Pam3CysSerLys4 (PAM,1 µg/mL, 45 minutes); and Flagellin 

Pseudomonas aeruginosa (FLA-PA, 200 ng/mL, 30 minutes), then treated with (A) 

Compound 1 (C1, 10 µM), (B) BI605906 (BI, 10 µM), and (C) MEK162 (MEK, 50 µm) for 

48 hours. Viability was measured using the Trypan Blue exclusion assay. Horizontal red 

lines represent the initial number of seeded cells. Shown is the mean value (SD) from 

three independent experiments (n=6, one-way ANOVA with Dunnett's post hoc test, *** 

p < 0.001, ** p < 0.01, * p < 0.05). 

 

2.4.2 TPL2-MKK1/2 inhibition results in cytostatic effect on B-cells isolated from 

lymphomas.   

Next we studied the impact of MKK1/2 inhibition on B-cell lymphomas. OCI-Ly2 cells 

were treated with the MKK1/2 inhibitor PD184352 (CI-1040). Results showed that 

PD184352 reduced cell proliferation in a dose-dependent manner (Fig. 3A). Similar 

results were obtained with the Burkitt lymphoma cell line Ramos (Fig. 3B). In both cell 

lines, OCI-Ly2 and Ramos, PD184352 at IC50 (4 and 3 µM, respectively) produced 

cytostatic effects but not cytocidal (Fig. 3C). To test the involvement of TPL2 in the 

proliferation of OCI-Ly2 cells, they were exposed to either MEK162 or Compound 1, 

which efficiently decreased cellular proliferation (at IC50 5 µM) and induced death at 

higher doses (10 µM) (Fig. 4A). These concentrations are at least two-fold higher than 

the concentration required to achieve maximal TPL2 inhibition and prevent ERK1/2 
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phosphorylation. The effect of Compound 1 does not appear to be restricted to OCI-Ly2 

cells, as a similar trend was also observed in the Burkitt lymphoma cell line Ramos (Fig. 

4B). At the highest dose tested (10µM), Compound 1 was more effective than MEK162 

in both cell lines. Moreover, Compound 1 was almost as efficacious as Rituximab, 

Doxorubicin, and Vincristine (standard DLBCL therapies) in decreasing OCI-Ly2 cell 

numbers (Fig. S1), not only preventing proliferation but also leading to cell death. Taken 

together these results indicate that while TPL2-MKK1/2 inhibition leads to cytostatic 

effect, Compound 1 has cytocidal effect at high concentrations, suggesting that it acts 

via targeting additional kinases. 
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Fig 3. Impact of MKK1/2 inhibition on B-cell viability.  

A. OCI-ly2 cells or B. Ramos cells were seeded in 12-well plates at 2.5x105 cells/mL 

and treated with increasing concentration of PD184352 for 72 hours. Each treatment 

was done in duplicate, and the experiments were performed at least three times. Cell 

viability was measured with the Trypan Blue exclusion assay. Data presented as the 

mean ± S.E.M. (one-way ANOVA with Dunnett test ***, p < 0.001; **, p < 0.01; *, p < 

0.05). C. Flow cytometry histograms showing propidium iodide (PI) staining after 

treatment with PD184352 at IC50. OCI-Ly2 cells (middle panel) or Ramos cells (right 

panel) were stained with PI after 72 hours of treatment, as in A and B. 
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Fig 4. Impact of TPL2 inhibition on B-cell viability.  

A. OCI-ly2 cells were seeded in 96-well plates (5x104 cells/ 100 µL) and incubated with 

an increasing concentration of Compound 1 (C1) or MEK162. The cell number was 

assayed at 72 hours with the Vybrant MTT Cell Proliferation Assay Kit. The lower 



60 
 

dashed lines represent the number of cells seeded, while the top line represents the 

end-of-experiment cell number. B. Ramos cells were treated with C1 or MEK162, and 

the cell number was measured after 48 hours of incubation, as in A. Each experiment 

included four replicates and was repeated three times. The results are expressed as the 

mean ± S.E.M. of a single representative experiment. 

 

2.4.3 Dual therapies using BCL2 and TPL2 inhibitors show no interaction towards 

decreasing OCI-LY2 cell viability. 

To explore the relationship between molecular defects and drug responsiveness, we 

delineated molecular pathways that are affected in  a DLBCL cell line, namely OCI-Ly2 

cells (Tweeddale et al., 1987). The cells were isolated from a 50-year-old male at 

relapse, with TP53 deletion; the isolated cells were MYC negative. They express low 

levels of the anti-apoptotic MCL1 protein but high levels of BCL-2, which correlates with 

their responsiveness to the BCL-2 inhibitors, namely ABT-199 (Klanova et al., 2016). 

Accordingly, we found a similar dose-dependent decrease in OCI-Ly2 cell viability as 

compared to ABT199 (Venetoclax) (Souers et al., 2013) (Fig. 5A) or to ABT263 

(Navitoclax) (Tse et al., 2008) (Fig. 5B), two BCL-2 inhibitors. Therefore, BCL-2 provides 

necessary signals to OCI-Ly2 cells to escape cell death. In accordance with results 

presented in Fig.3, we observed a dose-dependent decrease in OCI-Ly2 cells correlated 

to increasing concentrations of two related TPL2 inhibitors, i.e. Compound 1 (Fig. 5C) 

and Compound 34 (Fig. 5D). Since BCL2 and TPL2 are associated with distinct cellular 

functions, survival, and proliferation, we hypothesize that dual inhibition may provide 

greater inhibitory potential in OCI-LY2 cells. Therefore, OCI-Ly2 cells were exposed to 
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TPL2 inhibitors with BCL2 inhibitors (Fig. S2), and drug interaction was assessed using 

two-way ANOVA (Fig. 6). No significant interactions were discovered between these two 

inhibitor families in OCI-Ly2 cells. 

 

 

Fig. 5 Single therapies reduced OCI-LY2 cell viability in a dose-dependent manner. 
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Herein presented are dose-viability plots of OCI-LY2 cell viability following treatment 

with (A) ABT199; (B) ABT263; (C) Compound 1 (C1); and (D) Compound 34 (C34) for 

72 hours. Cells were seeded in 96-well plates (2.5x104 cells/ 100 µL), and viability was 

measured using MTT assay. Horizontal red lines represent the initial number of seeded 

cells. Each bar represents a percentage value normalized to the mean value of the 

control group treated with a vehicle only (DMSO 0.1 %) with SD of three independent 

experiments (n=6, one-way ANOVA with Dunnett's post hoc test, *** p < 0.001, ** 

p < 0.01, * p < 0.05). 
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Fig. 6 Dual therapies show no significant interaction in OCI-LY2 cells.  

Herein presented is OCI-LY2 cell viability following treatment with (A) Compound 1 (C1) 

and ABT263; (B) Compound 1 (C1) and ABT199; (C) Compound 34 (C34) and ABT263; 

and (D) Compound 34 (C34) and ABT199 for 72 hours. Viability was measured using 

MTT assay. Shown is the mean value (SD) from three independent experiments (n=6, 
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two-way ANOVA with Bonferroni post hoc test to compare means by row, *** p < 0.001, 

** p < 0.01, * p < 0.05).  

 

2.5 Discussion 

In this report, we confirmed that blocking the ERK1/2 signaling cascade alone seems to 

be mainly cytostatic and that its antitumor activity may not necessarily lead to tumor 

regression (Montagut and Settleman, 2009).  We noted that under basal conditions, no 

significant loss in cell viability could be discerned at concentrations known to completely 

prevent activation of the TPL2-MKK1/2 pathway in BCWM.1, OCI-Ly2, or RAMOS 

lymphoma cells. Interestingly, triggering TLR-signaling in BCWM.1 cells sensitizes these 

cells to TPL2-MKK1/2 pathway inhibition, leading to a significant loss in viability. This is 

not only true for TLR agonists activating MYD88 (PAM3CSK4 or Flagellin) but also 

agonists acting independently of MYD88 through the TRIF-signaling adaptor (Poly I:C), 

suggesting that the combination of TPL2-MKK1/2 signaling inhibitors in the presence of 

strong TLR activation triggers alternative cell death mechanisms not present under 

unstimulated conditions. This opens novel avenues of investigation with unconventional 

combination therapies. 

An interesting result is the impact of Compound 1 at high concentrations on OCI-Ly2 

cell viability. At the highest dose tested (10µM), Compound 1 was almost as efficacious 

as Rituximab, Doxorubicin, and Vincristine in decreasing OCI-Ly2 cell numbers, not only 

preventing proliferation but also leading to cell killing. This effect is likely mediated by 

inhibition of other targets in addition to TPL2 and ERK1/2. Whether this new target acts 



65 
 

in concert with or independent of ERK1/2 activation remains to be determined. The 

other target is likely another protein kinase, as Compound 1 is an ATP competitive 

inhibitor that came from a tyrosine kinase inhibitor collection (Green et al., 2007). Using 

the published profile of kinases affected by Compound 1 (Hall et al., 2007), the second 

most affected protein kinase is CAMKII. Interestingly, CAMKIIγ gamma stabilizes the c-

Myc protein (downstream effecter of ERK1/2) through its phosphorylation, and this 

inhibition of CAMKII reduced tumor burden in T cell lymphomas (Gu et al., 2017), thus 

raising the possibility that Compound 1 serves to decrease CAMKII activity at the 

highest concentrations used, thus reducing MYC stability and being sufficient to induce 

killing. However, it is more likely that Compound 1 acts via the combined action of the 

kinases it targets, preventing ERK1/2 induced c-Myc gene expression via TPL2 and 

MYC protein destabilization via CAMKII (Yasuda et al., 2008).  

 Furthermore, ERK1/2 can phosphorylate the same residue as CAMKII (Ser62) on MYC 

(Pulverer et al., 1994), raising the possibility that inhibition of one kinase can be 

compensated by another, thus providing another pathway by which Compound 1 could 

be acting to induce cell killing. As Compound 1 was developed for its selectivity towards 

TPL2, it may be interesting to revisit the original series of compounds and those of the 

related quinoline-3-carbonitriles series for their potency in killing DLBCL cells (Green et 

al., 2007; Hall et al., 2007). These other compounds may have greater potency for 

lymphoma cell killing and enable the development of novel anti-lymphoma drugs that 

target lymphoma unresponsive to ERK1/2 cascade inhibition. Adding novel chemical 

families to the arsenal of drugs that can impact lymphomas will be an important element 
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in targeting the molecular heterogeneity of tumor cells and providing patient-specific 

therapies. 

Alternative ways to enhance the effectiveness of TPL2-MKK1/2 pathway inhibitors 

include their combination with anti-survival inhibitors.  It has been postulated that 

oncogenic kinase inhibitor efficacy may be boosted by the presence of BCL-2 inhibitors 

(Cragg et al., 2009). Furthermore, previous studies indicate that the therapeutic benefit 

of BCL-2 inhibitors alone, such as ABT-199 and ABT-263, is limited due to acute, dose-

dependent thrombocytopenia (Itchaki and Brown, 2016). However, our data in OCI-Ly2 

cells showed no significant interaction between these two families of inhibitors, with 

much greater efficacy belonging to the anti-BCL-2 family in this cell line. Therefore, 

future studies should consider other combination therapies with the TPL2-MKK12 

pathway that may yield higher and more durable responses, while limiting detrimental 

effects. 
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2.7 Supplementary data 

 

Fig. S1 Impact of standard immunochemotherapies on B-cell viability.  

OCI-Ly2 was seeded in 96-well plates (2.5x104 cells/ 100 µL) and incubated with 

625nM of Doxorubicin, 625nM of Vincristine, 10µM of Cyclophosphamide, or 1µg/mL of 

Rituximab, and the cell number was assessed using the Vybrant MTT Cell Proliferation 

Assay Kit. Each experiment contained four replicates and was repeated three times. 

The results are expressed as the mean ± S.E.M. of a single representative experiment. 
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Fig. S2 The effect of dual therapies on OCI-LY2 cell viability. 

Dose-viability plots of OCI-LY2 cells following treatment with (A) Compound 1 (C1) and 

ABT263; (B) Compound 34 (C34) and ABT263; (C) Compound 1 (C1) and ABT199; and 

(D) Compound 34 (C34) and ABT199 for 72 hours. Cells were seeded in 96-well plates 

(2.5x104 cells/ 100 µL) and viability was measured using MTT assay. Horizontal red 

lines represent the initial number of seeded cells. Shown is the mean value (SD) from 

three independent experiments (n=6). 



73 
 

 

Preface 

Results from chapter 2 showed that inhibition of ERK1/2 signaling via targeting either 

TPL2 or MKK1/2 mainly reduced cell proliferation in B cell NHL cell lines, namely OCI-

LY2 cells, representing DLBCL (the most common type of NHL) and RAMOS cells 

representing Burkitt lymphoma (a rare type of B cell NHL). Interestingly, Compound 1 at 

higher concentrations than those required to inhibit TPL2 activity induced killing effects, 

probably due to inhibiting other off targets. These findings indicate that inhibiting 

multiple oncogenic targets can produce cytocidal effects. Therefore, in this chapter we 

have focused on combined therapies instead of single therapies. 
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3.1 Abstract: 

Diffuse large B-cell lymphoma (DLBCL) is the most common type of lymphoma in 

adults. Even though immunochemotherapy leads to significant improvements in the 

overall survival of DLBCL patients, as the disease progresses, more than half of the 

patients relapse due to disease heterogeneity. Thus, novel targeted therapeutics are 
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needed to replace the current frontline therapies. In subtypes of DLBCL overexpression 

of extracellular signal-regulated kinases, 1/2 (ERK1/2) and histone deacetylase 6 

(HDAC6) have been reported, making them valuable targets for therapeutic 

interventions. In this study, we have investigated the effectiveness of the mitogen-

activated protein kinase kinase 1/2 (MKK1/2) inhibitor - PD184352 (CI-1040) - and 

HDAC6 inhibitors - ACY1215 (ricolinostat) and Sahaquine- both as single anti-

lymphoma agents and in combination, in preclinical models. Monotherapies generally 

suppressed the growth of B-cell lymphoma cell lines by disrupting cell cycle 

progression. To enhance the anti-lymphoma therapeutic efficacy, we combined MKK1/2 

and HDAC6 inhibitors in a cell culture model. Promising cytocidal results were obtained 

from both combinations, with apoptosis induction observed in the Sahaquine with 

PD184352 group but not in the PD184352 with ACY1215 group. Proteomic analysis 

was carried out to identify the molecular targets of the experimental therapies. This 

study provides insight into innovative strategy and suggests that dual MKK1/2 and 

HDAC6 inhibition acts additively in DLBCL. Therefore, our study results show promise 

as a more efficacious clinical strategy for the improvement of lymphoma treatment in the 

future than a single therapy. 

 

3.2 Introduction 

Diffuse large B-cell lymphoma (DLBCL), the most common type of adult lymphoma, is 

an aggressive malignancy affecting mature B lymphocytes. Clinical, genetic, and 

molecular heterogeneities are defining characteristics of DLBCL [1]. Although most 

patients initially respond to immunochemotherapy (R-CHOP), less than half of them 
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achieve durable remission [2-7]. Thus, development of novel targeted therapies is 

particularly attractive as an alternative to standard chemotherapy associated with 

adverse effects. Deregulation of ERK signaling is a prominent feature of B-cell 

lymphomas [8, 9] including DLBCL [10, 11]. Moreover, histone-modifying gene 

mutations are common in DLBCL and are likely to result in reduced acetylation and 

enhanced methylation which can promote malignant transformation [12, 13]. 

Extracellular signal-regulated kinases 1/2 (ERK1/2) are activated by mitogen-activated 

protein kinase kinase 1/2 (MKK1/2) via signals from variant receptors including Toll-like 

receptors via MYD88 [14]; B-cell receptor [15, 16]; and Receptor tyrosine kinases [17, 

18]. Activation of ERK1/2 leads to their phosphorylation and the initiation of cellular 

responses [19], such as controlling c-MYC expression [20-22] and regulating NF-κB 

activity [23].  

Inhibitors targeting the ERK1/2 signaling pathway have received widespread attention 

based on their central role in regulating the growth and survival of cells [24, 25]. 

However, several ERK signaling inhibitors failed clinical trials as monotherapies, 

including the MKK1/2 inhibitor PD184352 [26]. PD184352 was well-tolerated, but it did 

not show sufficient anti-cancer activity when used alone [27]. Other FDA-approved 

inhibitors of the ERK1/2 pathway are usually used in combinations in order to improve 

the clinical outcome [28-30]. In pre-clinical models, they were tested in combination with 

pan-histone deacetylase (HDAC) inhibitors, and the results suggested that this 

combination provides a promising therapeutic strategy for various cancers such as 

leukemia [31, 32], colon and lung adenocarcinoma [33], pancreatic cancer [34], multiple 

myeloma [35], ovarian cancer [36], and brain tumor [37, 38]. 
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HDAC inhibitors emerged as promising therapeutics due to their ability to induce growth 

arrest and apoptosis [39]. Several pan-HDAC inhibitors have been FDA-approved, 

including SAHA, a hydroxamic acid derivative used for the treatment of T cell lymphoma 

[40]. However, the clinical efficacy of pan-HDAC inhibitors is limited due to their 

profound side effects [41, 42]. To overcome this obstacle, selective HDAC inhibitors 

have been developed, including ACY1215, an HDAC6 inhibitor.   

Recent evidence showed that one of the most frequently altered HDACs in DLBCL is 

histone deacetylase 6 (HDAC6), a class IIb member of HDACs [43, 44]. HDAC6 is a 

deacetylase present mainly in the cytoplasm and it controls the activity of various non-

histone proteins by catalyzing the removal of acetyl groups from lysine residues. 

HDAC6 mediates reversible deacetylation of α-tubulin [45]; heat shock protein 90 

(HSP90) [46]; MYD88 [47]; ERK1 [48]; peroxiredoxin I and II [49]; p65 [50, 51]; and p53 

[52]. Additionally, it regulates c-Myc expression [53] and NF-κB activity [54, 55]. 

Moreover, HDAC6 plays a protective role in damaged cells by promoting DNA repair 

[56], regulating cell viability in response to misfolded protein stress [57] and preventing 

apoptotic signaling proteins from translocation to the mitochondria [58-60]. 

Although ACY1215 had a good safety profile in lymphoma patients [61], it failed clinical 

trials due to the lack of significant response [62]. One of the reasons is the 

concentration plateau, i.e. its blood concentrations cannot be increased to achieve the 

therapeutic range. To enhance its effectiveness at physiological concentrations, 

ACY1215 has been tested in combinations [62, 63]. 

Another HDAC6-selective inhibitor, Sahaquine, was developed with high selectivity 

towards HDAC6 at nanomolar concentrations. It is a new hydroxamic acid hybrid 
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molecule that has shown antitumor activity against glioblastoma [64],  as well as breast, 

bone, and liver human cancer cell types [65]. Sahaquine safety and metabolism were 

evaluated in the Zebrafish model, showing a good safety profile [66]. Sahaquine anti-

lymphoma effectiveness has not been investigated as a single therapy or in the 

combination with a MKK1/2 inhibitor.  

 In this study, we tested the susceptibility of human-derived B-cell lymphoma cell lines 

(OCI-LY2, Ramos, BCWM.1) to Sahaqine, ACY1215, and PD184352 as monotherapies. 

This was followed by the assessment and quantification of the combination of 

PD184352 with Sahaquine or ACY1215 to evaluate the dual therapies’ combined effect 

in a cell culture model. The interaction between Sahaqine and PD184352 was 

compared to ACY1215 with PD184352 in the OCI-LY2 DLBCL cell line. Broad-approach 

proteomic analysis was used to identify the molecular targets of the Sahaqine and 

PD184352 combination. 

 

3.3 Methods and Materials 

3.3.1 Cell culture 

OCI-LY2 human DLBCL cells were graciously provided by Prof. Minden (University of 

Toronto, Ontario Cancer Institute). BCWM.1 human Waldenstrom Macroglobulinemia 

cells were obtained from Prof. S.P. Treon (Bing Center for Waldenström's 

Macroglobulinemia, Dana-Farber Cancer Institute, Boston, Massachusetts, USA). 

RAMOS human Burkitt Lymphoma cells were purchased from ATCC (Rockville, MD, 

USA). Cells were grown in RPMI 1640 medium (#350-000-CL, Wisent) supplemented 
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with 10% fetal bovine serum (#080-450, Wisent) and 1% penicillin/streptomycin (#450-

201-EL, Wisent), incubated at 37°C with 5% CO2 and 95% relative humidity. Cells were 

passaged every 2–3 days. 

3.3.2 Cell counting assay 

For mono- and dual-therapies, cells were treated with MKK1/2 inhibitor PD184352 (CI-

1040) (#HY-50295, MedChemExpress); HDAC6 inhibitor ACY1215 (Ricolinostat) (#HY-

16026, MedChemExpress); and HDAC6 inhibitor Sahaquine (synthesized as previously 

described) [64] alone or in combination. For OCI-LY2 and RAMOS cell lines, 2-fold 

serial dilutions were prepared, whereas for the BCWM.1 cell line, 1.5-fold serial dilutions 

of inhibitors were prepared. For dual therapies, both inhibitors were combined at the 

approximate same effect level (IC50 of drug A with IC50 of drug B) with a fixed 

combination ratio. After 72 hours of treatment, cells were washed with phosphate-

buffered saline (PBS) and incubated with propidium Iodide (PI) (#1056, BioVision) in the 

dark for 5 minutes (to exclude dead cells). Viable cells were counted using a BD 

LSRFortessa X-20 flow cytometer. To quantify the drug interaction, data were analyzed 

using CompuSyn (V 1.0) software based on the method described by Chou and Talalay 

(Chou and Talalay, 1984) for dose-effect analysis. Combination index (CI) values were 

classified as follows: CI < 0.3 = highly synergistic; 0.3–0.7 = synergistic; 0.7–0.9 = 

moderate to slight synergistic; 0.9–1.1 = nearly additive; 1.1–1.45 = slight to moderate 

antagonistic; 1.45–3.3 = antagonistic; and >3.3 = strong antagonistic. 

3.3.3 Cell cycle assay 

OCI-LY2 cells (1x106 cells for single therapies and 2x106 for dual therapies) were 

collected at different time points after treatments and washed with PBS. Cells were fixed 
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and permeabilized in 70% cold ethanol for 30 minutes at 4°C. Following fixation, 

samples were washed with PBS and incubated in the dark with 20 μl Propidium Iodide 

(PI; 1 mg/mL) (#1056, BioVision) and 5 μL RNase A 10 mg/mL (#EN0531, 

ThermoFisher Scientific) in 480 μL PBS for 30 minutes at room temperature. Samples 

were analyzed using a BD LSRFortessa X-20 flow cytometer. The effect on cell cycle 

progression based on the DNA content of stained cells was determined using the 

FlowJo software. 

3.3.4 Apoptosis and necrosis assay 

Treated OCI-LY2 cells (1x106 cells for single therapies and 2x106 for dual therapies) 

were harvested at different time points. Early apoptosis was assessed using the 

Annexin V-EGFP reagent (#1004, BioVision). Late apoptosis and necrosis were 

assessed using PI (#1056, BioVision). After treatment, cells were washed and 

resuspended in 500 μL of Binding Buffer (# 1006, BioVision), then incubated with 1 μL 

of Annexin V-EGFP and 1 μL of PI for 5 minutes in the dark at room temperature. Cells 

were analyzed by a BD LSRFortessa X-20 flow cytometer. Based on staining, cells were 

classified as viable (annexin V-negative, PI-negative); early apoptotic (annexin V-

positive, PI-negative); and late apoptotic/necrotic cells (annexin V-positive, PI-positive). 

The percentage of cells in each quadrant was quantified using the FlowJo software. 

3.3.5 Nuclear staining 

After treatment, OCI-LY2 cells were washed with PBS and incubated with Hoechst 

33342 staining solution (1/2000, #H1399, Invitrogen) in the dark for 10 minutes. 

Following incubation, the staining solution was removed and the cells were washed with 

PBS. Cells were placed on imaging slides and covered with Carl Zeiss cover glasses 
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(#474030-9000). Slides were imaged with a confocal microscope (Zeiss Axio Observer 

Z1 LSM700) using a 405 nm laser. 

 

3.3.6 Immunostaining for flow cytometry analysis 

3.3.6.1 Cytoplasmic proteins 

Following treatment, OCI-LY2 human DLBCL cells (1x106 cells for single therapies and 

2x106 for dual therapies) were washed with PBS (#311-010-CL, Wisent) and fixed with 

4% paraformaldehyde (PFA) (10 minutes at room temperature, #252549, Sigma-

Aldrich). Following fixation, cells were washed with PBS and then permeabilized using 

0.1% Triton X-100 (10 min, #BP151-100, Fisher Scientific). Blocking was performed with 

10% Bovine Serum Albumin (BSA) (30 minutes, #A7906-50G, Sigma-Aldrich) in PBS 

and then incubated with primary antibodies (acetyl-α-tubulin K40, 1/200; Cell Signaling, 

#5335; phospho-p44/42 ERK1/2 Thr202/Tyr204, 1/200; Cell Signaling, #4370) in 10% 

BSA/PBS overnight at 4°C. Samples were incubated (5 minutes) and washed three 

times with PBS. Secondary antibodies (anti-rabbit Alexa Fluor 488, 1/500; Cell 

Signaling, #4412) in 10% BSA/PBS were incubated with samples for 1 hour in the dark 

at room temperature, then washed three times with PBS. Cells were then resuspended 

in PBS for flow cytometry acquisition. 

3.3.6.2 Nuclear proteins 

After treatment, OCI-LY2 cells (1x106 cells for single therapies and 2x106 for dual 

therapies) were washed with PBS then fixed and permeabilized with 1% PFA in 

Permeabilization Buffer (20 minutes at 4°C, #00-8333-56, Invitrogen). Samples were 

washed with Permeabilization Buffer and then blocked with 10% BSA in 
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Permeabilization Buffer for 30 minutes. Samples were incubated overnight at 4°C with 

primary antibody (acetyl-histone H3 K14, 1/200; Cell Signaling, #7627) in 10% 

BSA/Permeabilization Buffer. Following incubation, samples were incubated (5 minutes) 

and then washed three times with Permeabilization Buffer. Samples were incubated 

with a secondary antibody (anti-rabbit Alexa Fluor 488, 1/500; Cell Signaling, #4412) in 

10% BSA/Permeabilization Buffer for 1 hour in the dark at room temperature. Following 

incubation, cells were washed three times with Permeabilization Buffer. Cells were then 

resuspended in PBS for flow cytometry acquisition. 

3.3.7 Proteomic analysis 

Following the indicated treatments, OCI-LY2 cells (1x108 for single therapies and 

1.5x108 for dual therapies) were lysed using urea lysis buffer. The lysate from each 

sample was divided into two parts, the first part used for whole lysate proteomic 

analysis and the second for acetylpeptide enrichment analysis. 

3.3.7.1 Whole lysate analysis 

Samples were digested using an in-gel digestion technique. In short, samples were 

loaded onto a single stacking gel band to remove lipids, detergents, and salts. The 

single gel band containing all proteins was reduced with dithiothreitol (DTT), alkylated 

with iodoacetic acid, and digested with trypsin. 2 μg of extracted peptides were re-

solubilized in 0.1% aqueous formic acid and loaded onto a Thermo Acclaim Pepmap 

(Thermo, 75 μm ID X 2 cm C18 3 μm beads) precolumn and then onto an Acclaim 

Pepmap Easyspray (Thermo, 75 μm X 15 cm with 2 μm C18 beads) analytical column 

separation using a Dionex Ultimate 3000  μHPLC at 250 nL/min with a gradient of 2–

35% organic (0.1% formic acid in acetonitrile) over a period of three hours. Peptides 
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were analyzed using a Thermo Orbitrap Fusion mass spectrometer operating at 

120,000 resolution (FWHM in MS1) with HCD sequencing (15,000 resolution) at top 

speed for all peptides with a charge of 2+ or greater. The raw data were converted into 

*.mgf format (Mascot generic format) for search purposes, using the Mascot 2.6.2 

search engine (Matrix Science) against Human Uniprot sequences (2020). The 

database search results were loaded onto Scaffold v5.0 (Proteome Sciences) for 

statistical treatment and data visualization.  

3.3.7.2 Acetylpeptide enrichment analysis 

For enrichment experimentation, samples were digested and enriched for acetylated 

peptides by immunoaffinity purification using the PTMScan Acetyl-Lysine Motif [Ac-K] Kit 

(#13416, Cell Signaling) as recommended by the manufacturer. Acetylpeptides were 

analyzed using a Thermo Orbitrap Fusion mass spectrometer operating at 120,000 

resolution (FWHM in MS1) with HCD sequencing (15,000 resolution) at top speed for all 

peptides with a charge of 2+ or greater. The raw data were converted into *.mgf format 

(Mascot generic format) for search purposes using the Mascot 2.6.2 search engine 

(Matrix Science) against Human Uniprot sequences (2020). The database search 

results were loaded onto Scaffold v5.0 (Proteome Sciences) for statistical treatment and 

data visualization. Label free quantification on MS1 parent ion signals of acetylated 

peptides were generated, integrated, and compared using Pinnacle v1.1.103 (Optys 

Tech).  
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3.3.8 Statistical analysis 

All data were analyzed and plotted as mean ± SD using GraphPad Prism, unless 

otherwise indicated. Experiments were performed independently at least three times. To 

compare the control group (n=6) to each of the treated groups (n=6), a two-tailed one-

way analysis of variance (ANOVA) with Dunnett's post hoc test was used. An unpaired 

two-tailed Student's t-test was performed to compare two groups. The level of 

significance for all analyses was p < 0.05. (***), indicating statistical significance 

p < 0.001, (**) p < 0.01, (*) p < 0.05. 

 

3.4 Results 

 

3.4.1 Monotherapies reduce B-cell lymphoma cell line growth in a concentration-

dependent manner. 

The anti-lymphoma activity of the MKK1/2 inhibitor (PD184352) and two HDAC6-

selective inhibitors (Sahaquine and ACY1215) was tested in different B-cell lymphoma 

cell lines, including OCI-LY2, RAMOS, and BCWM.1 cell lines. Concentration ranges 

and approximate effect levels for each inhibitor in all of the cell lines were selected 

based on preliminary screens using the Trypan Blue exclusion assay. 

Each of the single inhibitors induced growth inhibition in a concentration-dependent 

manner in OCI-LY2 (Figure 1a, b, d); RAMOS (Figure S1a, b, d); and BCWM.1 (Figure 

S2a, b, d) cell lines, based on flow cytometry cell counting assay. The half maximal 

inhibitory concentration (IC50) values for PD184352, Sahaquine, and ACY1215 were 
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calculated in OCI-LY2 (4 µM, 5 µM, 1.5 µM), RAMOS (3 µM, 3 µM, 1 µM) and BCWM.1 

(6 µM, 7 µM, 2.5 µM), respectively, using CompuSyn (V 1.0) software and rounded to 

the next integer, except for ACY1215.  
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Fig. 1 Single and dual therapies reduced OCI-LY2 cell viability in a dose-

dependent manner. 

Dose-response plots of OCI-LY2 cell viability following treatment with (A) PD184352 

(PD), (B) Sahaquine (Sq), (C) PD and Sq, (D) ACY1215 (ACY), and (E) PD and ACY for 

72 hours. Each point represents a percentage value normalized to the mean value of 

the control group treated with vehicle only (DMSO 0.2 %). Horizontal bars represent the 

average values (SD) of at least three independent experiments (n=6, one-way ANOVA 

with Dunnett's post hoc test; *** p < 0.001; ** p < 0.01; * p < 0.05). Cell viability was 

measured using flow cytometry cell counting and data were analyzed using FlowJo 

software. 

3.4.2 MKK1/2-HDAC6 inhibitor combinations show additivity in OCI-LY2 and 

RAMOS cells, but antagonism in BCWM.1 cells. 

The interactions between the MKK1/2 inhibitor (PD184352) and either of the HDAC6 

inhibitors (Sahaquine or ACY1215) were studied in OCI-LY2, RAMOS, and BCWM.1 B-

cell lymphoma cell lines. Both combination of inhibitors (PD184352 and Sahaquine, or 

PD184352 and ACY1215) were added at increasing concentrations, maintaining a 

constant ratio between both inhibitors within an individual experiment. Cells were 

stained with PI and counted using flow cytometry to measure cell growth and generate 

the combination dose-response plots in OCI-LY2 (Figure 1c, e); RAMOS (Figure S1c, 

e); and BCWM.1 (Figure S2c, e) cell lines. 

To visualize drug interactions, the median-effect isobolograms were created using 

CompuSyn (V 1.0) software. In both combinations, the iso-effect points to different effect 

levels (IC50, IC75, IC90) being very close or on the corresponding additive line, 
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indicating an additive effect in OCI-LY2 (Figure 2a, b) and RAMOS cells (Figure 2c, d). 

However, in the BCWM.1 cell line, the iso-effect pointing across the effect levels in both 

combinations was above the corresponding additive line indicating antagonism in 

BCWM.1 cells (Figure 2e, f). 

To quantify these drug interactions, combination index (CI) values were calculated in the 

3 cell lines for both combinations. The interaction in OCI-LY2 cells between PD184352 

and Sahaquine [1:1.5 ratio] or PD184352 and ACY1215 [1:0.375 ratio] at different 

inhibitory levels (IC50 to IC95) showed decreasing CI values from (1.16 to 0.71) and 

(1.30 to 0.78), respectively (Table 1). Lower CI values were obtained in the first 

combination (PD184352 and Sahaquine) in comparison to the second combination 

(PD184352 and ACY1215) at all effect levels. Similar trends were observed in the 

RAMOS cell line with higher CI values at IC95 in certain combinations, namely 

PD184352 and Sahaquine (0.74) and PD184352 and ACY1215 (0.98) (Table 1). In 

contrast, CI values for both combinations in the BCWM.1 cell line showed 

predominantly antagonistic interactions at all inhibitory levels, with CI values higher than 

1.44 (Table 1). 
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Fig. 2 Isobolograms for the combination of MKK1/2-HDAC6 inhibitors in B-cell 

lymphoma human cell lines. 

The isobolograms illustrate the interactivity classifications for drug combinations of 

PD184352 and Sahaquine (A,C,E) or PD184352 and ACY1215 (B,D,F) at the ED50, 

ED75, and ED90 effect levels with a fixed combination ratio (within the same 

experiment) in OCI-LY2 (A,B); RAMOS (C,D); and BCWM.1 (E,F) cell lines. X and Y 

axes represent inhibitor concentrations (µM). If the iso-effect point (the point producing 

the same efficacy in combination, as in a single treatment) is located above, below, or 

on (very close to) the additive line, then the interaction is antagonistic, synergistic, or 

additive, respectively. Isobolograms were generated using CompuSyn (V 1.0) software. 
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Table 1 Combination Index (CI) values at different effect levels showed additivity 

in OCI-LY2 and RAMOS cells, but antagonism in BCWM.1 cells. 

CI values were scrutinized after 72 hours of exposure to PD184352 and Sahaquine or 

PD184352 and ACY1215 with a constant combination ratio. CompuSyn (V 1.0) software 

was used to calculate CI values at different effect levels. 

3.4.3 Dual therapies increased the percentage of cells at the sub-G1/G1 phase 

while decreasing the percentage at the S and G2 phases in the OCI-LY2 cell line. 

To determine the effect of single therapies and both combinations (PD184352 and 

Sahaquine or PD184352 and ACY1215) on cell cycle phase distribution in the OCI-LY2 

cell line, the DNA content of PI-stained cells was evaluated. 

The cell cycle profile after exposure to PD184352 (4 µM) for 24 hours exhibited a 

decrease in the proportion of cells in the sub-G1/G1 phase (Figure 3a) with a 

concomitant increase in S phase cells (Figure 3b). However, these responses were 

attenuated over time, in comparison to control cells treated with DMSO 0.2%. 

In the presence of Sahaquine (5 µM) or ACY1215 (1.5 µM), gradual accumulation of 

cells at sub-G1/G1 (Figure 3a) was observed over time, compared to control cells. No 

sub-G1 peak was detected in the case of Sahaquine (Figure S3a) or ACY1215 (Figure 

S3b) single treatment. 

Both combinations showed an increase in the fraction of sub-G1/G1 phase cells (Figure 

3a) and a decrease in the number of cells in S (Figure 3b) and G2 (Figure 3c) phases, 

compared to single therapies, with clear sub-G1 peaks in PD184352 and Sahaquine 

(Figure S3c) and PD184352 and ACY1215 (Figure S3d) groups. The effects of 



93 
 

PD184352 (4 µM) and Sahaquine (5 µM) dual treatment were more pronounced than 

the PD184352 (4 µM) and ACY1215 (1.5 µM) combination in all cell phases. 
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Fig. 3 Dual therapies increased the percentage of cells at sub G1/G1 and 

decreased the percentage at S and G2 phases compared to single therapies.  

Cell cycle distribution was scrutinized at 3 different time points (24, 48, 72 hours) in 

OCI-LY2 cells, for PD184352 (PD; 4 µM); Sahaquine (Sq; 5 µM); and ACY1215 (ACY; 

1.5 µM) treatments alone or in combination at IC50 concentrations. DNA content was 

labeled with propidium iodide solution and cells were subjected to FACS analysis. Three 

phases were identified: (A) sub G1/G1 phase; (B) S phase; and (C) G2 phase. Data 

were analyzed using FlowJo’s automated Dean-Jett-Fox algorithm. The percentage of 

cells in each phase is presented as the mean value (SD) from at least three 

independent experiments (n=6, unpaired two-tailed student t-test, *** p < 0.001, ** 

p < 0.01, * p < 0.05).  

3.4.4 Combined therapies exert cytocidal effects, whereas monotherapies show 

cytostatic effects. 

Based on previous results, we further investigated the cytocidal effects of both 

combinations (PD184352 with either Sahaquine or ACY1215) at their IC50 values, 

compared to single therapies in the OCI-LY2 cell line. To assess whether the cytocidal 

effects of both combinations were mediated by the induction of apoptosis or necrosis, 

Annexin V/ PI binding assay was performed. 

Flow cytometry analysis showed that the single therapy groups had mainly cytostatic 

effects after 72 hours of treatment, with 89%, 95%, and 93% viable cells in PD184352, 

Sahaquine, and ACY1215 groups, respectively (Figure 4a), compared to the control 
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group (95% viability). However, both combinations produced cytocidal effects, with 44% 

and 79% viable cells in PD184352 with Sahaquine, and PD184352 with ACY1215 

groups, respectively (Figure 4a). 

The PD184352 and Sahaquine combination showed the continuous presence of early 

apoptotic cells making up 12%, 18%, and 11% of the population at 24, 48, and 72 

hours, respectively (Figure S4a,c,e), with a concomitant increase in the percentage of 

late apoptotic and necrotic cells over treatment time from 12% to 46% (Figure S4a,c,e). 

This was not the case in the PD184352 and ACY1215 combination (Figure S4b,d,f). 

To confirm these results, apoptotic cells were visualized by DNA fragmentation assay 

using Hoechst 33342 nuclear staining. After 24 hours of treatment, confocal imaging 

showed that fragmented DNA and apoptotic bodies were mainly detected in the 

PD184352 and Sahaquine group (Figure 4b), and not in the single therapies or 

PD184352 and ACY1215 groups (Figure 4b). 
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Fig. 4 Monotherapies had cytostatic effects while combined therapies showed 

cytocidal effects with apoptosis induction in PD184352 with the Sahaquine group 

only. 

(A) Quantification of annexin V and propidium iodide staining, showing the percentage 

of OCI-LY2 cells in different quadrants, analyzed using FlowJo software. Shown is the 

mean value from three experiments (n=6). (B) Representative micrographs of OCI-LY2 

cells’ nuclei that were labeled with Hoechst 33342 staining after 24 hours of treatment. 

Cells were imaged using a confocal microscope and stained DNA was visualized using 

ImageJ. Cells in (A) and (B) were treated with IC50 concentrations of PD184352 (PD 

4 µM), Sahaquine (Sq; 5 µM), and ACY1215 (ACY; 1.5 µM) inhibitors alone or in 

combination. 

 

3.4.5 Single and dual therapies affect ERK phosphorylation and (α-tubulin/H3K14) 

acetylation. 

To explore the inhibitory activity of the single treatments and both combinations on 

MKK1/2, HDAC6, and global histone 3 (H3) deacetylation, we assessed ERK 

phosphorylation, α-tubulin, and H3K14 acetylation, respectively, using flow cytometric 

immunofluorescence analysis. 

OCI-LY2 cells were stimulated with phorbol 12-myristate 13-acetate (PMA,100 nM) for 

30 minutes after a 2-hour treatment with PD184352 (4 µM), Sahaquine (5 µM), 

ACY1215 (1.5 µM), and their combinations. PMA-induced phosphorylation of ERK was 

completely blocked in PD184352 alone and PD184352 combined with either Sahaquine 
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or ACY1215 groups (Figure 5a). Also, phosphorylated ERK levels were decreased in 

Sahaquine and ACY1215 groups by 15% and 23%, respectively (Figure 5a), compared 

to the PMA group. 

The acetylation of α-tubulin was not affected after 24-hour exposure to PD184352 

(4 µM) treatment (Figure 5b), whereas treatments with Sahaquine (5 µM) or ACY1215 

(1.5 µM) significantly increased α-tubulin acetylation by 5- and 48-fold, respectively 

(Figure 5b), compared to the control. However, the increase in α-tubulin acetylation after 

Sahaquine or ACY1215 treatments was not changed after the addition of PD184352 to 

Sahaquine or ACY1215 treatments (Figure 5b). 

The level of acetylated H3K14 was not affected by PD184352 (4 µM) treatment (Figure 

5c). The acetylation was increased after Sahaquine (5 µM) and ACY1215 (1.5 µM) 

exposure by 3.2-fold and 3.5-fold, respectively (Figure 5c), compared to the control 

following 24-hour treatment. Notably, the addition of PD184352 to Sahaquine or 

ACY1215 groups resulted in a further increase in H3K14 acetylation levels to reach a 4-

fold increase in comparison to the control (Figure 5c). 
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Fig. 5 Effects of single and dual therapies on ERK phosphorylation and (α-

tubulin/H3K14) acetylation. 

(A) Levels of phosphorylated ERK after phorbol 12-myristate 13-acetate (PMA,100 nM, 

30 min) stimulation in samples treated for 2 hours. Acetylation of (B) α-tubulin and (C) 

H3K14 following 24-hour exposure. OCI-LY2 cells were treated with PD184352 (PD; 

4 µM), Sahaquine (Sq; 5 µM), ACY1215 (ACY; 1.5 µM), and their combination, then 

subjected to FACS analysis. Data was analyzed using FlowJo software. Shown is the 

mean value (SD) of three experiments (n=6, unpaired two-tailed student t-test, *** 

p < 0.001, ** p < 0.01, * p < 0.05). 

 

3.4.6 Proteomic analyses after treatment with PD184352 and Sahaquine alone or 

in combination.  

To identify the molecular targets associated with the effectiveness of PD184352 and 

Sahaquine combination, proteomic analysis with acetylation enrichment was performed 

using acetylation immunoaffinity purification beads. 

LC–MS/MS-based proteomic analysis was carried out after 24-hour treatment with 

either PD184352 (4 µM) or Sahaquine (5 µM), in addition to the combination of 

PD184352 with Sahaquine, in OCI-LY2 cell line. In the whole lysate, 1804 proteins were 

identified (Table S1), whereas, 229 proteins were identified in the enriched lysate (Table 

S2). 



102 
 

To analyze the enriched proteomes, top hits were defined as the proteins that were 

mainly found acetylated in the combination group, with very low to absent acetylation 

levels in single treatment groups (0-1%), compared to the combination group, and 

completely absent (not acetylated) in the control group (0.2% DMSO). 

Based on these criteria, eight proteins were identified and manually examined for 

MS/MS spectral quality, with careful examination of the relative quantities using the MS1 

parent ion integration from Pinnacle, confirming the lack of trypsin cleavage of the 

acetylated lysine site after trypsin digestion. Four proteins were excluded after manual 

examination. The top four proteins included (from top to bottom) Actin-related protein 

2/3 complex subunit 2 (ARPC2); Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase 

mitochondrial (ECH1); Cathepsin D (CATD/CTSD; and Strawberry notch homolog 1 

(SBNO1) (Table 2). The abundance of these proteins (whole lysate) did not vary 

significantly between the single and dual treatment groups (Table 2). 
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Table 2 Top hit proteins that were mainly acetylated in PD184352 and Sahaquine 

combination group but not in the single treatment or control groups. 

OCI-LY2 cells were treated for 24 hours with PD184352 (4 µM) and Sahaquine (5 µM), 

alone or in combination, then lysed for proteomic analysis. For the whole lysate 

experiment, data were loaded onto Scaffold and expressed as normalized total spectra. 

For the acetylation enrichment experiment, data were loaded first onto Scaffold then 

Pinnacle to compare MS1 peptide peak areas (integrated MS counts across the LC 

peaks for each peptide) for relative comparisons. 

 

3.5 Discussion 

In this study, we demonstrated that the MKK1/2 inhibitor (PD184352) and HDAC6 

inhibitors (Sahaquine and ACY1215) alone reduced cell growth of B cell lymphoma cell 

lines, specifically OCI-LY2, RAMOS, and BCWM.1 cells. The combination of MKK1/2 

and HDAC6 inhibitors produced additivity in OCI-LY2 and RAMOS, but antagonism in 

BCWM.1. Monotherapies induced cytostatic effects by interfering with cell cycle 

progression in OCI-LY2. However, dual therapies showed cytocidal effects. The 

combination of PD184352 and Sahaquine induced apoptosis and showed superior 

effects compared to PD184352 and ACY1215 combination. 

Additivity was most apparent in the OCI-LY2 DLBCL cell line after treatments with 

PD184352 (MKK1/2 inhibitor) and either Sahaquine (in-house HDAC6 inhibitor) or 

ACY1215 (commercial HDAC6 inhibitor). Similarly, additivity was observed in another 
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tested B-cell lymphoma cell line (RAMOS). The patterns of CI values at different effect 

levels were similar to that observed previously in the OCI-LY2 cell line. However, the 

values of CI were lower in OCI-LY2, indicating that the interaction in the OCI-LY2 cell 

line is more favorable than in the RAMOS cell line. Conversely, antagonistic effects 

emerged in the BCWM.1 cell line after dual treatments. 

These findings can be explained in part by the presence of mutated MYD88 [L265P] in 

BCWM.1 cells, resulting in upregulated NF-κB activity [67] leading to antagonism, as 

signaling downstream of MYD88 activates both ERK1/2 and NF-κB pathways [9], 

whereas OCI-LY2 and RAMOS [68] cell lines have wild-type MYD88. Moreover, the 

RAMOS cell line harbors mutations in c-MYC [69], leading to c-MYC overexpression 

[70], while the OCI-LY2 cell line has wild-type c-MYC [71]. This could partially explain a 

higher sensitivity to the combinations in the OCI-LY2 cell line. Thus, we focused only on 

this cell line in further experiments. The OCI-LY2 cell line carries mutant p53 [71] which 

is a negative prognostic factor for DLBCL patients [72-76]. Therefore, dual MKK1/2 and 

HDAC6 inhibition can be considered as a potential alternative strategy to treat DLBCL 

with p53 aberrations, but not those with high NF-κB activity. Future studies will have to 

assess these combinations in DLBCL primary cells harboring mutant p53 with normal 

NF-κB activity.  

Single treatments induced growth inhibition rather than killing effects in B-cell lymphoma 

cell lines. The inhibition of MKK1/2 by PD184352 in the OCI-LY2 cell line mainly 

disrupted the cell cycle. However, cells can compensate for MKK-ERK pathway 

inhibition through regulatory loops and compensatory signaling to assure cellular 
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balance and stability [77, 78], thus leading to cell cycle perturbation attenuation over 

time. 

Treatment with both of the HDAC6 inhibitors resulted in cell cycle arrest with similar 

response patterns. At the same effect level (IC50), Sahaquine produced mild HDAC6 

inhibition, in comparison to ACY1215 which induced very strong HDAC6 inhibition, 

measured by α-tubulin acetylation. However, at IC50, the inhibitory effects were not 

limited to HDAC6 activity. Both Sahaquine and ACY1215 also inhibited ERK1/2 

enzymatic activity and triggered H3 hyperacetylation to the same extent.  

A previous study showed that Sahaquine can inhibit ERK1/2 activity in U251N human 

glioblastoma cells [64]. In this study, we obtained similar results in the OCI-LY2 

lymphoma cell line and showed that the levels of phosphorylated ERK1/2 were reduced 

after Sahaquine, as well as after ACY1215 treatment. Since HDAC6 can directly 

deacetylate ERK1 (K72), thereby promoting its activity, HDAC6 inhibition leads to an 

increase in ERK1 acetylation and a reduction of its activity [48]. However, that reduction 

in activity does not lead to the same impact on cultured cells as dual-therapy, 

suggesting that this decreased activity is not sufficient to achieve cytocidal effect and 

that the targeted ERK1/2 inhibitor is still required. 

The effects of Sahaquine and ACY1215 single treatments on H3 acetylation (H3K14) 

can be explained by the cross-inhibition of class I HDACs due to similarities in catalytic 

sites, as class I and class IIb HDACs possess catalytic tyrosine residue in the HDAC 

binding pocket [79].      

 



106 
 

Combining MKK1/2 and HDAC6 inhibitors induced cell death, as shown in B-cell 

lymphomas in vitro studies. Enhanced cytocidal effects were achieved by combining 

PD184352 with Sahaquine compared to the combination with ACY1215 based on cell 

cycle and apoptosis/necrosis studies. This data reflects the combination index values 

obtained. The lower CI values in the first combination refer to greater interaction 

between PD184352 and Sahaquine than PD184352 and ACY1215. This interaction led 

to apoptosis induction in the PD184352 with Sahaquine group. However, in the second 

group (PD184352 with ACY1215) apoptosis was halted. These findings can be 

explained by the fact that Sahaquine produced a milder increase in acetylated α-tubulin 

levels, whereas ACY1215 treatment resulted in dramatically increased levels of α-

tubulin acetylation. A recent study linked the acetylation levels of α-tubulin with the 

apoptotic process, suggesting the presence of threshold acetylation value that can 

trigger or attenuate apoptosis [80].  

Another study showed that high levels of α-tubulin acetylation can stabilize antiapoptotic 

protein (Mcl-1) and therefore inhibit apoptosis [81]. We obtained consistent results and 

showed that high acetylation levels of α-tubulin in Sahaquine or ACY1215 single 

treatment groups masked apoptotic cell death. Nevertheless, the additive effects 

resulting from combining PD184352 with Sahaquine abolished this effect and induced 

apoptosis. However, due to extremely high α-tubulin acetylation levels in the PD184352 

with ACY1215 group, this combination failed to produce apoptosis, but still induced 

apoptotic-independent cell death. 
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The combination effects on phosphorylated ERK1/2 and acetylated α-tubulin were 

comparable to that of single treatments. However, both combinations resulted in higher 

levels of H3 acetylation compared to Sahaquine or ACY1215 alone. The presence of 

enhanced H3 hyperacetylation can be explained as a cellular attempt to facilitate DNA-

repairing mechanisms [82, 83], after the DNA damage caused by dual therapies related 

to cell death. 

Proteomic analysis confirmed these findings and showed that the acetylation of ARPC2 

protein (K275, K295) [84] was mainly enhanced in the PD184352 with Sahaquine 

combination. ARPC2 belongs to the ARP2/3 protein complex that mediates actin 

polymerization in the cytoplasm and nucleus; therefore, it plays certain roles in cell 

motility [85]  and DNA double-strand break reparation via a homology-directed repair 

mechanism [86], respectively. Previous studies showed that the ARP2/3 complex can 

be affected by ERK [87] and HDAC6 activities [88]. Moreover, the ARP2/3 complex 

amplifies BCR signaling and maximizes B cell activation [89]. 

ECH1 protein (K327) [84], another important hit, is a target of SIRT3 protein that is the 

main mitochondrial deacetylase [90]. This finding suggests the possibility of crosstalk 

between HDAC6 (cytoplasmic) and SIRT3 (mitochondrial) deacetylases. A previous 

study found positive correlation between the expression of HDAC6 and SIRT3 in a 

subgroup of primary brain tumors [91].  

Another hit was SBNO1 protein (K149, K413, K1222) [84], which was previously 

identified as a target of Myc-associated protein with JmjC domain (MAPJD) that is 

commonly activated in lung cancer [92].  A SBNO1 reported acetylation site was 
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detected in the enriched samples; however, ARPC2 and ECH1 acetylation site were 

digested in these samples. 

CATD that is highly expressed in NHL [93] was among the top four hits. In contrast to 

the other hits, CATD has no reported acetylation sites and therefore was probably 

conjugated to other acetylated proteins. Previous studies showed CATD playing a role 

in ERK1/2 and p38 MAPK phosphorylation [94, 95]; therefore, ERK1/2 inhibition may 

well affect CATD activity. Further targeted validation of Sahaquine and PD184352 

combination effects on the identified top four hits is needed.  

Taken together, these results suggest that the combination of MKK1/2 and HDAC6 

inhibitors in vitro presents a predominant strategy to induce death in B-cell lymphoma 

cell lines. High NF-κB activity created resistance, whereas c-MYC overexpression 

reduced sensitivity to MKK1/2 and HDAC6 dual inhibition. In combination with 

PD184352, Sahaquine showed superior effects via promoting apoptosis, when 

compared to the ACY1215 combination. Excessive α-tubulin acetylation has adverse 

effects in the PD184352 with ACY1215 combination leading to apoptosis inhibition in B-

cell lymphomas. Future animal studies are required to assess the safety and anti-

lymphoma activity of dual MKK1/2 and HDAC6 inhibition in vivo. 
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Fig. S1 Single and dual therapies reduced RAMOS cell viability in a dose-

dependent manner. 

Dose-response plots of RAMOS cell viability following treatment with (A) PD184352, (B) 

Sahaquine (Sq), (C) PD184352 and Sahaquine, (D) ACY1215 (ACY), and (E) 

PD184352 and ACY1215 for 72 h. Each point represents a percentage value 

normalized to the mean value of control group treated with vehicle only (DMSO 0.2 %). 

Horizontal bars represent the average values (SD) of at least two independent 

experiments (n=4, one-way ANOVA with Dunnett's post hoc test, *** p < 0.001, ** 

p < 0.01, * p < 0.05). Cell viability was measured using flow cytometry cell counting, and 

data was analyzed using FlowJo software. 
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Fig. S2 Single and dual therapies reduced BCWM.1 cell viability in a dose-

dependent manner. 

Dose-response plots of BCWM.1 cell viability following treatment with (A) PD184352, 

(B) Sahaquine (Sq), (C) PD184352 and Sahaquine, (D) ACY1215 (ACY), and (E) 

PD184352 and ACY1215 for 72 h. Each point represents a percentage value 

normalized to the mean value of control group treated with vehicle only (DMSO 0.2 %). 

Horizontal bars represent the average values (SD) of at least two independent 

experiments (n=4, one-way ANOVA with Dunnett's post hoc test, *** p < 0.001, ** 

p < 0.01, * p < 0.05). Cell viability was measured using flow cytometry cell counting, and 

data was analyzed using FlowJo software. 
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Fig. S3 The combination of PD184352 with either Sahaquine or ACY1215 

produced Sub G1 pick that was absent in Sahaquine or ACY1215 single therapy 

groups. 

Representative cell-cycle histograms of propidium iodide fluorescence profiles in 

samples treated with (A) Sahaquine (5 µM), (B) ACY1215 (1.5 µM) (C) PD184352 

(4 µM) and Sahaquine (5 µM), and (D) PD184352 (4 µM) and ACY1215 (1.5 µM) for 

72 h. X-axis represents propidium iodide staining area, y-axis represents OCI-LY2 cells 

count. Data were analyzed using FlowJo software. 
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Fig. S4 PD184352 and Sahaquine combination induced mainly apoptotic cell 

death in contrast to PD184352 and ACY1215 combination. 

Scatter plots demonstrate the presence or absence of apoptotic cells in PD184352 

(4 µM) and Sahaquine (5 µM) combination group (A,C,E), or PD184352 (4 µM) and 

ACY1215 (1.5 µM) group (B,D,F), in OCI-LY2 cell line at different time points including 

24 h (A,B), 48 h (C,D), and 72 h (E,F). The forward scatter represents propidium iodide 

staining area. The side scatter represents Annexin V-EGFP staining area. Data were 

analyzed using FlowJo software. Each experiment was repeated 3 times (n=6), and one 

representative experiment is shown. 
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Preface 

Results obtained from chapter 3 show that the combination of PD184352 (MKK1/2 

inhibitor) with either ACY1215 or Sahaquine (HDAC6 inhibitors) induced cytocidal effect 

which is preferable to cytostatic effect in cancer treatments. To translate these pre-

clinical findings to clinical research, inhibitors safety information is initial requirement. 

Safety studies are available for PD184352 and ACY1215 (both are safe in humans) but 

no safety data is available for Sahaquine yet. Therefore, we decided to evaluate 

Sahaquine safety and metabolism in vivo model to increase the potential clinical 

usefulness of Sahaquine and PD184352 combination. 
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Drug safety assessment in the early phases of drug discovery is critical to facilitate the 

rapid development of novel therapeutics. Recently, teleost zebrafish (Danio rerio) has 

emerged as a promising vertebrate model for the assessment of drug safety. Zebrafish 

is a convenient model because of its small size, high fecundity, embryo transparency 

and ex utero development. In this study, we developed a matrix-assisted laser 

desorption/ionization mass spectrometry imaging (MALDI MSI) method applied to 

zebrafish larvae to investigate safety and metabolism of Sahaquine (Sq), an anticancer 

agent inhibiting histone deacetylase 6. This technique improves on prior studies using 

liquid chromatography-mass spectrometry (LC-MS) by adding analysis of the drug 

spatial distribution. Using this method, it was determined that Sq dissolved in fish water 

(1 – 2000 μM) did not reach the larval body and was mainly distributed throughout the 

yolk. High Sq concentration (800 μM) administered intravenously allowed the compound 

to reach the larval body but did not induce phenotypic abnormalities. Sq was 

metabolized into its glucuronidated form within 24 h and was excreted within 72 h. 

MALDI MSI was instrumental in showing that Sq-glucuronide was mainly formed in the 

gut and slightly in yolk syncytial layer; and provided valuable insights into xenobiotics 

elimination in zebrafish larvae. This study indicate that Sq has a good safety profile and 

merits further investigations in other disease models. In addition, the optimized MALDI 

MSI protocol provided here can be widely applied to study distribution and metabolic 

fate of other structurally related molecules.   
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4.2 Introduction  

 

Drug toxicity is one of the main issues limiting the therapeutic benefits of novel drugs in 

clinical trials [1]. Therefore, more predictive preclinical models are needed to provide 

accurate toxicity assessments at the early stages of drug discovery [2, 3]. This will save 

effort, time and money when developing these novel therapeutics [4, 5]. Recently, teleost 
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zebrafish (Danio rerio) have emerged as a powerful vertebrate model for many fields such 

as physiology [6], microbiology [7], genetics [8], toxicology [9], and drug discovery [10], 

due to its unique features. Zebrafish have relatively high genetic similarity (70%) to 

humans which supports the translational value of this model [11]. Moreover, the optical 

clarity of zebrafish embryos and their rapid development allow the real-time testing of 

biological processes and make visible malformations easily detectable [12]. The high 

fecundity and small size of zebrafish lead to a significant improvement in high-throughput 

chemical screens using vertebrate model [13]. Zebrafish is amenable to genetic 

manipulation, which facilitate target identification and validation, using transgenic and 

mutated fish [14]. Zebrafish models also provide a unique opportunity to xenograft human 

tumors into zebrafish larvae to investigate tumor sensitivity to treatment, as the biological 

intercommunication between these two species is conserved [15-18]. Furthermore, 

zebrafish xenobiotic metabolism, including drugs, is comparable to human metabolism 

[19, 20]. Zebrafish are lecithotrophic organisms relying on nutrients from maternally 

deposited yolks over the first five days of life. The yolk consists mainly of lipids and 

proteins and is separated from the developing embryo by the yolk syncytial layer (YSL) 

[21]. The YSL is a cytoplasmic layer surrounding the yolk and plays crucial roles during 

embryonic and larval stages by controlling morphogenesis and metabolism [22]. 

Zebrafish have proved to be valuable models to estimate toxicity in humans due to their 

similar responses to toxicants [12, 23-25]. Experiments with zebrafish larvae are less 

invasive, can sometimes replace mammals use at early stages of drug discovery, and 

bridge the gap between in vitro and in vivo models leading to a reduction in the number 

of research animals.  Therefore, they are aligned with the 3R principle (Refinement, 
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Replacement, Reduction) [26]. For these reasons, zebrafish are becoming a model of 

choice for studies aimed at rapid and cost‐effective screens [27, 28]. However, zebrafish 

model has some drawbacks due to the distinct physiology of the fish resulting from 

adaptation to aquatic environment, such as absence of lungs, presence of swimming 

bladder and lipid-rich yolk [10]. 

 

The utility of zebrafish model in drug discovery relies on understanding the distribution 

profile of the investigated compounds [29-32]. Adapting approaches that ignore 

distribution pattern, such as LC-MS, sometimes can result in misleading information as 

shown previously by Kirla et al. [33]. Hence, there is a need to develop and improve 

imaging approaches for zebrafish model. Advances in MALDI MSI have allowed 

researchers to image small molecules in zebrafish larvae, but it is still challenging [33-

36]. MALDI MSI is a rapidly growing bioanalytical technology that allows for the 

simultaneous mapping of drugs and their metabolites in biological tissue sections, unlike 

the autoradiographic standard method – whole-body autoradiography – that lacks 

MALDI MSI specificity and LC-MS that lacks the spatial information [29, 37, 38]. MALDI 

MSI relies on the deposition of a UV-absorbing matrix on a thin tissue section to aid in 

the desorption/ionization process [39]. The matrix solution, uniformly sprayed onto the 

tissue section, selectively extracts the analytes and co-crystallizes them, conserving the 

molecular spatial distribution. Upon laser irradiation, the matrix molecules induce the 

desorption of the co-crystallized analytes and ionize them. The ions are then analyzed 

by time-of-flight (TOF) MS [40]. In this manuscript, we have adapted MALDI MSI to 
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investigate safety and metabolism of Sahaquine (Sq), an anticancer agent, in zebrafish 

larvae. 

 

Sahaquine (Sq) is a novel hybrid compound that inhibits histone deacetylase 6. Several 

of our earlier studies showed that  Sq has anticancer activity in different human tumor 

cell types including glioblastoma [41], breast, bone and liver cancers [42]. in micromolar 

concentrations (1 - 20 μM). Sq safety and metabolism have not been evaluated in in 

vivo models. Hence, we assessed if Sq is non-selectively cytotoxic in zebrafish if 

provided in equimolar and higher concentrations than those killing tumor cells. In 

addition, we studied Sq and its metabolites distributions in zebrafish models. 

 

We show here Sq safety, distribution and metabolism in zebrafish larvae model and 

provide an optimized MALDI-TOF MSI protocol that can be widely applied to study 

metabolic fate and distribution of other structurally related molecules.  

 

4.3 Materials and Methods 

 

4.3.1 Materials 

Sahaquine was synthesized as previously described [41]. CellTracker™ CM-DiI dye 

C7001 was purchased from Invitrogen. Pronase (10165921001) was purchased from 

Roche. Gelatin G1890, Tricaine (MS-222) E10521, Methylene blue M9140, N-

Phenylthiourea (PTU) P7629, 5Z-7-Oxozeaenol (O9890) and MALDI matrices 1,5-
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diaminonaphtalene (DAN), α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-

dihydroxybenzoic acid (DHB), 2-mercaptobenzothiazole (MBT) and trifluoroacetic acid 

(TFA) were purchased from Sigma-Aldrich (St-Louis, MO, USA). Liquid chromatography 

grade solvents were purchased from VWR (Radnor, PA, USA). 

 

4.3.2 Zebrafish husbandry 

AB strain zebrafish (Danio rerio) were raised according to standard experimental 

conditions [43, 44]. Adult fish were kept at the ratio of 1:1 male to female at 28.5°C 

under 14 h light/10 h dark cycles. Adults (9 pairs) between 6-12 months old were 

crossed in mating tanks. Embryos were collected within 30 mins of the beginning of light 

cycle and washed with E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM 

MgSO4). 

Embryos were maintained in E3 medium containing 3*10-5 % methylene blue at 28.5 °C 

until they reached the required embryonic stage. All experimental protocols in this study 

were approved by the McGill University animal compliance office (protocol #7438). 

 

4.3.3 Waterborne exposure toxicity assay  

Embryos obtained by natural spawning were cultured in petri dishes at 28.5°C and E3 

medium was changed daily. Sq treatment was applied at two days post fertilization 

(dpf), with a final concentration of DMSO at 1 %. Larvae were cultured in 12-well plates, 

with three larvae per well, in 2 ml of Sq (1 - 2000 μM) diluted in E3 medium. The lowest 

used concentrations represent the physiologically active concentrations (1 – 20 μM) in 

cell culture [41, 42]. The highest used concentrations were limited by the solvent 
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(DMSO) toxicity in waterborne and microinjection experiments [45]. Larval viability, 

morphology and length were analyzed using an inverted microscope at two time points - 

1-day post-treatment (dpt) and 3 dpt. Brightfield images of each larva were captured 

using Motic Images Plus 2.0 software and length was measured. The heartbeats of 

unanesthetized larvae were assessed visually under microscope only at 1 dpt. The 

heartbeats were not measured at 3dpt to avoid tricaine usage to anesthetize the larvae 

as they can swim freely at this stage. 

  

4.3.4 Sq intravenous (IV) microinjection toxicity assay  

Injection needles were made using glass capillaries (BF100-78-10, Sutter Instrument) 

and pulled with a vertical needle puller (P-97, Sutter Instrument). Using a microforge 

(MF-900, Narishige), injection needles were cut at 10 µm tip diameter. Holding pipettes 

were prepared using glass capillaries (601000, A-M SYSTEMS). After pulling the 

holding pipettes, these were manually broken with a forceps, opening the tip at 350 μm, 

polished with sandpaper and then fired. Larvae were placed into tricaine solution (0.016 

%) and held from the yolk. Compounds were injected into 2 dpf zebrafish larvae using a 

microinjection system (PLI-100A; Harvard Apparatus, Harvard Biosciences, Inc.) and 

TransferMan 4r micromanipulator (Eppendorf) connected to an inverted microscope 

(Zeiss Axio Observer Z1). Either DMSO alone or Sq dissolved in DMSO (0.1 M) were 

injected in the common cardinal vein (duct of Cuvier) at 2 or 4 nl to obtain a final Sq 

concentrations of 800 or 1600 μM inside the larvae, assuming the compound is equally 

distributed in the larvae volume (250 nl). After injection, larvae were washed of tricaine 
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and healthy larvae were cultured in E3 at 28.5°C. Toxicity was studied as previously 

described above in waterborne exposure toxicity assay. 

 

4.3.5 Larvae embedding, sectioning and confocal microscopy imaging 

Larvae were collected from the toxicity studies at different time points (1 for each time 

point) and anesthetized with tricaine. To facilitate cryosectioning, larvae were embedded 

in 10 % gelatine dissolved in larvae tricaine solution. This embedding medium was 

preferable to other low melting mediums (HPMC/PVP) [46] in terms of ease of larva 

positioning. Gelatine solution was heated to 50°C and poured into pre-heated 

disposable molds (FIS22363552, Fisherbrand). Larvae were then transferred to the 

molds with their lateral side parallel to the bottom of the mold and stored at -80°C until 

analyzed. Sections from larvae blocks were cut at 20 µm thickness using a cryostat 

(Leica CM1950 Microsystems GmbH, Wetzlar, Germany) and sections were thaw-

mounted on an Indium-Tin-Oxide–coated microscope glass slide (Delta Technologies 

Ltd, Loveland, CO). Slides were then imaged with a confocal microscope (Zeiss Axio 

Observer Z1 LSM700) using 488 nm laser to confirm larvae positioning prior to MSI 

analyses. 

 

4.3.6 MALDI Mass Spectrometry Imaging 

4.3.6.1 Sample preparation 

Upon desiccation, larvae sections were washed with hexane (30 s in a slide container) 

and dried under vacuum for 30 minutes. The MALDI matrix DAN was then uniformly 
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sprayed on the zebrafish larvae sections using a M3 TM-sprayer (HTX Technologies, 

Chapel Hill, NC, USA) connected to an isocratic LC pump using the following 

parameters: DAN solution (5 mg/ml) in 67 % acetonitrile; nozzle temperature 65 °C; 

nozzle height 40 mm; nitrogen pressure 10 psi; flow rate 75 μl/min; z-arm velocity 1200 

mm/min; moving pattern VV; track spacing 3 mm; number of passes 26; and drying time 

0 s. 

 

4.3.6.2 Mass Spectrometry Imaging 

MSI of the tissue sections were performed on a MALDI TOF/TOF ultrafleXtreme mass 

spectrometer equipped with a SmartBeam II Nd:YAG 355 nm laser operating at 2000 

Hz, using the small laser focus setting (Bruker Daltonics, Billerica, MA, USA). MSI data 

were acquired in the positive ion mode using 500 shots per pixel with a spatial 

resolution of 20 μm in the 100-700 Da mass range. External calibration was carried out 

on zebrafish larvae homogenate using a homemade mix of small molecules. Post-MSI 

internal calibration was also performed using matrix and known signals. The MALDI MSI 

data were visualized using FlexImaging 4.1 software (Bruker Daltonics) and SCiLS 

software (2019b Premium 3D, Bruker Daltonics). 

 

4.3.7 Xenograft model 
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4.3.7.1 Cells preparation 

Xenotransplantation was performed using the OCI-LY2 lymphoma cell line. For in vitro 

labeling using CellTracker CM-DiI dye, cells were grown and collected at 5*106 cells for 

each condition. Cells were washed with PBS and incubated with CM-DiI at 37 °C for 

5 minutes, then at 4°C for 20 minutes. Afterwards, cells were washed again with PBS 

and resuspended in 50 µl RPMI. The lymphoma cell suspension was loaded into 

injection needles using a micro-loader tip (930001007, Eppendorf). 

 

4.3.7.2 Larvae preparation 

At 20 hours post fertilization (hpf), PTU was added to a final concentration of 0.003 % to 

prevent pigmentation of the embryos. At 48 hpf, embryos were dechorionated using 

Pronase (1 mg/ml) followed by extensive washes with E3. Then, larvae were 

anesthetized in 0.016 % tricaine. Using injection needles with a 20 µm tip diameter, 

approximately 200 cells were injected in the common cardinal vein, as previously 

described. After injection, larvae were incubated at 28.5°C for 2 h to recover. Following 

this, larvae were treated with Sq 1000 µM via waterborne administration and incubated 

at 32°C to assess Sq effectiveness on reducing the tumor mass in comparison to the 

control. At 3 days post-injection (dpi), larvae were placed in the imaging chambers 

(70326-12, Electron Microscopy Sciences), and fluorescent z-stack images were 

acquired using Zeiss LSM700 confocal microscope at 555 nm. The total fluorescent 

area of CM-DiI-labeled lymphoma cells was analyzed using ImageJ software. 
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4.3.8 Statistical analysis 

All the data were analyzed and plotted as mean ± SD using GraphPad Prism. To 

compare the control group (n=9) to Sq treated group (n=9) in toxicity and effectiveness 

studies, two-tailed Student's t-test was used. The level of significance for all analyses 

was p < 0.05. (***) indicates statistical significance p < 0.005, (**) p < 0.01, (*) p < 0.05.  

 

4.4 Results 

 

4.4.1 Sahaquine toxicity in zebrafish larvae evaluated by two exposure routes 

Zebrafish larvae at 2 dpf were treated with Sq either via waterborne exposure or IV 

microinjections. Larvae were evaluated at 1 and 3 days after Sq treatments  for lethal, 

sublethal and developmental toxicity. Endpoints of toxicity included mortality, 

malformation, heartbeats and body length. 

Sq did not induce mortality in the case of 1, 10, 100, 1000 and 2000 μM waterborne 

exposure and 800 μM injection, and the larvae well-tolerated Sq after three days of 

treatment. However, at higher concentrations (1600 μM injection), Sq produced 100 % 

mortality after two days of injection(Figure S1a). 

Morphological malformations were observed and recorded under microscope. No 

obvious abnormalities (body axis, eye, jaw, heart, brain, fin, yolk sac, trunk, circulation, 

pigment and swim bladder) were observed in 1, 10, 100, 1000 and 2000 μM waterborne 

(Figure 1a, S1b) and 800 μM injection groups (Figure 1d). The larvae appeared healthy 

until the end of the experiment. However, in the 1600 μM injection group (Figure 1g) at 1 
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dpi, larvae exhibited severe morphological anomalies represented by yolk retention, 

pericardial edema, opaque tissue, bent spine, tail malformation and absence of blood 

circulation, while DMSO-injected larvae had minor abnormalities represented by 

pericardial edema. The positive control 5Z-7-oxozeaenol (2 μM) produced severe 

phenotypic toxicity (Figure S1c). 

Heartbeats were visually counted at 1 dpt. Results showed no significant differences 

between Sq-treated groups and controls in both 1, 10, 100, 1000 and 2000 μM 

waterborne (Figure S1d) and 800 μM injection experiments (Figure S1e). In contrast, Sq 

1600 μM injection caused cardiotoxicity symptoms ranging from slow to absence of 

heartbeats. 

Sq injected into zebrafish larvae (800 μM, vol 2 nl) disturbed their development leading 

to a decreased body length. The mean body length of zebrafish larvae at 1 (Figure 1e) 

and 3 (Figure 1f) dpi were significantly shorter, 94.43 % and 95.57 %, compared to the 

controls 3.5 mm and 4 mm, respectively. Nonetheless, length measurement of larvae 

exposed to Sq 1000 μM via waterborne at 1 (Figure 1b) and 3 dpt (Figure 1c) 

demonstrated no significant differences in the body length, 97.86 % and 98.86 %, in 

comparison to the controls 3.3 mm and 3.9 mm, respectively. 

Taken together these results establish a gross morphological profile of drug toxicity but 

do not inform on the spatial drug distribution and its local accumulation, key factors in 

studying drug safety. In order to do this, we adapted MALDI MSI to study Sq tissue 

distribution.  
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Fig. 1 Sahaquine toxicity assessment in zebrafish larvae model.  

(a) Representative micrographs of 5 dpf zebrafish larvae (lateral position), following the 

administration of DMSO 1 %(CTL) or Sq (1000 µM) via waterborne starting at 2 dpf. 

Percent larvae length at 1 dpt (b) and 3 dpt (c) determined from (a) micrographs. (d) 

Representative micrographs of 5 dpf larvae, following the injection of DMSO 2 nl (CTL) 

or Sq (800 µM) at 2 dpf. Percent larvae length at 1 dpi (e) and 3 dpi (f) determined from 

(d) micrographs. (g) Representative micrographs of 3 dpf larvae following the injection 

of DMSO 4 nl (CTL) or Sq (1600 µM) at 2 dpf. Brightfield images were captured using 

Motic Images Plus 2.0 software, then larvae length was measured. Data presented as 

mean ± SD with n=9 in each group (**p < 0.01, two-tailed Student's t-test). Intravenous 

(IV). 

 

4.4.2 Development of a MALDI MSI method to study Sq tissue distribution 

MALDI MSI is a state-of-the-art bioanalytical technology that requires several 

preparatory steps to visualize compound spatial distribution in zebrafish larva tissue 

sections. 

 

4.4.2.1 DAN matrix was identified as the most suitable matrix for Sq detection 

The first step is the identification of the most suitable matrix for specific analyte 

detection, in this case Sq. To select the appropriate matrix for the detection of Sq, 

multiple criteria were evaluated: the sensitivity, the formation of sodium (Na+) and 

potassium (K+) adducts, the matrix background noise and the matrix interference 

peaks. Four matrices were tested: CHCA, DHB, MBT and DAN, using positive and 
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negative ion modes. In the positive ion mode, the detection of Sq was possible with the 

four matrices, with CHCA being moderately more sensitive, followed by DHB, MBT and 

DAN — which all showed similar sensitivity towards Sq (Figure 2a). Interestingly, using 

the DAN matrix, Sq could also be observed as a radical ion [47], which explains the 

enhanced Sq [M]+• signal (m/z 388.2) in comparison to the other matrices. In the 

negative ion mode, deprotonated Sq was only detected using the DAN matrix with a 

similar intensity compared to the positive ion mode (Figure S2a).  

 

Looking for the presence of adducts, such as Na+ and K+, in the spectra can provide 

important insights during method development. In fact, lowering the capacity of salt 

adduct formation can greatly increase the sensitivity for detecting protonated 

compounds on tissue because the majority of the signal will be associated with one ion. 

Results showed that Sq was detected as Na+ and K+ adducts using the four matrices 

(Figure 2b). However, DAN induced the lowest portion of Na+/K+ adducts and was the 

best matrix for promoting the formation of protonated ions. 

 

Background noise and interference peaks were also evaluated to select the best matrix 

(Figure S3). DHB produced higher background noise possibly due to the necessary 

higher laser intensity compared to MBT, CHCA and DAN. For the remaining three 

matrices, a similar level of background noise was observed, but only the DAN matrix 

was free of interference at m/z 389.2 (Figure S3b). Assuming that Sq can be detected at 

very low intensity on the zebrafish larvae, the presence of matrix interference could lead 

to a false interpretation of the MSI results. Additionally, if this interference is present in 
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the minimal detection window of ± 1 Da required for MS/MS, it could be problematic for 

accurate Sq identification. 

 

Based on the above observations, the DAN matrix was chosen for this study. Since Sq 

was detectable using both ionization modes, MS/MS was performed to evaluate the 

best fragmentation pattern (Figure S2b). As a result, the positive mode showed greater 

signal intensity and number of fragment ions, which increases the possibility of 

identifying Sq on-tissue. Hence, DAN matrix in the positive ion mode was used to 

analyze Sq distribution in zebrafish larvae. 

 

 

Fig. 2 MALDI matrix evaluation for the detection of protonated sahaquine. (a) 

Magnified spectra of the protonated sahaquine presented with the respective matrix 

colors: CHCA (orange), DAN (purple), DHB (green) and MBT (red). (b) Relative 
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abundance of sahaquine protonated (yellow rectangle), sodiated (blue rectangle) and 

potassiated (pink rectangle) using different matrices. 

4.4.2.2 Optimizing matrix deposition and hexane washes using zebrafish 

homogenate spiked with Sq 

 

The second step is determining the optimal matrix thickness and the number of washes 

yielding the best signal. Zebrafish homogenate (approximately 100 μl) was prepared 

using 400 larvae at 5 dpf using a Bead-Based Homogenizer (Next Advance Bullet 

Blender24). Sq was added to reach a final concentration of 260 μM. The homogenate 

was pipetted into homemade molds made of 10 % gelatin and containing holes formed 

by PCR tubes. The homogenate block was then cryosectioned as previously described. 

To optimize the matrix thickness, DAN was spray deposited using 18, 22, 26 and 30 

passes. Figure 3a shows the results after MSI analysis where 26 passes led to the 

highest mean intensity, whereas 30 passes dramatically decreased Sq signal. 

 

Since lipids are highly abundant in tissues and might cause ion suppression, the effect 

of tissue washing on Sq signal intensity was also assessed. Hexane washing has 

already been shown to enhance the sensitivity of drug on-tissue detection prior to 

MALDI MSI analysis [48]. For slightly lipophilic compounds, like Sq (log P = 0.921), 

hexane is a solvent that can be used to safely remove highly lipophilic compounds on-

tissue without affecting the compound of interest. To further evaluate the effectiveness 

of hexane washing, one, two and three 30 second washes were performed (Figure 3b). 

The results demonstrated that a single hexane wash greatly enhanced Sq sensitivity 
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and removed almost half of phospholipids on-tissue (Figure S4), while two and three 

washes slightly reduced Sq sensitivity. Of note, in figure 3b, an air bubble was observed 

on the zebrafish homogenate. This issue commonly occurs when filling the molds with 

the homogenate solution. To overcome this issue, regions of interest (ROIs) were drawn 

using the SCiLS software to exclude the air bubble and generate representative mean 

intensities. 

 

 

Fig. 3 Optimization of sahaquine detection on-tissue using thin sections of 

zebrafish larvae homogenate. (a) Evaluation of the optimal number of DAN spray 
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deposition passes using the TM-Sprayer. (b) Evaluation of the optimal number of 

hexane washes (30 sec each) before DAN deposition. 

 

4.4.2.3 MS/MS identification of Sq injected into larvae yolk  

The last step carried out to confirm the results using MS/MS. Due to the relatively low 

Sq signal from the tissue sections (S/N < 10), MS/MS analyses failed to identify the 

compound directly on the treated larvae. As an alternative, Sq was injected into 2 dpf 

zebrafish larvae yolk to concentrate the compound in one area, leading to signal 

enhancement. Larvae were embedded in the mold immediately after yolk injection. The 

sample was then used to generate the Sq on-tissue fragmentation pattern and compare 

it to the MS/MS results from the Sq standard (Figure S5). The fragmentation pattern 

obtained from the Sq injected into the yolk revealed the same signature peaks as the Sq 

standard.  

Once the adaptation of MALDI MSI for the detection of Sq in zebrafish larvae was 

completed, it became possible to carry out the drug safety and metabolism analysis in 

vivo. 

 

4.4.3 Sq did not induce tissue specific toxicity 

MALDI MSI analyses were performed on zebrafish larvae to evaluate the possible 

accumulation of Sq in vital organs, such as the heart and the brain (Figure S6), leading 

to tissue specific toxicity. Larvae were collected at different time points following the 

administration of Sq via waterborne or IV injection.  Larvae were cryosectioned and the 

histological aspects of the sections were identified by utilizing the autofluorescent 
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properties of the zebrafish larval tissue to acquire images using a confocal microscope 

(Figure 4a). The spatial distribution of Sq across thin tissue sections was visualized using 

MALDI MSI (Figure 4b). Following 24 h of Sq waterborne exposure (1000 μM), Sq at low 

abundance was detected mainly in the yolk. After Sq microinjections (800 μM), larvae 

were collected at 2, 24, 48, and 72 h. Within 2 hours post-injection (hpi), Sq was observed 

in the circulatory system, including brain vessels, with a higher signal around the heart 

(located next to the injection site in the common cardinal vein). By 24 hpi, Sq was mainly 

distributed throughout the yolk and was absent or not detected (below the limit 

of detection) in larvae collected at 48 and 72 hpi. 
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Fig. 4 MALDI-TOF MSI showing the tissue distribution of sahaquine (Sq) and its 

glucuronide metabolite (Sq-glu) in zebrafish larvae sections acquired at 20 µm 

spatial resolution. Column (a) shows the auto-fluorescence images of larvae tissue 

sections, while columns (b) and (c) show ion images of Sq (m/z 389.22) and Sq-glu 

(m/z 565.25), respectively from the same tissue section. Zebrafish larvae were divided 

into three group to be treated via DMSO injection (red box), Sq 1000 µM waterborne 

exposure (green box), or Sq 800 µM injection (gray box). Larvae were collected at 

different time points for MALDI MSI. Each section was collected from one representative 
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larva per group (n=9). The rainbow bar on the right indicates the relative intensity across 

the entire cohort increasing from black (no signal) to white (most intense signal). 

 

4.4.4 Glucuronidated Sq was formed and excreted within 72 hpi 

Sq is a hybrid molecule synthesized by combining hydroxamic acid — the active moiety 

of suberoylanilide hydroxamic acid (SAHA, vorinostat) — with primaquine. To assess Sq 

elimination, the structures of potential Sq metabolites (Figure S7) were predicted based 

on the SAHA [49] and primaquine [50] metabolites. Potential metabolites with their 

respective m/z, such as [M+H]+ and [M+Na]+, were screened in the entire MSI data 

set. Consequently, a peak was detected at m/z 565.255, which may correspond to Sq-

glucuronide (Sq-glu) with a theoretical m/z of 565.2504 (Err/ppm = 8.1). Further MS/MS 

analyses could not confirm the identity of Sq-glu due to the relatively low signal (S/N < 

10). However, the absence of interferences at the respective m/z in the entire data 

set and the presence of Sq-glu radical [M]+• strongly support our findings (Figure S8). 

Following Sq waterborne administration (1000 μM), the glucuronidated form was 

observed at low abundance in the YSL and accumulated at a much higher abundance in 

the newly formed gastrointestinal tract (Figure 4c). In the case of microinjections at 2 hpi, 

Sq-glu was not detected in the larvae tissue sections. Interestingly, at 24 and 48 hpi, Sq-

glu was observed in the gut. At 72 hpi, Sq-glu was possibly eliminated and no longer 

detected (Figure 4c). 
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4.4.5 Waterborne exposure was not adequate for Sq to reach therapeutic 

concentrations in the larval body 

Next, we investigated whether Sq, after waterborne administration, accumulated at 

therapeutic concentrations in the larvae circulatory system before being metabolized in 

the gut. At 2 dpf, labeled lymphoma cells (OCI-LY2) were IV injected. The xenografted 

larvae were then treated with Sq 1000 μM for three consecutive days, with daily 

replacement of media. To assess the ability of Sq to decrease tumor mass at 3 dpt, the 

total fluorescence area was measured in larvae using confocal z-stack imaging (Figure 

5a). Sq treatment did not induce a significant reduction of tumor mass in treated 

xenografts compared to untreated (Figure 5b). The positive control 5Z-7-oxozeaenol (1 

μM) significantly reduced tumor mass in treatment-group compared to control-group 

(Figure S9). 
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Fig. 5 Assessment of tumor mass after Sahaquine waterborne administration in 

zebrafish xenograft model. (a) Representative fluorescence z-stack images of 5 dpf 

zebrafish larvae, injected with fluorescently labeled OCI-LY2 lymphoma cells, and 

treated with DMSO 1 %(CTL) or Sq (1000 µM) via waterborne exposure for 3 days. (b) 

Quantification of total fluorescence area at 3 dpt. Xenografted larvae were imaged with 

a confocal microscope, and fluorescence area was measured using ImageJ. Data 

presented as mean ± SD with n=9 in each group (two-tailed Student's t-test). 

 

4.5 Discussion 

The main objective of this study was to develop MALDI MSI to study drug safety and 

metabolism of a histone deacetylase inhibitor Sq, in zebrafish larvae. Several 

structurally similar compounds are proposed for clinical studies but their distribution and 

elimination in an aquatic environment has not been previously investigated. Considering 

that many pharmaceutical products are found in water, we assessed if MALDI MSI could 

be useful way to investigate possible deleterious effects of SAHA derivative, Sq, in 

zebrafish.   We successfully optimized MALDI MSI protocol to study Sq tissue 

distribution and metabolism, demonstrating that this strategy can enhance currently 

available methods to study the metabolic fate and distribution of clinically used and new 

candidate drugs.   

In particular, we found that Sq via waterborne exposure did not induce any visible 

toxicity, while via 800 μM injection caused developmental toxicity. However, Sq after 

1600 μM injection produced lethal toxicity. MALDI MSI analyses showed the spatial 

distribution of Sq after treatment and revealed a potential metabolite — Sq-glu. 



158 
 

Following 24 h of Sq administration, it was mainly distributed throughout the yolk. After 

48 and 72 h of Sq injection, it was absent from larvae tissues. Sq-glu was detected 

mainly in the gut after 24 h of Sq treatment and eliminated within 72 hpi. 

 

Based on the results obtained from waterborne treatment, Sq appears not to be toxic at 

the highest concentrations tested here, because the compound did not reach the larva 

body. These results are in accordance with recent publications where distinct 

distribution patterns were observed between the larval body and the yolk following 

waterborne exposure. This was accomplished by separating the yolk from the body and 

analyzing compound concentrations using either LC–MS [51] or radioactivity analyses 

[52]. In this study, we evaluated the distribution profile of Sq for the first time by 

combining a zebrafish safety study with MSI and a zebrafish xenograft model.  A 

partition coefficient (log P) of Sq is 0.921 which favors its absorption and trapping by the 

lipid-rich yolk [51-53]. This prevents it from reaching the bloodstream at detectable 

concentrations as shown here by MALDI MSI analysis. To further assess if Sq reached 

the circulatory system at therapeutic concentrations lower than the detection limit, a 

zebrafish xenograft model was used. Xenografted larvae treated with 1000 μM Sq 

showed no significant differences in tumor mass area in comparison to the control group 

treated with DMSO 1 %. These results confirm that although Sq was distributed 

throughout the yolk, it did not reach the larva body at therapeutic concentrations. 

Hence, understanding the distribution pattern is crucial to avoid overestimating 

compound concentrations in the larva body. 
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Sq is a novel hybrid molecule based on primaquine and SAHA motifs [42]. To gain a 

better insight into potential metabolites, we assessed the metabolism of both 

primaquine and SAHA. Primaquine undergoes oxidative deamination to 

carboxyprimaquine, its main metabolite. This is also the major metabolite in mice [54], 

dogs [55] and primates [56]. Other than carboxyprimaquine, thirty-four metabolites can 

be detected in humans. They include products of direct glucuronidation of primaquine 

and hydroxylation of the quinoline ring, however, these metabolites are formed to a 

lesser extent [50]. SAHA has two main metabolites - SAHA-glucuronide and 4-anilino-4-

oxobutanoic acid [57]. SAHA-glucuronide is formed after direct glucuronidation by the 

UDP-glucuronosyltransferase (UGT) family of enzymes, whereas the enzymes involved 

in the formation of 4-anilino-4-oxobutanoic acid are still unknown [49].  

 

The only potential Sq metabolite detected was the glucuronidated form. This was 

probably due to the presence of the OH-group in its active moiety (hydroxamic acid), 

making phase II (conjugative) metabolism more favorable than phase I (oxidative) [58]. 

The glucuronidated form was also present in the metabolism of SAHA, a drug bearing 

the same pharmacophore, i.e., hydroxamic acid. In comparison to primaquine, which is 

mostly metabolised at its terminal amine group, the nitrogen present in the Sq’s 

structure forms an amide bond and cannot undergo oxidative deamination. In addition, 

zebrafish have glucuronidation enzymes (UGT) [59] and they are biologically active at a 

very early stages of larval development [58].   
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It has previously been shown that adult zebrafish glucuronidation enzymes are present 

in the liver, intestine, brain and gonads [60]. However, MALDI MSI results showed, for 

the first time, that larvae Sq-glu was mainly formed in the intestine and slightly in YSL. 

Therefore, we believe that after waterborne exposure a small portion of Sq can be 

glucuronidated in the YSL while it is absorbed from media to the yolk. These results are 

consistent with another study done in Medaka embryos (another teleost fish) 

suggesting that the YSL has the ability to perform phase II (sulfation and 

glucuronidation) metabolism reactions [61]. These findings are critical to explain the 

presence of different metabolites depending on administration routes, in some cases as 

shown by Park et al. [62]. Future studies using waterborne treatment should consider 

the YSL metabolic activity and its effects on xenobiotic metabolism after waterborne 

administration. 

 

We assume that the majority of Sq is absorbed from the media without glucuronide 

conjugation. Sq is then translocated from the yolk to the gastrointestinal tract, in a 

similar way to fatty acids reabsorption from yolk to gut [63, 64]. Finally, Sq is mainly 

metabolized in the gastrointestinal tract that features high expression of glucuronidation 

enzymes (Ugt1a and Ugt1b) from 3 to 5 dpf [60]. The larval elimination pathway 

discovered here was further supported by the results from MALDI MSI following IV 

injection. After Sq yolk-enrichment at 1 dpi, the majority of Sq was translocated to the 

newly formed guts to be metabolized and stored until the gastrointestinal tract is 

completely open (4 dpf, 2 dpi) [65, 66], and can be excreted. Hence, by 3 dpi, Sq was 

mostly excreted as Sq-glu and not detected. This translocation process from yolk to gut 
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represents a distinct protection mechanism that enables larvae to eliminate xenobiotics 

after accumulating them in the yolk. 

 

To ensure accurate dose delivery to the bloodstream, larvae were microinjected with 

800 μM of Sq in the common cardinal vein. Although Sq distributed throughout blood 

vessels after IV injection, it did not cause lethal toxicity or phenotypic abnormalities. At 

24 hpi, Sq did not accumulate in any vital organs and it was generally detected in the 

yolk. However, larvae injected with 800 μM of Sq were shorter than control larvae 

injected with 2 nl of DMSO. This delay in development can be explained for the first time 

according to the MALDI MSI data by the fact that Sq after a single injection is enriched 

in the yolk. Sq enrichment in the yolk disturbs the absorption of nutrients needed for 

larval growth, leading to larvae malnutrition and late development. These findings are in 

contrast to waterborne treatment where Sq’s gradual uptake led to gradual enrichment 

in the yolk. Hence, it did not affect nutrient uptake remarkably and caused no obvious 

reduction of body growth.  

 

We also investigated Sq toxicity at a higher concentration (1600 μM) and found that Sq 

caused severe abnormalities leading to 100 % lethality compared to the control group 

injected with 4 nl of DMSO. Injection of DMSO at this large volume is expected to 

induce minor toxicity. However, Sq injections (1600 μM) caused lethal toxicity. 

Interestingly, the yolk was not depleted in all Sq-treated larvae, indicating a severe 

interruption in nutrients utilization. These findings can be explained by the possibility of 

an excessive accumulation of Sq in the yolk after IV injection in high concentration. Sq 
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accumulation impairs yolk absorption and leads to a starvation environment which can 

result in larval death [53]. 

  

Taken together, these results suggest that Sq has a good safety profile in 

concentrations around 40x higher than those needed for in vitro anticancer effect using 

zebrafish larvae models.  We show that MALDI MSI applied in a zebrafish safety studies 

provides the means of better understanding xenobiotics distribution and their potential 

consequences on species in the aquatic environment.  MALDI MSI data showed a 

potential Sq metabolite. To confirm this finding, complementary toxicokinetic studies are 

needed. Toxicokinetic approaches using highly sensitive LC-MS/MS  [67] may confirm 

the presence of Sq-glu and possibly identify other metabolites that were not detected by 

MALDI-TOF MSI. Future studies will be needed after confirming Sq metabolites, to 

assess the anticancer activity of Sq using zebrafish tumor-bearing transgenic model 

[68]. Additional animal models may be required to further study Sq safety and 

effectiveness.  
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Fig. S1 Evaluating zebrafish larvae survival, malformations and heartbeats rate, 

after Sahaquine treatment. (a) Survival was assessed daily under an inverted 

microscope for 3 days of Sq treatment (n=9 in each group).  Representative micrographs 

of 5 dpf zebrafish larvae (lateral position), following the administration of Sq (b) or the 

positive control 5Z-7-oxozeaenol (c) via waterborne starting at 2 dpf. Heartbeats were 

visually counted under an inverted microscope at 1 dpt, in both (d) waterborne and (e) 

800 μM injection experiments. Data presented as mean ± SD with n=9 in each group (two-

tailed Student's t-test). Waterborne (wb), injection (inj). 

 

 

Fig. S2 MS spectra of sahaquine in the positive (red) and negative (black) ion 

modes using DAN matrix (a) and corresponding MS/MS fragment ion patterns (b). 
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Fig. S3 Evaluation of matrix interference for the detection of protonated 

sahaquine. 

(a) MS spectra overview in the low mass range with the different matrices. (b) Magnified 

spectra of protonated sahaquine at m/z 389.22 ± 0.1 (yellow rectangle) and MS/MS 

minimal detection window (blue rectangle). Matrix colors: CHCA (orange), DAN (purple), 

DHB (green) and MBT (red). 
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Fig. S4 MS spectra of phospholipids in zebrafish larvae homogenate in a mass 

range of 680 to 920 Da using the DAN matrix in the positive ion mode before 

hexane wash (a) and after one hexane wash (b). 
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Fig. S5 (a) MS/MS identification of sahaquine in the zebrafish larvae yolk (black 

spectrum) and its comparison to the standard off-tissue (red spectrum). (b) MSI 

distribution of sahaquine on-tissue. 
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Fig. S6 Auto-fluorescence images showing the anatomy of larvae tissue sections. 

 

 

Fig. S7 Molecular structures of (a) sahaquine and (b) sahaquine glucuronide, with 

their respective protonated m/z. 
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Fig. S8 MS spectra of sahaquine (m/z 389.22) and sahaquine glucuronide (m/z 

565.25). 

The similarities between both isotopic pattern ([M]+• / [M+H]+) and the exact mass were 

used for their on-tissue identification. (a) MS spectrum of sahaquine at high 

concentration after its injection in the yolk (blue), at medium concentration in the IV 

sample of 2 hpi (green), low concentration in the IV sample of 24 hpi (red) and their 

absence in the IV sample of 48 hpi (black). (b) MS spectrum of sahaquine glucuronide 

at high concentration in the waterborne sample (blue), at medium concentration for the 

IV sample of 24 hpi (green), at low concentration for the IV sample of 48 hpi (red) and 

their absence in the IV sample of 72 hpi (black). 

 

 

Fig. S9 Assessing tumor mass after 5Z-7-oxozeaenol waterborne administration in 

zebrafish xenograft model. 
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(a) Representative fluorescence z-stack images of 5 dpf zebrafish larvae, injected with 

fluorescently labeled OCI-LY2 lymphoma cells, and treated with DMSO 0.1 % (CTL) or 

5Z-7-oxozeaenol (1 µM) via waterborne exposure for 3 days. (b)  Quantification of total 

fluorescence area at 3 dpt. Xenografted larvae were imaged with a confocal microscope, 

and fluorescence area was measured using ImageJ. Data presented as mean ± SD with 

n=4 in each group (*p < 0.05, two-tailed Student's t-test). 
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Chapter 5: Scholarly Discussion and Conclusion  

In this project, we studied the anti-lymphoma activity of both ERK1/2 pathway inhibitors 

including Compound 1 (TPL2 inhibitor) and PD184352 (MKK1/2 inhibitor), and HDAC6 

inhibitors, namely Sahaquine (in-house inhibitor) and ACY1215 (commercial inhibitor) in 

immortalized non-Hodgkin B-cell lymphoma cell lines. Additionally, the combined effects 

of dual MKK1/2-HDAC6 inhibition was assessed and quantified in vitro. Finally, 

Sahaquine safety and metabolism was investigated in the zebrafish larvae model using 

optimized MALDI MSI protocol. 

Results from this project show that single inhibition of either HDAC6 or ERK1/2 (via 

TPL2 or MKK1/2 inhibitors) can inhibit the growth of several B-cell NHL cell lines, 

namely DLBCL, Burkitt lymphoma, and Waldenstrom Macroglobulinemia (WM). The 

combination of HDAC6 and ERK1/2 inhibitors enhanced the single therapies cytostatic 

effects and induced cytocidal effects (apoptosis) in the cell culture model. We propose 

the combination mechanisms of action to involve disrupting DNA damage response via 

targeting ARPC2 and SPNO1, in addition to reducing metabolic energy production by 

interfering with cathepsin D and ECH1 functions. Safety study in zebrafish larvae has 

indicated that Sahaquine was well tolerated and did not induce tissue-specific toxicity 

since it was metabolized to glucuronidated form and excreted, as shown by the 

optimized MALDI MSI protocol.  
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In this section, we will discuss 

1. The modes of action involved in MKK1/2-HDAC6 combination cytocidal effects based 

on the proteomic data analysis. 

2 Mechanisms of resistance to NHL first line treatments as drug resistance is the major 

reason for treatment failure. 

 

5.1 Mechanisms of action involved in cytocidal effects of dual 

MKK1/2-HDAC6 inhibition 

Chemotherapies possess DNA-damaging properties enabling them to kill cancer cells. 

However, tumors can activate DNA repair responses to reduce the effectiveness of 

chemotherapy drugs [224]. The activity of DNA repairing proteins is controlled by post-

translational modifications such as phosphorylation, ubiquitylation, and acetylation [225-

227], in addition to sensor proteins that detect DNA damage, including poly (ADP-

ribose) polymerase (PARP) [228]. Currently, the only FDA approved therapeutics 

targeting DNA damage response are PARP inhibitors [229]; however, after initial 

therapy, cancer cells can develop PARP inhibitor resistance [230]. Targeting other DNA 

repairing mechanisms is being investigated and tested in clinical trials [231]. 

Interestingly, our study showed that dual MKK1/2-HDAC6 inhibition increased the 

acetylation of ARPC2, a protein that plays key roles in DNA damage repair [232]. 

Moreover, blocking MKK1/2-HDAC6 led to SBNO1 acetylation. SBNO1 is a novel 

transcriptional factor that belongs to the helicase superfamily 2, which is involved in 

development and likely contributes to DNA repair functions [233].  This modulation of 
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ARPC2 and SBNO1 acetylation probably inhibits DNA repair leading to cell death. 

Deeper investigation of ARPC2 and SBNO1 acetylation impact on DNA repair 

mechanisms is needed.   For instance, to measure the efficiency of DNA repair 

mechanisms following dual MKK1/2-HDAC6 inhibition, cells can be transfected with 

DNA plasmids containing damaged DNA in the transcribed strand of EGFP. Then we will 

measure the intensity of EGFP expression levels, which is proportional to the DNA 

repair efficiency. 

Failure in repairing damaged DNA induces apoptosis and stimulates cathepsin D 

activation, a lysosomal aspartic protease [234-237].  Cathepsin D can cleave and 

degrade functional and structural proteins such as cytoskeletal proteins including tubulin 

[238, 239]. Thus, we speculate that cathepsin D presence in the acetylation enrichment 

experiment is due to its conjugation with acetylated tubulin, as currently cathepsin D has 

no reported acetylation site. Moreover, the activation of cathepsin D negatively 

regulates lipid metabolism [240], which is a major pathway to generate energy [241].  

Cancer cells need a sustained source of energy for their rapid growth, division, and 

survival. To meet this high energy demand, tumors alter their lipid metabolism to 

generate a larger quantity of ATP [242].  Fatty acid beta oxidation is the most energy-

efficient metabolic pathway to produce ATP; therefore, cancer cells utilize it to satisfy 

their energy needs [243, 244].  Previous studies have shown that blocking lipid 

oxidation decreased cellular viability of several cancers, including hematologic 

malignancies [245-248].    Results from this project have revealed that the combination 

of PD184352 and Sahaquine targeted ECH1 protein which is involved in the fatty acid 

beta oxidation pathway [249], in addition to cathepsin D activation. Hence, it will be of 
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interest to study lipid metabolic fate following treatment with MKK1/2-HDAC6 inhibitors. 

For instance, to evaluate the abundance of fatty acids following the combined treatment, 

mass spectrometry approaches can be used, such as MALDI MSI or liquid 

chromatography. Technically, MALDI MSI requires less sample preparation compared to 

liquid chromatography. Hence basically, following treatment, intact cells will be collected 

and placed on indium tin oxide (ITO)-coated glass slides using the cytospin technique. 

Then MALDI matrix technique will be applied and the slides will be analyzed. However, 

if absolute quantification is needed then liquid chromatography will be preferable, as 

MALDI MSI is usually used for relative quantification. 
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Mechanisms of action involved in cytocidal effects of dual MKK1/2-HDAC6 

inhibition. Combined treatment with PD184352 (MKK1/2 inhibitor) and Sahaquine 

(HDAC6 inhibitor) increased the acetylation levels of Actin-related protein 2/3 complex 

subunit 2 (ARPC2); Strawberry notch homolog 1 (SBNO1); and Delta(3,5)-Delta(2,4)-

dienoyl-CoA isomerase mitochondrial (ECH1) leading to downregulation of their 

activities, in addition to activating Cathepsin D (CATD/CTSD). As a result, DNA damage 

response and fatty acid beta oxidation were interrupted, leading to cell death.  

Mechanisms under this heading include Toll-like receptor (TLR); Myeloid differentiation 

primary response 88 (MYD88); TGF-β-activated kinase 1 (TAK1); IkappaB kinase (IKK); 

Nuclear Factor κB (NF-κB); B-cell receptor (BCR); Lck/Yes novel tyrosine kinase (LYN); 

Spleen tyrosine kinase (SYK); B-cell linker protein (BLNK); Bruton's tyrosine kinase 

(BTK); Phospholipase C (PLC); Rat sarcoma virus (RAS); Rapidly Accelerated 

Fibrosarcoma (RAF); Tumor Promoting Locus 2 (TPL2); Mitogen-activated protein 

kinase kinase 1 and 2 (MKK1/2); Extracellular signal-regulated kinase 1 and 2 

(ERK1/2); and histone deacetylase 6 (HDAC6).  

 

5.2 Mechanisms of resistance following NHL first line treatments 

NHLs develop resistance to first line treatment, which is a primary cause of treatment 

failure [250]. Resistance can arise by way of several mechanisms, including changes in 

drug influx or efflux pathways, alterations in drug targets or metabolism, activation of 

alternative signaling pathways, and influence of tumor microenvironment [251, 252]. 
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The increase in drug efflux occurs via modulation of drug efflux pump activity such as P-

glycoprotein, a multidrug resistance transporter belonging to the ATP-binding cassette 

family [253]. P-glycoprotein is overexpressed in the subpopulation of NHL patients 

[254]; therefore, targeting P-glycoprotein activity can enhance therapeutic responses. 

Previously, P-glycoprotein inhibitors such as primaquine (anti-malarial drug) sensitized 

malignant cells to anti-cancer treatments [255].  Sahaquine contains the primaquine 

group in its structure; therefore it has an inhibitory effect on P-glycoprotein [198], which 

probably increases its biological activity and reduces the risk of drug resistance.  

Another resistance factor is the tumor microenvironment, which has 

immunosuppressive properties that enable malignant cells to evade immune detection 

[256].  The rapid growth of tumor cells creates hypoxia, oxidative stress, and acidosis in 

a tumor microenvironment [257], leading to chronic inflammation [258] which affects 

components of the tumor microenvironment, including immune cells (T and B 

lymphocytes, natural killer cells, and Tumor-associated macrophages); stromal cells 

(fibroblasts, mesenchymal stromal cells, blood and lymphatic vascular networks); and 

the extracellular matrix [257].    

Chronic inflammation exhausts T cells, leading them to lose effector functions and the 

expression of multiple inhibitory receptors such as programmed cell death protein 1 

(PD1); T-cell immunoglobulin and mucin-domain containing protein 3 (TIM3); Cytotoxic 

T-lymphocyte antigen 4 (CTLA4); and lymphocyte-activation gene 3 (LAG3) on their 

surface [259]. The state of T cell exhaustion contributes to tumor microenvironment 

immune suppression. Therefore, restoring antitumor immune responses is a crucial step 

towards the development of more efficient NHL therapies. Currently, several 
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immunotherapeutic approaches are available to target B-cell NHL, including antibody 

and cellular immunotherapies [260, 261]. We believe that combining immunotherapies 

with dual MKK1/2-HDAC6 inhibition will play a complementary role in boosting antitumor 

immune responses. This triple combination can reduce T cell exhaustion by decreasing 

the levels of inflammatory cytokines in a tumor microenvironment as a result of ERK1/2 

inhibition because ERK1/2 plays an essential role downstream of immune receptors to 

stimulate inflammatory gene expression in response to infection or cellular damage. 

Further studies should investigate the addition of Immunotherapy to MKK1/2-HDAC6 

inhibitors in order to improve the therapeutic efficacy of the PD184352 and Sahaquine 

combination.  

 

Limitations and future directions  

A number of limitations and future directions have already been mentioned throughout 

this thesis with respect to our focus of study. Herein we also studied the anti-lymphoma 

activity of several SMIs, namely Compound 1 (TPL2 inhibitor), PD184352 (MKK1/2 

inhibitor), Sahaquine (HDAC6 inhibitor), and ACY1215 (HDAC6 inhibitor) alone or in 

combination using a cell culture model which itself has several limitations. One of the 

main limitations of cell culture is the absence of tumor microenvironment interaction. 

Therefore, it will be of interest to test these single or dual therapies in animal models to 

reflect the complex roles of interaction with such a microenvironment. If promising 

results are obtained, it will be ideal to test this combination in B cell NHL patients, 

knowing that safety information from previous clinical trails is already available for 
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PD184352 and ACY1215, in addition to Sahaquine preliminary safety information, which 

can accelerate the phase of drug development. 

This work illustrated that the combination of MEK1/2 and HDAC6 inhibitors induced 

killing effects by interfering with ARPC2, SBNO1, CATD, and ECH1 proteins. Therefore, 

studying the roles of these proteins in B cell NHL pathogenesis and progression merits 

future investigations as they can be potential targets for therapeutic interventions in 

lymphoma treatment. One possible strategy to evaluate the effects of these proteins on 

malignant B cell survival is by a systematic knockout of these genes using the 

LentiCRISPR/Cas9 system, as these cells are hard to transfect by non-viral techniques 

such as calcium phosphate exposure, electroporation, and liposome-based transfection. 

Gene knockout results will be confirmed by T7 Endonuclease I (T7E1) mutation 

mismatch assay followed with PCR. T7E1 assay is a precise method to recognize and 

cleave imperfectly matched DNA, resulting from CRISPR indel mutations, as sometimes 

the indel mutations will not significantly change the product size to be detected by PCR 

alone. 

 

Conclusion 

This project enhances our knowledge of the roles of the TPL2-ERK1/2 pathway and 

HDAC6 activity in B cell NHL proliferation and survival. Moreover, it emphasizes the 

importance of targeting multiple oncogenic pathways as a preferable strategy compared 

to monotherapies as a means of effectively eliminating malignant cells. 
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The MALDI MSI technique combined with zebrafish larvae safety studies represents a 

powerful approach to studying SMI safety and metabolism in vertebrate models for rapid 

SMI development. 

The promising results enumerated herein raise hopes that dual ERK1/2-HDAC6 

inhibition can achieve clinical activity. Therefore, it can be a potential therapeutic 

strategy for B cell NHL patients. 
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