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Summary 

Multiple myeloma (MM) is a B-cell malignancy characterized by the accumulation of a clone 
of malignant plasma cells in the bone marrow. Despite recent advances in treatment 
regimens, MM remains an incurable disease with conventional therapies, such as 
proteasome inhibitors, immunomodulatory drugs, corticosteroids, and alkylating agents 
only resulting in low remission rates and limited survival times. This treatment failure of 
existing anti-cancer drugs can be explained by the development of (acquired) multi-drug 
resistance, which renders cancer cells cross-resistant to structurally and functionally 

unrelated drugs. Due to the multifactorial nature of the molecular mechanisms involved in 
acquisition of therapy resistance, it remains challenging to develop effective, curative 
treatments for MM. Thus, there is an urgent need to explore novel therapeutic strategies 
to achieve complete and persistent tumor remission in MM patients. In this PhD thesis 
work, we explored kinase inhibition, treatment with natural compounds, and ferroptosis 
induction as alternative therapy strategies to overcome MM drug resistance.  
 
In the first part of the results section (chapter 3 and 4), we investigated whether (natural) 
kinase inhibitors can be used to eliminate glucocorticoid-resistant MM cells. Protein kinase  
signaling is often dysregulated in malignant cells and significantly contributes to the 
development of drug resistance. In this way, inhibition of key protein kinases orchestrating 
drug resistance may offer clinical benefits for MM patients. 

In chapter 3, we performed phosphopeptidome kinome activity profiling of therapy-
resistant and -sensitive MM cells to identify key protein kinases that regulate therapy 
resistance. We found that Bruton tyrosine kinase (BTK), involved in B-cell receptor 
signaling, is constitutively hyperactivated in resistant cells. Pharmacological inhibition of 
BTK by the FDA-approved inhibitor ibrutinib (IBR) and the preclinical phytochemical 
Withaferin A (WA) revealed that WA is more effective than IBR in killing BTK-overexpressing 
glucocorticoid-resistant MM cells. We further demonstrated that WA reverses BTK 
overexpression and inhibits BTK activity through cysteine-dependent covalent targeting.  
In chapter 4, we explored the kinase activity changes taking place in ferroptotic and 
apoptotic MM cells. In contrast to apoptosis, ferroptosis is a mode of regulated cell death 
characterized by an iron dependent rise in reactive oxygen species that propagate lipid 
peroxidation reactions. By comparing the kinome profiles of both cell death modalities, we 

aimed to identify pivotal protein kinases that regulate ferroptosis- and apoptosis-specific 
cell death. Because multi-drug resistance in MM is often mediated by apoptosis evasion,  
ferroptosis induction by means of kinase inhibition might serve as an alternative strategy 
to treat drug-resistant MM cells. We showed that both apoptosis and ferroptosis induction 
mainly results in inhibition of CMGC and AGC kinase families, which are reported to 
primarily regulate cell cycle progression, cell survival, and cell proliferation. In contrast to 
apoptotic cell death, ferroptosis is also able to target a significant number of tyrosine 
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kinases, including key players of the B-cell receptor signaling pathway, which may aid in 
finding novel (ferroptosis-based) kinase targets in MM. 
In the second part of the results section (chapter 5 and 6), we evaluated whether therapy-
resistant MM cells are sensitive to ferroptotic cell death. Given that MM tumors already 
exhibit high basal oxidative stress levels and an altered iron metabolism due to their 
increased proliferation capacity, ferroptosis induction might further be exploited to 
exhaust the tumoral anti-oxidant defense mechanisms and overcome multi-drug 
resistance. Moreover, we examined the involvement of nuclear events and epigenetic 
regulatory mechanisms in ferroptosis signaling as they largely remain unexplored. 
In chapter 5, we combined RNA sequencing, LC-MS/MS, pyrosequencing, and EPIC 
BeadChip analysis to characterize epigenetic changes taking place in therapy-resistant and 
-sensitive MM cells treated with ferroptosis inducer RSL3. We found that MM1 multiple 

myeloma cells are sensitive to ferroptosis induction and epigenetic reprogramming by 
RSL3, irrespective of their glucocorticoid-sensitivity status. LC-MS/MS analysis revealed the 
formation of non-heme iron-histone complexes and altered expression of histone 
modifications associated with DNA repair and cellular senescence. In line with this 
observation, EPIC BeadChip measurements of significant DNA methylation changes in 
ferroptotic myeloma cells demonstrated an enrichment of CpG probes located in genes 
associated with cell cycle progression and senescence, such as NR4A2. Overall, our data 
show that ferroptotic cell death is associated with an epigenomic stress response that 
might advance the therapeutic applicability of ferroptotic compounds. 
In chapter 6, we investigated the role of chromatin remodeler forkhead box A1 (FOXA1) in 
ferroptosis signaling. We found that FOXA1 expression is consistently upregulated upon 
ferroptosis induction in different in vitro and in vivo disease models. Remarkably, FOXA1 

upregulation in ferroptotic myeloma cells did not alter hormone signaling or epithelial-to-
mesenchymal transition, two key downstream signaling pathways of FOXA1. CUT&RUN 
genome-wide transcriptional binding site profiling showed that GPX4-inhibition by RSL3 
triggered loss of binding of FOXA1 to pericentromeric regions in MM cells, suggesting that 
this transcription factor is possibly involved in genomic instability, DNA damage, or cellular 

senescence under ferroptotic conditions. 

Altogether, the results of this thesis demonstrate that both kinase inhibition and 
ferroptosis induction are effective strategies to overcome glucocorticoid-therapy 
resistance in MM. Nevertheless, to fully exploit the therapeutic potential of protein kinase 
inhibitors and ferroptotic compounds, multiple hurdles still need to be overcome. For 

example, the kinase inhibitory effects of compounds included in this work are largely 
aspecific. To what extend does this affect their therapeutical applicability? Can they be 
included in combinational treatment regimens for MM patients? Also, ferroptotic-induced 
epigenetic changes seem to promote genome instability and cellular senescence in MM 
cells. Does this phenomenon of ‘ferrosenescence’ aid in completely eliminating drug-
resistant MM clones or does it possibly promote cancer development? These issues, 
together with recommendation for future follow-up studies, are discussed in the final part 
of this thesis.   
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Samenvatting 

Multipel myeloom (MM) is een kwaadaardige tumor van plasmacellen die ongecontroleerd 

prolifereren in het beenmerg. Ondanks de therapeutische vooruitgang die de afgelopen 

decennia geboekt is, blijft MM een ongeneeslijke ziekte waarbij behandelingen met 

conventionele kankertherapeutica, zoals proteasoominhibitoren, immuuntherapie, 

corticosteroïden, en alkylerende middelen slechts resulteren in lage remissiepercentages 

en beperkte toename in overlevingspercentages. De lage effectiviteit van bestaande anti-

kanker geneesmiddelen is meestal te wijten aan de ontwikkeling van multi-drug resistentie, 

waarbij kankercellen resistent worden tegen structureel en functioneel ongerelateerde 

geneesmiddelen. Door de multifactoriële aard van de moleculaire mechanismen die 

betrokken zijn bij de verwerving van therapieresistentie, blijft het een uitdaging om 

effectieve, curatieve behandelingen voor MM te ontwikkelen. Daarom is er een dringende 

nood aan nieuwe therapeutische strategieën om volledige en persistente tumorremissie te 

bekomen bij MM patiënten. In deze doctoraatsthesis hebben we kinase inhibitie, 

behandeling met natuurlijke stoffen, en ferroptose inductie onderzocht als alternatieve 

behandelingsstrategieën om resistentie in MM te overwinnen.  

In het eerste deel van de resultatensectie (hoofdstuk 3 en 4) hebben we onderzocht of 

(natuurlijke) kinase inhibitoren gebruikt kunnen worden om glucocorticoïd-resistente MM 

cellen te elimineren. Kinase signalering is vaak ontregeld in maligne cellen en draagt 

significant bij aan de ontwikkeling van therapieresistentie. Op deze manier kan inhibitie van 

belangrijke therapieresistentie-modulerende kinasen potentieel klinische voordelen 

bieden voor MM patiënten. 

In hoofdstuk 3 hebben we de belangrijkste verschillen in kinase activiteit tussen 

glucocorticoïd-resistente en -gevoelige MM cellen gekarakteriseerd om kinasen te 

identificeren die betrokken zijn bij de regulatie van therapieresistentie. Onze data toont 

aan dat Bruton tyrosine kinase (BTK), betrokken bij B cel receptor signalering, constitutief 

geactiveerd is in resistente cellen. Farmacologische inhibitie van BTK door de FDA-

goedgekeurde kinase inhibitor ibrutinib (IBR) en de beloftevolle anti-kanker drug 

Withaferin A (WA) toonde aan dat WA effectiever is in het doden van BTK-

overexpresserende glucocorticoïd-resistente MM-cellen in vergelijking met IBR. WA is 

bovendien in staat om BTK-overexpressie te herstellen en BTK-activiteit te remmen door 

middel van cysteïne-afhankelijke covalente targeting.  

In hoofdstuk 4 bestudeerden we veranderingen in kinase activiteit in ferroptotische en 

apoptotische MM cellen. In tegenstelling tot apoptose, is ferroptose een vorm van 

gereguleerde celdood die gekenmerkt wordt door een ijzerafhankelijke toename in 

reactieve zuurstofspecies die lipide peroxidatie reacties induceren. Door het kinoom van 

beide celdood modaliteiten te vergelijken, wilden we kinasen identificeren die cruciaal zijn 
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in de regulatie van ferroptose- en apoptose-specifieke celdood. Omdat MM tumoren vaak 

in staat zijn om drug-geïnduceerde apoptose celdood te ontwijken, zou ferroptose inductie 

door middel van kinase inhibitie kunnen dienen als een alternatieve strategie om resistente 

MM cellen te behandelen. Onze resultaten toonden aan dat zowel apoptose als ferroptose 

inductie in MM cellen voornamelijk gepaard gaat met inhibitie van CMGC en AGC kinasen, 

waarvan wordt gerapporteerd dat ze betrokken zijn bij celcyclus progressie, cel overleving 

en cel proliferatie. In tegenstelling tot apoptotische celdood, is ferroptose ook in staat om 

een aanzienlijk aantal tyrosine kinasen te inhiberen, inclusief enkele belangrijke spelers van 

de B cel receptor signalering, wat kan helpen bij het vinden van nieuwe (ferroptose 

gebaseerde) kinase doelwitten in MM. 

In het tweede deel van de resultatensectie (hoofdstuk 5 en 6) bestudeerden we of 

therapieresistente MM cellen gevoelig zijn voor ferroptotische celdood. Aangezien MM 

tumoren als gevolg van hun verhoogde proliferatiesnelheid  gebukt gaan onder hogere 

oxidatieve stress en veranderingen in hun ijzermetabolisme, zou ferroptose inductie verder 

gebruikt kunnen worden om de tumorale anti-oxidant mechanismen uit te putten en multi-

drug resistentie te overwinnen. Daarnaast hebben we de betrokkenheid van epigenetische 

regulatiemechanismen bij ferroptose-signalering onderzocht, omdat deze tot op heden 

nog niet in kaart zijn gebracht. 

In hoofdstuk 5 hebben we RNA sequencing, LC-MS/MS, pyrosequencing en EPIC BeadChip 

analyse gecombineerd om epigenetische veranderingen te karakteriseren in 

therapieresistente en -gevoelige MM cellen, behandeld met ferroptose inducer RSL3. We 

ontdekten dat MM1 multiple myeloma cellen gevoelig zijn voor ferroptose inductie en 

epigenetische herprogrammering door RSL3, ongeacht hun glucocorticoïd-gevoeligheid. 

LC-MS/MS analyse toonde aan dat ferroptose inductie leidt tot de vorming van non-heem 

ijzer-histon complexen en tot veranderingen in expressie van histon modificaties 

geassocieerd met DNA herstel en cellulaire senescentie. In lijn met deze observaties, 

demonstreerde onze EPIC BeadChip analyse dat significante ferroptose-afhankelijke 

veranderingen in DNA methylatie voornamelijk plaatsvinden in genen die geassocieerd zijn 

met celcyclus progressie en senescentie, zoals NR4A2. Deze gegevens suggereren dat 

ferroptotische celdood geassocieerd is met een algemene epigenetische stress respons die 

de therapeutische waarde van ferroptose inductoren zou kunnen bevorderen. 

In hoofdstuk 6 bestudeerden we de rol van de chromatine remodeler forkhead box A1 

(FOXA1) in ferroptose signalering. Uit onze resultaten blijkt dat FOXA1 expressie consistent 

toeneemt bij ferroptose inductie en dit in verschillende in vitro en in vivo ziektemodellen. 

Opmerkelijk is dat de ferroptose-afhankelijke toename in FOXA1 expressie geen invloed 

had op hormoon signalering of epitheliale-mesenchymale transitie, twee belangrijke 

doelwitten van FOXA1. CUT&RUN sequencing van transcriptionele binding sites toonde 

echter wel aan dat GPX4-inhibitie door RSL3 leidt tot vermindering van FOXA1 binding aan 

pericentromerische regio's in MM cellen, wat suggereert dat deze transcriptiefactor 
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betrokken is bij genomische instabiliteit, DNA schade, of cellulaire senescentie in 

ferroptotische condities. 

De resultaten van dit proefschrift demonstreren dat zowel kinase inhibitie als ferroptose 

inductie effectieve strategieën zijn om glucocorticoïd-therapie resistentie in MM te 

overwinnen. Om het therapeutisch potentieel van proteïne kinase inhibitoren en 

ferroptotische inductoren ten volle te benutten, moeten er echter nog verschillende 

hindernissen overwonnen worden. Zo zijn de kinase inhiberende effecten van WA en IBR 

gedeeltelijk aspecifiek. In hoeverre heeft dit gevolgen voor hun therapeutische 

toepasbaarheid? Kunnen ze worden geïncludeerd in combinatietherapieën voor MM 

patiënten? Ook lijken ferroptose-geïnduceerde epigenetische veranderingen 

genoominstabiliteit en cellulaire senescentie in MM-cellen te bevorderen. Helpt dit 

fenomeen van 'ferrosenescentie' om therapie-resistente MM cellen te elimineren of 

bevordert het net de ontwikkeling van persistente en resistente MM subpopulaties? Deze 

vragen, samen met aanbevelingen voor toekomstige vervolgstudies, worden besproken in 

het laatste gedeelte van dit proefschrift. 
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Introduction 

Cancer refers to a vast group of diseases characterized by the uncontrollable growth of cells 
that invade and destroy surrounding healthy tissue. The aggressive nature of cancerous 
diseases is demonstrated in the World Health Organization (WHO) global mortality 
statistics reports, which state that one in six deaths in 2018 was a direct cause of cancer 
[1]. Due to its considerable clinical and social impact, ample research focusses on finding 
effective cancer treatments and cures. The past couple of decades are marked by 
significant advances in conventional cancer therapies, such as chemotherapy, 

radiotherapy, and surgery, and by a surge in the development of novel treatment 
strategies, including hormone - and immunotherapy [2, 3]. Yet, despite many promising 
breakthroughs and developments, the prevalence of drug- and therapy resistant cancers is 
increasing, eventually rendering many cancers incurable [4, 5]. This is also true for several 
hematological cancers, such as leukemia, lymphoma, or multiple myeloma (MM) [6-8]. In 
the latter example of MM, the disease is featured by a repeating pattern of remission and 
relapse periods where patients cycle through available treatment options, ultimately 
resulting in complete treatment failure [9-11]. Therefore, there is an urgent need for novel 
therapeutic approaches to overcome primary and acquired therapy resistance in MM. In 
order to enhance the use of conventional drugs and to design more effective treatments, 
an improved understanding of the molecular mechanisms mediating resistance is key. In 
this context, both genetic and epigenetic anomalies have been identified as drivers in both 

the development of the disease and of drug resistance. Indeed, several studies have 
demonstrated the potential of epigenetic drugs targeting aberrant DNA methylation and 
histone modifications in (pre)clinical settings of MM [12]. Alternatively, targeting tumor-
specific deregulated signaling pathways within MM have also gained interest over the past 
years. Inhibitors of protein kinases (PKs), which are particularly prominent in signal 
transduction, are extensively being studied in clinical trials and have shown activity against 
MM [13]. Finally, knowing that many FDA-approved drugs are natural product derivatives, 
an extensive arsenal of plant-derived compounds has been explored to treat hematological 
cancers [14]. Of particular interest, broad-spectrum anti-cancer effects of the natural 
phytochemical Withaferin A (WA) have been reported in various of cancer types, involving 
reactive oxygen species (ROS)-mediated cytotoxicity, regulation of heat shock protein 
activity, induction of apoptosis and ferroptosis, and inhibition of PKs [15].  

In the first introductory chapters, I will discuss the pathophysiology of MM, summarize the 
major causes of therapy resistance, and highlight promising treatment strategies to 
overcome drug resistance in this cancer type.  
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Chapter 1 :  

Exploring the Pathogenesis and Current Treatment Landscape in 
Multiple Myeloma 

MM is a hematological malignancy that is characterized by the uncontrolled growth of 
terminally differentiated B-cells, which primarily reside in the bone marrow (BM) 
environment. The accumulation of these differentiated cells, the so-called plasma cells 
(PCs), directly leads to a host of problems including bone lesions, (recurrent) infections, 
anemia, hypercalcemia, renal failure, and fatigue. Although the exact causes or risk factors 

largely remain unknown, MM seems to be a progressive ‘multi-step’ disease that is often 
preceded by an age-progressive premalignant condition termed monoclonal gammopathy 
of undetermined significance (MGUS). Thanks to the introduction of autologous stem-cell 
transplantation and drugs such as thalidomide and bortezomib, the overall survival of MM 
patients has significantly increased. However, despite these remarkable therapeutic 
advancements, MM remains an incurable disease. 

 Pathophysiology of Multiple Myeloma 

The human immune system is a complex network of specialized cells and proteins designed 
to defend the body against foreign invaders, such as bacteria, viruses, fungi and toxins. 
Typically, this system can be classified into two closely intertwined parts: the innate 

immunity, which serves as a non-specific first line of defense against common pathogens, 
and the adaptive immunity, which orchestrates a more customized, pathogen-specific 
immune reaction [16].  The latter system is primarily activated when the innate response 
is unable to eliminate the infectious treat and generates a slower, yet more accurate, 
immune response. To allow for its effective functioning, the adaptive immunity relies on 
the proliferation and differentiation of its key effector cells, the T- and B-lymphocytes, that 
are continuously replenished during hematopoiesis. B-cells are particularly important in 
the humoral mechanism of immunity within the adaptive immune response due to their 
ability to differentiate into specialized antibody-producing PCs.  
In healthy individuals, B-lymphocytes undergo numerous rounds of proliferation and 
selection to ensure only functional (i.e. with a functional B-cell receptor (BCR)) cells are 
maintained (Figure 1). This developmental and selection process occurs within the BM and 

is initiated by a surge of early B-cell factor 1 (EBF1), transcription factor 3 (TF3), and paired 
box 5 (Pax5) expression in lymphoid progenitor cells (LPC), promoting their commitment to 
the B-lymphocyte lineage [17]. These committed cells, also known as pro-B-lymphocytes, 
subsequently undergo V(D)J rearrangement of the immunoglobin (Ig) heavy chain gene 
allowing for the production of monospecific B-cells. Only when this rearrangement is 
successful and functional Ig heavy chains are produced, the cells further differentiate into 
pre-B-lymphocytes [18]. After subsequent Ig light chain gene rearrangements, the 
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production and assembly of the complete membrane-associated Ig class M (IgM) BCR is 
started and immature B-lymphocytes are formed. At this stage, the B-cells are screened for 
auto-reactivity. If immature B-lymphocytes recognize ubiquitous self-antigens, they are 
either eliminated by clonal deletion or undergo receptor editing and change the specificity 
of their Ig molecule [18]. In their final maturation steps, the immature B-cells migrate 
towards secondary lymphoid organs, such as the lymph nodes or the spleen, traveling along 
a C-X-C motif chemokine ligand 13 (CXCL13). Here, they will co-express Ig-D on their 
membrane, which marks the end of the maturation process.  
 

 
Figure 1: Differentiation of B-lymphocytes in the bone marrow. Mature B-cells originate from lymphoid progenitor cells 
(LPC) that undergo pro-B-cell, pre-B-cell, immature B-cell, and mature B-cell differentiation. Abbreviations: EBF1 = early 
B-cell factor, TF3 = transcription factor 3, Pax5 = paired box 5, VDJ = VDJ heavy chain rearrangement, IgM = immunoglobin 
class M, IgD = immunoglobin class D. Figure created with BioRender.com.  

 
Mature, naïve B-cells circulate through the different secondary lymphoid organs until they 

are activated by exposure to an antigen. This activation initially results in the proliferation 
and differentiation of naïve B-cells in to low-affinity IgM-secreting PCs, which are only short 
lived and undergo apoptosis in situ (Figure 2) [19]. Supported by T helper lymphocytes, the 
activation process then causes naïve follicular B-cells to undergo proliferation, class 
switching, and somatic hypermutation in the germinal center sites of the secondary 
lymphoid organs. This results in the production of long-lived memory B-lymphocytes and 
terminally differentiated, long-lived PCs that are specialized in the secretion of high-affinity 
antibodies (Figure 2) [19]. These PCs live many months to years and typically home to the 
BM. 
 
Throughout their entire maturation, PCs face two major developmental challenges. Firstly, 
they must be able to survive long-term to produce immunological memory for the infection 

against which they were generated [20]. The efficiency by which PCs are able to remove 
infectious triggers heavily relies on class switching and somatic hypermutation. These 
processes help create PCs which produce antibodies of different Ig isotypes with different 
functionalities and increase the binding affinity of the antibodies for the antigen. 
Mechanistically, both class switching and somatic hypermutation rely on double-strand 
breaks in the Ig loci. Although most breaks are repaired locally, they can also fuse with 
other breaks elsewhere in the genome, leading to aberrant chromosomal translocations 
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and DNA fusions, a molecular hallmark of MM [20, 21]. The second main challenge PCs face 
is the effective production of large quantities of antibody. This requires cessation of cell 
cycle progression, compaction of chromatin, silencing of cellular functions unnecessary for 
antibody production, and is strictly controlled by transcription factors (TFs), including X box 
protein 1s (XBP1s) [20]. Given that these TFs mostly regulate the expression of key survival 
and growth signals and stimulate genes required for Ig production, deregulation of these 
factors often contributes to myelomagenesis. Indeed, transgenic mice overexpressing 
XBP1s are known to develop a pathological syndrome that harbors several MM features 
[22].  
Any derangement within PC development therefore increases the risk of triggering 
malignancy and often underlies the process of carcinogenesis. Most MM cells isolated from 
patients display mutations or chromosomal translocations caused by disruptions in class 

switching and somatic hypermutations, confirming that they are of post-germinal ancestry. 
However, the exact cell of origin of MM remains unknown [23]. As in other human cancers, 
it is likely that the disease is driven by a rare population of cells, termed MM cancer stem 
cells (CSCs), which are characterized by self-renewal capacity, clonogenic growth, and 
increased drug resistance [19, 24]. The presence of CSC might explain the high relapse rates 
in MM patients: even when all malignant PCs are eradicated by an anti-cancer drug, a small 
number of remaining CSC will guarantee the return of MM cells, possibly in a more 
aggressive and resistant form [25]. 
 

 

Figure 2: Schematic overview of the formation of long-lived plasma cells. Upon exposure to antigen, naïve B-cells 
differentiate into short-lived, low-affinity immunoglobulin M (IgM)-secreting plasma cells (left). Some of the activated B-
lymphocytes subsequently form a germinal center (GC) initiating class switching and somatic hypermutation leading to 
the formation of memory B-cells and long-lived plasma cells (right). Adapted from [19]. 
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Once a primary mutational event favors the growth of the MM cell of origin, clones of this 
cell proliferate and differentiate into pre-malignant PCs with various (epi)mutations that 
cause MGUS. MGUS is a pathological, asymptomatic state that is characterized by the 
infiltration of clonal PCs into the BM and the secretion of monoclonal protein (also known 
as myeloma protein), an abnormal antibody [21]. MM development is nearly always 
preceded by MGUS, with or without an intervening stage referred to as smoldering multiple 
myeloma (SMM) (Figure 3). On average, 1% of people diagnosed with MGUS will progress 
to MM each year [26]. In some cases, MM can evolve into an even more aggressive cancer 
and metastasize from the BM into the circulatory system (i.e. plasma cell leukemia). 
 

 
Figure 3: The development of multiple myeloma (MM). Typically, MM progression can be classified into two stages: the 
establishment of precursor disease states, including monoclonal gammopathy of undetermined significance (MGUS) and 
smoldering MM, and the progression to MM. The first stage is usually characterized by the occurrence of primary genetic 
events (e.g. chromosomal translocations involving the immunoglobulin genes), while secondary (epi)genetic alterations 
mostly appear in later disease stages. In some cases, MM can progress to bone marrow-independent diseases, such as 
plasma cell leukemia [21]. 

 

 Epidemiology 

In 2020, MM accounted for 1.8 % of all new cancer cases and for 2.1 % of cancer deaths 
worldwide [27]. Although the disease can affect people of all ages, MM is predominantly a 
disease of senior adults with the median age of diagnosis being 70 years [28]. Globally, the 
highest incidence of MM can be found in more-developed countries, including the United 
States, Western Europe, and Australia (Figure 4) [1]. The variety in incidence can probably 
be explained by a greater clinical awareness of the disease as well as by the availability of 
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better diagnostic tools in developed countries [21]. Interestingly, MM incidence is also 2-3 
times higher in black individuals compared to Hispanic, Caucasian, and Asian individuals, 
and men are more likely to be affected by the disease than women [29].  

 
Figure 4: Global incidence of multiple myeloma in 2020. The incidence of multiple myeloma varies greatly and is generally 
higher in more-developed countries, such as Australia, Western Europe, and Northern America. Available from 
https://gco.iarc.fr/, accessed on February 24, 2021 [1]. 

 

 Aetiology 

Although the potential risk factors of MM have been evaluated in numerous studies, the 
precise cause of the disease remains unknown. Main risk factors include age, male gender, 
familial background, and MGUS history. Yet, certain environmental and occupational 
hazards have been associated with myelomagenesis as well [20, 21]. Some studies have 
reported an increased MM incidence in individuals exposed to higher levels of radiation 
[30], pesticides [31, 32], hair dyes [33], obesity [34], and immune dysfunction [35, 36], but 
little evidence thoroughly supports a true causal relationship with disease development 
[20]. A ruling hypothesis that has been proposed by several research groups states that the 
interindividual genetic variation governs the response to environmental triggers and may 
mediate some of the familial aggregation observed in MM [20]. 

1.3.1 Genetic Factors 

MM is a clinically and biologically heterogeneous cancer where several genetic alterations 
have been proposed as driver mutations. A major genetic lesion identified in MM involves 
the chromosomal translocation of the enhancer of the immunoglobulin heavy locus (IGH), 
located on chromosome 14q32, and a limited set of recurrent partner genes, such as 

https://gco.iarc.fr/
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encoding cyclin D1 (CCND1), fibroblast growth factor receptor 4 (FGFR3), and multiple 
myeloma SET domain (MMSET) [37]. Once these partner genes are placed under the 
control of the strong IGH enhancer, their expression will significantly increase and their 
corresponding pathways will be deregulated accordingly. The t(11;14) translocation, for 
example, is found in approximately 15-20 % of all MM patients and causes upregulation of 
the CCND1 gene, which codes for the cell cycle progression regulator cyclin D1 [19, 21, 38]. 
As a consequence of this translocation, the G1/S cell cycle transition is heavily perturbed in 
most MM patients and results in unregulated proliferation of myeloma cells [39]. Another 
translocation, t(4;14), alters MMSET and FGFR3 expression and is present in almost 15 % 
of patients. Patients harboring t(4;14) mutations have a significantly worse prognosis 
compared to other biological subgroups [40]. Both MMSET and FGFR3 possess potential 
oncogenic activity, although MMSET in particular seems to play a central role in MM 

pathogenesis. Known to have histone methyltransferase (HMT) activity, overexpression of 
MMSET often leads to global changes in histone methylation and promotes cell survival, 
DNA repair, and cell progression [41, 42]. 
Another frequently observed genetic aberration in MM cells is hyperdiploidy of the odd 
numbered chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 [43]. The underlying mechanism of 
hyperdiploidy of these non-random selection of odd chromosomes is unknown. 
Interestingly, patients with hyperdiploidy are less likely to have primary IGH chromosomal 
translocations, though some patients with both genetic abnormalities have been reported 
[21].  
Hyperdiploidy and chromosomal translocations seem to be crucial triggers of the early 
establishment of abnormal PCs, however, they are in itself not sufficient to drive the 
disease [44]. Secondary mutations in tumor suppressor or oncogenes are required to 

enhance the growth potential of abnormal PCs. The most frequently occurring mutations 
in MM patients are located in tumor protein 53 (TP53) (8 %), defective in sister chromatid 
joining (DIS3) (11 %), family with sequence similarity 46 member C (FAM46C) (11 %), 
neuroblastoma RAS viral oncogene (NRAS) (20 %), and Kirsten RAS oncogene (KRAS) (23 %) 
[21]. The heterogeneity in mutations between patients has consequences for potential 

therapies that target mutated proteins and should be considered when optimizing 
treatment schedules of the patient.  
 

1.3.2 Epigenetic Factors 

Next to genetic alterations, (reversible) epigenetic changes are one of the main drivers of 
MM pathogenesis. These are commonly found in later stages of MM and include altered 

DNA methylation, chromatin structure, histone modifications, and micro-RNA (miRNA) 
deregulation.   
Through the covalent transfer of a methyl group to the C-5 position of the cytosine ring of 
DNA, DNA methylation alters the activity of genes without changing the DNA sequence 
itself. Methylation of DNA predominantly occurs in CpG dinucleotides (also known as CpG 
islands) of gene promotors and is associated with gene silencing. In MM, DNA methylation 
levels are highly variable between patients, although it usually follows a characteristic 
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pattern as the disease worsens [21, 45]. In the early transition phase, where patients 
progress from the MGUS stage to MM, global hypomethylation predominates whereas an 
increase in gene-specific hypermethylation occurs in later disease stages [45, 46]. 
Maximum DNA methylation is typically observed in patients with relapsed disease [46]. 
Genes that are inactivated by methylation during MM progression often have a role in 
tumor suppression and cell cycle regulation, such as cyclin-dependent kinase inhibitor 2A 
(CDKN2A) [47], cadherin-1 (CDH1) [48], and TGF beta receptor 2 (TGFBR2) [49]. Whole-
exome sequencing has revealed that many MM patients carry mutations in two major 
determinants of DNA methylation: DNA methyltransferase 3A (DNMT3A) [45], responsible 
for de novo methylation marks, and ten-eleven translocation 2 (TET2) [50], which is 
involved in the enzymatic removal of methylation groups. These mutations alone, however, 
are insufficient to fully account for all DNA methylation aberrations observed in MM and 

their involvement in myelomagenesis remains uncertain [51]. Remarkably, patients 
harboring the t(4;14) translocation often show the most pronounced hypermethylation 
changes due to the overexpression of the MMSET gene, highlighting the interplay between 
DNA methylation and histone modifications [20].   
Histone modifications themselves are also frequently altered during MM transformation. 
These covalent modifications, which include (but are not limited to) methylation, 
phosphorylation, acetylation, and ubiquitylation, are post-translational modifications 
(PTMs) of histone proteins. These are highly basic proteins, present in eukaryotic nuclei, 
that are responsible for the packaging and accessibility of the DNA. Any modification made 
to these structural proteins can affect gene expression by altering the chromatin structure 
or by recruiting epigenetic reader/writer enzymes. Histone (de)methylation changes are 
particularly frequent in MM and are also more prevalent in the late-stage disease [44]. In 

contrast to DNA methylation, some driver mutations in multiple chromatin-modifying and 
writer-reader-eraser enzymes have been identified as probable causes for global histone 
(de)methylation aberrations [51]. As mentioned, the MMSET protein is frequently 
upregulated in a specific subset of MM patients, and mainly catalyzes the addition of the 
active H3K36me2 mark [52, 53]. Knockdown or knockout of MMSET expression reduces 

growth of MM cells by inducing apoptosis and cell cycle arrest, and could be an interesting 
therapeutic target. A recent study has additionally demonstrated that H3K36 dimethylation 
by MMSET is crucial in the DNA repair process and in telomere protection, explaining why 
MM subclones carrying this mutation display a significant growth advantage [54]. MMSET 
can also impact a plethora of other histone modifications by enhancing the function of 
transcriptional repressors, including histone deacetylase 1 (HDAC1), HDAC2, sin3a, lysine-
specific histone demethylase 1A (LSD1), and the HMT enhancer of zest homolog 2 (EZH2)  

[55]. Studies on several MM cell lines and primary patient samples have indeed shown a 
transcriptional upregulation and altered genomic distribution of EZH2 [56, 57]. As EZH2 is 
responsible for catalyzing the methylation of the repressive H3K27me3 mark, specific loci 
across the genome are typically silenced in MM patients compared to healthy individuals 
[58]. One of these loci is the miR-126 locus, coding for an miRNA responsible for targeting 
the c-Myc oncogene [59]. Independent of EZH2, several other miRNAs have also been 
reported to be abnormally expressed in MM [60]. miR-32 and miR-17-92, for example, are 
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often upregulated in MM samples and can impact the expression of suppressor of cytokine 
signaling 1 (SOCS-1), which regulates IL-6 mediated survival of MM cells [51].  
 

 Diagnosis and Clinical Representation 

The diagnostic criteria for MM are frequently updated by the International Myeloma 
Working Group (IMWG) and are based on monoclonal protein levels, BM infiltration of 
clonal PCs, and myeloma defining events [61] (Table 1 & 2). These latter events are end-
organ complications and are a direct cause of either a disruption of normal hematopoiesis 
(due to overgrowth of PCs in the BM) or an increase in blood viscosity (due to abnormal 
protein load). They consist of hyperCalcemia, Renal impairment, Anemia, and Bone lesions 
(CRAB). Additional symptoms often include fatigue, weight loss, bone pains, recurrent 

infections and abnormal bleedings [29]. The diagnostic work-up for a patient with 
suspected MM involves a full blood count and serum electrophoresis to detect 
abnormalities in blood cells and protein concentration, a urine test to evaluate kidney 
failure, and radiographic imaging to detect bone lesions [44].  
 

Table 1: International Myeloma Working Group Criteria for the Diagnosis of Multiple Myeloma (from [61]) 

Feature MGUS SMM MM 

Monoclonal protein 

levels in serum 
< 3 g per dl ≥ 3 g per dl 

Monoclonal protein in serum 

and/or urine 

Bone marrow infiltration < 10 % 10 – 60 % ≥ 10 

Symptomatology No CRAB features No CRAB features Presence of CRAB features 

MGUS, monoclonal gammopathy of undetermined significance; SMM, smoldering multiple myeloma; MM, multiple 
myeloma.  

 

Table 2: CRAB features (from [61]) 

 Criteria 

Hypercalcemia Serum calcium > 0.25 mmol/L above upper limit of normal or > 2.75 

mmol/L 

Renal insufficiency Glomerular filtration rate < 40 mL/min or serum creatinine > 177 

µmol/L 

Anemia Hemoglobin 2.0 g/dl under lower limit of normal or < 10 g/dl 

Bone Lesions ≥ one lesion detected by radiography, computed tomography or 

positron emission tomography 

 

 Current therapies 

Once the diagnosis of MM has been confirmed, an effective treatment schedule needs to 
be determined for each patient. Due to the heterogeneity of the disease and the multitude 
of therapeutic options available, this remains one of the major challenges for physicians 



Introduction: Chapter 1 

 
— 

29 

[62]. Suboptimal treatment may lead to selection of resistant clones while only eradicating 
therapy-sensitive MM cells [63]. Thus, most patients receive a combination therapy where 
different agents with distinct and synergistic mechanisms of action are included to limit the 
development of drug resistance [63]. Several other factors also impact the management 
strategy of MM, including the eligibility for autologous hematopoietic stem cell 
transplantation (ASCT) (which is mainly determined by age of the patient), presence of co-
morbidities, risk stratification and patient preference [21]. Currently used drugs in MM 
include chemotherapy, proteasome inhibitors, immunomodulatory drugs, monoclonal 
antibodies, histone deacetylase inhibitors, alkylating agents, and glucocorticoids (GCs).  
 

1.5.1 Autologous Stem Cell Transplantation 

In Europe, ASCT paired with induction therapy is the standard of care for first-line 
treatment in MM patients up to 65 years [64]. This procedure starts with a short-term (3-5 
cycles) induction regimen aimed to produce a profound therapeutic response prior to ASCT, 
and usually comprises the administration of bortezomib, lenalidomide, and 
dexamethasone (VRd) [65]. Subsequently, patients receive growth factors to stimulate the 
growth of hematopoietic stem cells (HSCs) and to trigger their release into the blood 
stream. HSCs are then harvested by apheresis and returned to the donor once they 
received high-dose chemotherapy, which efficiently destroys MM cells within the BM 
(Figure 5).  
 

 
Figure 5: Overview of the autologous stem cell transplantation (ASCT) procedure in multiple myeloma patients. After 
administration of growth factors, hematopoietic stem cells (HSCs) are harvested and frozen (up to 10 years) until needed. 
Patients then receive high-doses of chemotherapy aimed to eradicate all malignant cells. Thawed HSCs are finally 
returned to the patient and supportive treatments are administered. Figure created with BioRender.com. 
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ASCT coupled with high-doses of chemotherapy improves overall survival and progression 
free survival, but rarely is a cure for MM [66]. The majority of patients relapse 18 to 36 
months after their transplant is completed [67].  

1.5.2 Chemotherapy 

Patients not eligible for ASCT, either because of their age or the presence of co-morbidities, 
usually receive a treatment regimen that contains chemotherapeutic agents. These drugs 
aim to target rapidly proliferating cells, such as malignant MM cells, and include alkylating 
agents and topoisomerase inhibitors. Chemotherapy effectively reduces disease burden, 
and is characterized by a high response rate: some patients enter complete remission, but 
most enter a plateau phase with lower production of myeloma protein [29]. The two most 

currently used alkylating drugs in MM management are melphalan and cyclophosphamide 
[21]. Both compounds crosslink the DNA through the addition of alkyl groups at the guanine 
residue, which blocks DNA synthesis and ultimately leads to cell death [68]. Alternatively, 
compounds such as etoposide target DNA synthesis by inhibiting the topoisomerase II 
enzyme and induce apoptosis by causing DNA breakage [69].  

1.5.3 Proteasome Inhibitors 

Proteasome inhibitors (PIs) have proven to be quite successful in the treatment of MM. The 
ubiquitin-proteasome pathway plays a pivotal role in maintaining normal cellular 
homeostasis by regulating the degradation of eukaryotic proteins [70]. Misfolded or 
unfolded proteins (i.e. inactive proteins) in particular, are tagged with multiple molecules 

of ubiquitin and undergo degradation into short peptides by the proteasome protein 
complex. Given that MM cells typically produce and secrete large amounts of monoclonal 
proteins, they are extremely sensitive to any imbalance between load and capacity of the 
proteasome [21]. Therapies that further increase stress on protein turnover cause 
accumulation of misfolded proteins in the endoplasmic reticulum (ER) and stimulate 
multiple apoptotic pathways [71]. In 2003, the first FDA approved PI, bortezomib, was 
approved for the treatment of MM [71]. Two other agents, carfilzomib and ixazomib, have 
also secured regulatory approval for MM since then. Despite the encouraging clinical 
results obtained with bortezomib and other PIs, acquired and intrinsic resistance continue 
to hamper their therapeutic efficiency [72].  

1.5.4 Immunomodulators 

Immunomodulatory imide drugs (IMiDs) are an important class of MM drugs and remain a 
cornerstone in the current treatment of the disease (as they are included in the standard 
VRd regimen). They display a wide spectrum of effects on the immune system, including 
activation of natural killer cells [73], stimulation of IL-2 production in T cells [74], 
stimulation of cytokine secretion [75], and activation of dendritic cells [76]. Additionally, 
they are described to impact cell adhesion, lower angiogenesis and induce apoptosis [77]. 
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Although their exact mechanism of action is not yet fully understood, their activity can 
partially be attributed to their ability to inhibit cereblon, which is part of an E3 ubiquitin 
ligase complex that ubiquitinylates and degrades several TFs [78]. Ultimately, this results 
in downregulation of the interferon regulatory factor 4 protein (IRF4) and triggers MM 
cytotoxicity [79, 80]. IMiDs currently approved for use in MM are thalidomide, 
lenalidomide, and pomalidomide 

1.5.5 Immunotherapy 

In 2015, the first regimens incorporating monoclonal antibodies (mAbs) in mono- or 
combination therapies for MM were approved by the FDA [81]. These antibodies bind to 
specific antigens overexpressed on the surface of malignant PCs and induce cell death by a 

variety of different mechanisms (Figure 6). Daratumumab and elotuzumab, for example, 
target transmembrane glycoproteins cluster of differentiation 38 (CD38) and signaling 
lymphocyte activation molecule family member 7 (SLAMF7) respectively, and have 
significantly improved the clinical outcome of MM patients [81, 82]. Unfortunately, the 
presence of certain cytogenetic abnormalities, such as t(4;14) and t(14;16), has been 
described to negatively impact therapy response to daratumumab and other mAbs [82].   

 
Figure 6: Mechanism of action of monoclonal antibodies (mAbs) targeting transmembrane glycoproteins overexpressed 
on multiple myeloma (MM). (A) mAbs can directly kill MM cells via induction of apoptosis or blockade of growth factor 
binding. (B) Complement-Dependent Cytotoxicity is initiated when complement component C1q binds to mAbs, resulting 

in lysis of MM tumor cells. (C) Natural killer cells recognize cell-bound mAbs via FcRIII and attack MM cells. (D) mAb 
binding to MM cells triggers recognition and phagocytosis by macrophages. Figure created with BioRender.com. 

Another form of immunotherapy being explored in MM is chimeric antigen receptor T-cells 
(CAR-T) therapy. This treatment technique uses the patient’s own T-cells and alters them 
to produce CARs, artificial fusion proteins that specifically recognize and target antigen(s) 
present on the patient’s malignant cells [83]. Recent successful clinical outcomes of CAR-T 
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therapy in relapsed or refractory MM patients have led to its FDA approval in March 2021 
[83, 84]. In the pivotal KarMMa trial, for example, 72 % of the patients achieved a rapid and 
durable respone after CAR-T therapy, with a median duration of response of 11 months 
[84]. 

1.5.6 Glucocorticoids 

Next to PIs and IMiDs, GCs form the backbone for MM treatment. Dexamethasone (DEX) in 
particular, is often paired with existing and novel agents to induce high clinical response 
rates [85]. Mechanistically, GCs mediate their therapeutic effects by 4 different 
mechanisms (Figure 7): (1) activation and nuclear translocation of the cytosolic 
glucocorticoid receptor (GR) promotes gene transcription modulation, (2) activation of the 

cytosolic GR promotes non-genomic effects through different signaling cascades, (3) 
activation of the membrane-bound GR promotes non-genomic effects, and (4) non-specific 
interaction with cellular membranes alters their physiochemical properties and activities 
[86]. The net effect of GC treatment is promotion of anti-inflammatory and 
immunosuppressive activity, and the induction of cell death in cancerous cells [85, 87]. The 
precise mechanism of action of GC-induced apoptosis has not yet been fully elucidated. 
Generally, it is believed that GCs activate apoptosis-inducing genes or inhibit survival genes 
[87].  

 
Figure 7: Overview of the genomic and non-genomic mechanism of glucocorticoids (GCs). (1) Lipophilic GCs pass through 
the cell membrane and bind to the cytosolic glucocorticoid receptor (GR). This results in a conformational change and 
promotes GR nuclear localization, binding to glucocorticoid response elements (GREs) in the DNA, and gene modulation. 
(2) GCs binding to the GR promotes the release of signaling molecules from the GR-multi-protein complex. (3) GCs binding 
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to membrane-bound GR (mGR) to exert their effects. (4) At high concentrations, GCs will intercalate with membranes 
and change their properties and activity. Adapted from [86] and created with BioRender.com.  

1.5.7 Epigenetic Drugs 

Targeting reversible epigenetic modifications is another attractive therapeutic strategy to 
kill malignant cells or to revert them to a more “normal” state [51]. Several (clinical) studies 
have addressed the potential of epigenetic modulating agents in MM, focusing especially 
on DNA methyltransferase inhibitors (DNMTi) and histone deacetylase inhibitors (HDACi) 
[88]. In vitro and in vivo experiments have demonstrated that two DNMTi compounds, 5-
aza-2’cytidine (AZA) and 5-aza-2’-deoxycytidine (DAC), display anti-myeloma activity by 
inducing apoptosis and inhibiting cell cycle progression [89-91]. Both AZA and DAC are 
widely used therapies for myelodysplastic syndromes [92], but still await FDA approval for 

the treatment of MM. In contrast, the oral pan-HDACi Panobinostat has been approved as 
a third-line therapy in MM [93]. Panobinostat directly inhibits the enzymatic activity of 
HDACs, and results in an overall increase in histone acetylation and transcriptional 
activation. Additionally, it can promote hyperacetylation of non-histone proteins, such as 
tubulin, and  increase cellular stress [94]. 
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Chapter 2: 

Therapy Resistance in Multiple Myeloma: Past, Present, and Future 

Despite the considerable number of treatment options, MM remains difficult to treat. 
Patients often relapse or become refractory after one or more successive treatment 
regimens, mostly due to (multiple) therapy resistance. Several mechanisms, which will be 
discussed in this chapter, contribute to the development of drug resistance. Some of these 
directly impact MM cells while others rather affect the BM environment. The development 
of novel treatment strategies therefore heavily relies on achieving a better understanding 
of the pathways involved in MM drug resistance. In this PhD thesis work, alternative 

therapy regimens, including kinase inhibition, treatment with natural compounds, and 
ferroptosis induction, have been explored to overcome MM drug resistance.  
 

2.1. Causes of Therapy Resistance in Multiple Myeloma 

Multi-drug resistance (MDR) is a phenomenon where cancer cells become cross-resistant 
to structurally and functionally unrelated drugs [1]. Development of MDR is typically 
multifactorial and is caused by (epi)-genetic alterations, a dysfunctional tumor 
microenvironment, dysregulation of apoptosis signaling pathways, abnormal drug 
transport and metabolism, the persistence of  CSCs, tumor heterogeneity, and other 
specific mechanisms for mAb immunotherapy (Figure 1) [2]. These cellular and molecular 

alterations make that cancers are either inherently untreatable or acquire resistance to a 
wide variety of anticancer drugs.  
 

2.1.1. Genetic and Epigenetic Alterations Influencing Drug Resistance 

As discussed in Chapter 1, MM is characterized by the presence of various (epi)genetic 
changes. Some of these are associated with therapeutic failure, worse prognosis, and 
higher relapse rates. For example, patients harboring t(4;14) translocations and 
corresponding MMSET and FGFR3 overexpression have shorter overall survival times and 
display increased resistance to alkylating agents [3]. Alternatively, mutations in drug-target 
regions have also been attributed to specific drug resistances in MM. Missense mutations 
in the proteasome 20S subunit beta 5 (PSMB5) gene, for instance, drastically lower the 

effects of PI bortezomib, and have even been described to be responsible for resistance to 
next-generation PIs carfilzomib and ixazomib as well [4, 5]. Similar to bortezomib, these 
latter PIs interfere with the catalytic N-terminal threonine residue by occupying the PSMB5 
substrate binding pocket. Point mutations in the PSMB5 gene severely impair PI binding 
but also reduce proteasome activity, explaining why the majority of bortezomib-resistant 
patients exhibit a compensatory PSMB5 upregulation [6]. Similarly, acquired resistance to 
IMiDs, such as lenalidomide or pomalidomide, is associated with mutations, copy number 
loss, and structural variations in the cereblon gene [7]. It is estimated that one-third of MM 
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patients carry cereblon mutations by the time they are refractory to pomalidomide therapy 
[7].  A final example highlighting the importance of genetic alterations in drug resistance 
can be found in GC-resistant MM. Chronic exposure to DEX in MM cells is reported to 
induce expression of a truncated GR mRNA carrying a 3’ end deletion lacking a significant 
portion of the hormone binding domain [8].  
 

 
Figure 1: Mechanisms of multi-drug resistance of refractory and relapse multiple myeloma (MM). Adapted from [2] and 
created with BioRender.com. 

DEX resistance has also been linked to epigenetic changes. Nojima and colleagues 
demonstrated that promotor hypermethylation of the Ras-related dexamethasone 
induced 1 (RASD1) gene correlated with reduced sensitivity to DEX treatment, which could 
be reversed by erasing DNA methylation marks with DAC [9]. In line with this observation, 
promotor hypermethylation of tumor suppressor genes, including glutathione peroxidase 
3 (GPX3) and transforming growth factor beta (TGFB), may be involved in chemotherapy 
resistance [10, 11]. Next to hypermethylation, hypomethylation has been linked to drug 
resistance as well, especially when demethylation occurs in promotor regions of drug 

transporters. ATP-binding Cassette (ABC) solute transporters, such as ABCG2, are reported 
to be upregulated in MM patients as a results of global hypomethylation [12]. Given that 
these transporters are responsible for the efflux of xenobiotic and endogenous 
metabolites, they promote MDR by transporting commonly used MM drugs (i.e. PIs, IMiDs, 
alkylating agents,…) to the extracellular environment [13]. Finally, miRNAs and long non-
coding RNAs (lncRNAs) are known to impact MDR development too by modulating 
expression of cell cycle related proteins, drug targets, drug-transporter proteins, and 
apoptosis signaling proteins [14, 15]. Although it remains challenging to link dysregulated 
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miRNAs directly to drug resistance, miR-137/197, miR-21, and miR-221/222 are reported 
to negatively modulate sensitivity to chemotherapy, GCs and PIs (reviewed in [16]). Their 
potential application as therapeutic targets, however, still needs to be further explored. 
 

2.1.2. Intra-Tumor Heterogeneity 

Beside the extensive inter-patient (epi)genomic heterogeneity, intra-tumor clonal 
heterogeneity poses a significant challenge to successful personalized therapy in myeloma 
[17-19]. Within a same tumor specimen, distinct tumor populations with different genomic 
and biological variations can coexist (Figure 2). Next-generation sequencing (NGS) and 
single cell sequencing techniques revealed the presence of two to six major myeloma 
subclones at presentation [20]. Currently, two hypotheses aim to explain the origin of the 

clonal mosaic observed in MM. The Darwinian model states that the occurrence of new 
mutations results in an improved adaptation of clones, outgrowing the previously 
dominant tumor clones [21]. In line with this theory, Melchor et al. observed clonal 
extinction and the emergence of new clones that acquire mutations during treatment [20]. 
In contrast, the branching evolution theory states that, during treatment, MM clones 
emerge from a common (drug-resistant) ancestor and that different clones dominate at 
the diagnosis and relapse of MM [22]. Both models of MM progression and evolution have 
considerable implications for diagnostic and therapeutic strategies in the clinic. 

 
Figure 2: CT-image displaying the intra-tumor heterogeneity in multiple myeloma (MM). Colored spots indicate the 

presence of different focal lesions identified by multi-region sequencing of CT-guided fine needle aspirates [18].  
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2.1.3. Abnormal Drug Transport in MM 

Of all identified efflux transporters, P-glycoprotein (P-gp) is the best characterized 
multidrug resistance protein [17, 23]. Similar to ABCG2, P-gp is an ABC solute transporter 
that is highly expressed in relapsed patients compared to non-treated MM patients [24]. 
This upregulation in P-gp expression significantly contributes to development of drug 
resistant cells by decreasing the intracellular accumulation of (chemo)therapeutic 
substances, hampering their therapeutic efficacy [17]. Most MM drugs, including 
lenalidomide, carfilzomib, and bortezomib, have been described as P-gp substrates [25-28]. 
Remarkably, a recent study investigating bortezomib resistance in MM cell lines 
demonstrated that P-gp inhibition did not enhance PI therapeutic efficacy [29]. This 
suggests that therapeutic targeting of P-gp overexpression might not be of clinical interest. 
However, further (pre)clinical experiments need to further confirm this hypothesis. 
 

2.1.4. Persistence of Multiple Myeloma Cancer Stem Cells  

The majority of malignant MM cells display a terminally differentiated and quiescent 
phenotype. This implies that a minor subpopulation of CSCs, which exhibit both self-
renewal and differentiation properties, is responsible for tumor replenishment and relapse 
[30-32]. CSCs portray enhanced DNA damage repair mechanisms, overexpression of MDR 
efflux pumps, increased evasion from the immune system and cell death pathways, and 
greater cellular plasticity, explaining why they have been suggested as the main cells 
responsible for drug resistance development [2, 33]. It is hypothesized that both 
autonomous and tumor microenvironment (TME) signals trigger survival and self-renewal 
of CSCs [17, 33]. However, the MM CSCs theory remains somewhat controversial due to 

lack of real CSCs markers [10, 17]. Yet, in 2004, Matsui and colleagues were able to identify 
the absence of cell surface antigen syndecan-1 (CD138) expression as an important 
clonogenic marker in MM cell lines and BM-derived MM samples [34, 35]. Their 
experiments revealed that, in contrast to CD138+ PCs, CD138- demonstrate a greater 
clonogenic and self-renewal potential in vitro [34]. Future functional assays of CD138- cells 

will have to confirm whether this cell population indeed actively contributes to MM drug 
resistance.  
CSCs are believed to promote therapy resistance through several molecular mechanisms. 
Firstly, CSCs highly express members ABC transporter superfamily and are characterized by 
an increased drug efflux (cfr. Section 2.1.3) [36]. Secondly, the (drug) metabolism in CSCs 
differs from that in normal stem cells. Aldehyde dehydrogenase 1 (ALDH1), for example, is 
a detoxification enzyme that is frequently upregulated in MM CSCs [37]. ALDH enzymes are 

known to regulate multiple pathways that potentially contribute to carcinogenesis, such as 
ROS signaling and DNA damage, and have been associated with stem cell regulation [38].  
Inhibition of ALDH1 might therefore be a promising therapeutic targets to eradicate MM 
CSCs. Indeed, a preliminary study in ALDH+ MM cell demonstrated that the ALDH inhibitor 
disulfiram abolished MM clonogenicity and reduced tumor growth [39]. Other signaling 
pathways that govern self-renewal in MM CSCs and might be of interest as therapeutic 
targets include Hedgehog signaling (HH), Wnt signaling, and Notch signaling [40]. Aberrant 
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activity of these three pathways have been described in CSC populations, including in MM 
models [40-42]. Alternatively, inhibiting self-renewal of MM CSCs might be accomplished 
by drug-induced differentiation of the stem cell population [43]. Although further research 
is needed to test this differentiation strategy in MM, all-trans retinoic acid (ATRA)-induced 
stem cell differentiation in glioblastoma resulted in therapy-sensitizing effects in vitro and 
induced anti-tumor effects in vivo [44]. 
 

2.1.5. Apoptosis Evasion 

Apoptosis is a form of regulated cell death that allows for the elimination of damaged or 

redundant cells through activation of major signaling pathways, such as NF-B, PI3K/AKT, 
and the proteasome pathway. One of the major cancer hallmarks is the ability of tumor 

cells to evade apoptotic cell death through the upregulation of anti-apoptotic or pro-
survival proteins [45]. These evasion mechanisms not only contribute to tumorigenesis but 
also protect cancer cells from drug-induced apoptosis [17]. Increased protein expression of 
anti-apoptotic factors B-cell lymphoma 2 (Bcl-2) and myeloid cell leukemia sequence 1 
(Mcl-1) is associated with MM cell survival [46-49]. Overexpression of both proteins shifts 

the balance towards cell survival by sequestering pro-apoptotic proteins, such as Bcl-2-
associated protein (Bax), and by subsequently inhibiting activation of caspase enzymes, the 
executioners of apoptosis. In MM, the synthesis of both Bcl-2 and Mcl-2 is often promoted 

by the constitutive activation of (non-)canonical NF-B signaling [50]. Anti-MM drugs that 

target NF-B-mediated overexpression of Bcl-2 and Mcl-1 might prove useful in 

overcoming drug resistance [51]. To date, however, no specific NF-B inhibitor has been 

approved for treating MM. Alternatively, pro-survival signaling pathways, including NF-B 

and PI3K/AKT signaling, can also be targeted by inhibition of upstream regulators. For 
example, inhibition of heat-shock protein 90 (Hsp90), a cytosolic ATP-dependent 
chaperone protein that stabilizes a plethora of polypeptides and protects them from 
proteolytic degradation [52, 53], successfully disturbs pro-survival signaling pathways [52, 
54].  
 

2.1.6. Tumor Microenvironment 

MM homing to the BM is orchestrated by expression of cellular adhesion molecules, such 
as lymphocyte function associated antigen-1 (LFA-1) on MM cells and intercellular adhesion 
molecule-1 (ICAM1) on BM stromal cells [55]. Additionally, BM-secreted cytokines, 
including IL-6, insulin-like growth factor 1 (IGF-1), RANKL, TNF-α, vascular endothelial 

growth factor (VEGF), and stromal cell-derived factor 1 (SDF1) further modulate MM cell 
adhesion by upregulating cell surface adhesion molecules through stimulation of the NF-

B signaling pathway [14, 56]. This intricate crosstalk between the BM TME and MM cells 

is crucial in myelomagenesis and regulation of tumor growth and survival [57]. 
Furthermore, the TME can mediate de novo therapy resistance, a process known as 
environment-mediated drug resistance (EMDR), by protecting cancer cells from 
chemotherapy, radiotherapy or receptor-targeting drugs. Generally, EMDR can be 
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classified into two categories: soluble factor mediated drug resistance (SFMDR) and cell 
adhesion mediated drug resistance (CAMDR) [58]. SFMDR relies on the secretion of 
cytokines, chemokines and growth factors by BM stromal or MM cells. These soluble 
factors act on several cell targets and regulate crucial processes, such as cell migration, cell 
growth, angiogenesis, and apoptosis [58]. A key example of a soluble factor crucial for MM 
growth and survival, is IL-6. Paracrine and autocrine secretion of IL-6 by BM stromal and 
MM cells is associated with dexamethasone, bortezomib, and thalidomide resistance [59, 
60]. Through activation of MAPK, JAK/STAT3, and PI3K/AKT signaling pathways, IL-6 
protects tumor cells by upregulating of several anti-apoptotic proteins, including c-Myc. IL-
6 also enhances secretion of angiogenic factors and stimulates tumor migration and 
invasion [61].  
The second category, CAMDR, promotes MM survival and resistance to the cytotoxic 

effects of anti-cancer drugs through the interaction with stromal cells or other extracellular 
matrix components. Studies in cell lines and primary MM cells have demonstrated the 
involvement of CAMDR in doxorubicin, melphalan, and dexamethasone drug resistance 
[62, 63]. One of the pathways mediating CAMDR, is Notch signaling [64]. Notch activation 
enhances β1 integrin affinity for fibronectin and promotes drug resistance through 
perturbation of cell cycle progression, thereby lowering the efficacy of anti-cancer drugs 
targeting proliferating cells [65-67].  
 

2.1.7. Other Mechanisms Contributing to mAb Therapy Resistance 

Some MM patients are non-responsive to specific mAb treatment regimens. The underlying 
resistance mechanisms against mAbs are not fully understood but appear to be different 

from those observed in other anti-MM drugs [68]. Preclinical data from daratumumab 
resistance studies suggest that CD38 expression on MM cells is an important factor in 
predicting primary (but not acquired) resistance towards CD38-directed Abs [69, 70]. 
Additionally, mAb-induced cytotoxicity in MM cells could be impaired by overexpression of 
soluble or membrane-bound complement inhibitor proteins, including CD46, CD56, and 
CD59, that interfere with the effector functions of the mAbs [70]. In vitro experiments in 
MM cell lines could correlate low CD56 and CD59 expression with increased susceptibility 
to daratumumab [68]. However, these results could not be confirmed in primary MM cells 
or in the GEN501 and SIRIUS daratumumab phase II trials [68]. Finally, soluble forms of 
CD38  and SLAMF7 might also affect daratumumab and elotuzumab activity, respectively, 
by reducing specific binding to MM cells [71]. However, only a limited number of MM 
patients have displayed measurable levels of soluble CD38 and none of them were resistant 

to daratumumab treatment [69].  
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2.2. Overcoming Therapy Resistance with Novel Treatment 
Strategies 

To overcome therapy resistance in MM, numerous efforts are being made to discover novel 
diagnostic, prognostic, and therapeutic biomarkers and to identify druggable targets that 
may improve current treatments [72, 73]. In this section, three promising therapeutic 
strategies for MM are discussed.  
 

2.2.1. Targeting Protein Kinases in MM 

Every living cell has to rely on efficient communication pathways for its survival. At any 
given moment, millions of different signaling cues reach the cell and these have to be 

processed efficiently in order to generate the appropriate response. This requires the 
presence of an accurate and fast communication network that is able to both distinguish 
and transmit these different kinds of information to the correct cellular compartment. One 
of the most important players in this vast network of signaling transduction are PKs. This 
family of proteins consists of more than 500 different kinases and plays a role in a plethora 
of vital cellular processes, including differentiation, cell death, cell mobility, cell cycle 
proliferation, and many more [74]. This diversity in function is also reflected at the gene 
level: almost 2% of all eukaryotic genes are translated in kinases, making them one of the 
largest eukaryotic gene families [75]. All eukaryotic kinases are able to convey cellular 
signals by catalyzing the transfer of γ-phosphate of a purine nucleotide triphosphate (i.e. 
adenosine triphosphate (ATP) or guanosine triphosphate (GTP)) to hydroxyl groups of their 

substrate (Figure 3a). In this reaction, protein alcohol and/or phenolic groups, present on 
serine/threonine and tyrosine protein residues respectively, serve as phosphate acceptors 
and help generate phosphate monoesters [74].  
Regulating protein activity through phosphorylation and dephosphorylation offers many 
advantages [76]. Since the addition of phosphate groups only takes a few seconds, it allows 
for rapid signal transduction. Furthermore, it is easily reversible and does not require the 
synthesis of new proteins, making it a highly efficient manner of communication. The 
addition of phosphate groups to a protein significantly alters its properties. It can, for 
instance, impact enzymatic activity and function as a regulatory ‘on/off switch’. A well-
studied example of this phenomenon is the phosphorylation of AKT, a PK which relies on 
the phosphorylation of its Ser and Thr residues in order to execute its function as cell 
survival regulator [77]. Additionally, phosphorylation can affect cellular localization and 

protein-protein interactions, as demonstrated by the transcription factor nuclear factor-B 
(NFĸB) [78]. In unstimulated cells, NFĸB is tethered to IĸB inhibitory proteins and remains 
in its inactive, cytosolic form. Extracellular signals, such as inflammatory stimuli, trigger 

phosphorylation and dissociation of IĸB proteins, and promote NFB shuttling to the 

nucleus where it stimulates the transcription of target genes.  
However, the process of phosphorylation (and dephosphorylation) is not always 
straightforward and often involves a signaling cascade wherein kinases interact with 
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multiple target proteins. These complex phospho-signaling networks are crucial in several 
cell signaling pathways, such as the AKT or MAPK survival pathways [79]. To date, 538 
human kinases have been identified that are classified into 13 subcategories according to 
the Enzyme Commission. The major representative and most studied groups include 
protein tyrosine kinases, protein serine/threonine kinases and dual-specificity kinases, 
which can be further subclassified into receptor - and non-receptor kinases. Alternatively, 
PKs can be classified based on their conserved protein domains within the catalytic core 
into 11 groups, 133 families and 137 subfamilies [75, 80-82].  
Structurally, all PKs are composed of 12 conserved subdomains that fold into a bi-lobed 
catalytic core (Figure 3b). The area between the lobes forms a cleft where the adenosine 
residue of ATP can interact with the kinase ‘hinge’ region [83]. Outside this active-site cleft, 
PKs also possess a conserved activation loop with characteristic DFG and APE motifs 

positioned and the start and the end of the loop, respectively [84]. The activation loop 
regulates PK activity and typically needs to be phosphorylated to assume an ‘active’ 
conformation and to allow for substrate binding [85].  
 
 

       
Figure 3: Structure and function of human protein kinases. (a) Mechanism of protein (de)phosphorylation by protein 
kinases and phosphatases. Phosphate groups are indicated as red circles. (b) Secondary structure of protein kinases [86]. 
The model shows an N-terminal (green) and C-terminal (orange) lobe joined together by a hinge region (magenta). The 
ATP binding pocket (yellow) is blocked by the activation segment (blue) unless the latter is activated by phosphorylation. 
Abbreviations: ATP = adenosine triphosphate, ADP = adenosine diphosphate. Figure created with BioRender.com. 

 
Given their diverse cellular functions, it is not surprising that dysregulated expression or 

activity of PKs is involved in the pathogenesis numerous of diseases, including cancer [87]. 
Indeed, PKs represent the largest group of clinical drug targets in cancer and it is estimated 
that one quarter of all drug discovery efforts aim to target PKs [88, 89]. So far, 62 kinase 
inhibitors, targeting more than 20 different PKs, have been FDA-approved and have 
entered clinical practice in various types of solid and hematological cancers [89]. Based on 
their binding properties, small-molecule protein kinase inhibitors (PKIs) can be divided into 
7 classes (summarized in Table 1 and Figure 4) [84]. Most FDA-approved PKIs to date are 

a b 
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type I inhibitors, ATP-competitive inhibitors that directly bind to the ATP binding pocket of 
active PKs. In contrast, type II inhibitors recognize the inactive conformation (i.e. activation 
loop not phosphorylated) of kinases. Type III and IV inhibitors modulate kinase activity in 
an allosteric manner, and only differ in their binding site relative to the ATP-binding pocket. 
Type V or bivalent inhibitors aim to target both the ATP-binding site and a unique, kinase-
specific feature. Finally, type VI kinase inhibitors covalently bind to their targets. 
 

Table 1: Classification of Protein Kinase Inhibitors (adapted from [89]). 

Inhibitor Type Properties FDA-approved drug example 

Type I 
Binds in and around the ATP-binding pocket of an 

active kinase 
Erlotinib 

Type II 
Binds in and around the ATP-binding pocket of an 

inactive kinase 
Imatinib 

Type III 
Allosteric inhibitor bound next to the ATP-binding 

pocket 
Trametinib 

Type IV 
Allosteric inhibitor bound away from the ATP-

binding pocket 
N/A 

Type V 
Bivalent inhibitor spanning two kinase domain 

regions 
N/A 

Type VI Covalent kinase inhibitor Ibrutinib 

N/A, not applicable 

 

 
Figure 4: Binding properties of the different classes of protein kinase inhibitors. Red circles indicate the primary binding 
sites of the inhibitors. Abbreviations: ATP = adenosine triphosphate, DFG = Asp-Phe-Gly motif. From [90] 
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Despite the major impact of PKIs on the treatment of cancer, including hematological 
tumors, they have not been approved for use in MM [91]. So far, only two PKIs, namely 
perifosine and masitinib, have reached phase III MM trials and both trials were prematurely 
terminated due to failure in efficacy [88]. Nevertheless, encouraging preclinical data 
strengthens the therapeutic potential of PKIs in MM (summarized in [91]). For instance, a 
kinome expression profiling performed by de Boussac and colleagues found that 36 
kinome-related genes were significantly linked with a prognostic value to MM [92]. 
Subsequent targeting of these identified PKs, including checkpoint kinase 1 (CHEK1), 
maternal embryonic leucin zipper kinase (MELK), and lymphokine-activate killer T-cell-
originated protein kinase (PBK), significantly reduced the viability of different myeloma cell 
lines. Similarly, inhibition of other kinase signaling pathways has been reported to hamper 
MM proliferation and tumor growth (Table 2). Targeting of two pathways in particular, 

PI3K/AKT/mTOR and JAK/STAT, seem to be highly efficient in eliminating (therapy-
resistant) myeloma cells [93, 94]. Both are often hyperactivated in MM and promote cell 
survival and cell cycle progression. Moreover, AKT and/or STAT3 overexpression and 
hyperphosphorylation is associated with therapy resistance and poor prognosis [95-100]. 
In the same way, Bruton tyrosine kinase (BTK), a protein involved in BCR signaling and B-
cell survival, has been reported to be elevated in MM and to promote resistance to anti-
myeloma drugs through upregulation of stemness genes [101-103]. A recent clinical trial 
investigating the administration of ibrutinib (IBR), a covalent BTK inhibitor, together with 
low doses of dexamethasone observed a significantly prolonged progression-free survival 
in patients receiving the highest dose of IBR [104].  
 

Table 2: Protein kinase inhibitors displaying anti-myeloma activity. 

Targeted Kinase Tyrosine kinase inhibitors References 

IGF1R Linsitinib, GSK1838705A, GTX-134, Masoprocol [105-107] 

KIT Amuvatinib, Imatinib, Masitinib [108-111] 

MET Cabozantinib, Tivantinib [112-114] 

FGFR Dovitinib [115, 116] 

VEGFR Nintedanib, Pazopanib, Semaxanib, Vatalanib [117-122] 

STAT3 Atiprimod [123] 

JAK1/2 Brevalin A, Farnesol, Piceatannol [124-127] 

BTK Acalabrutinib, Ibrutinib [128, 129] 

FAK1 Asiatic acid [130] 

SRC Dasatinib [131, 132] 

SYK Fostamatinib [133, 134] 

PI3K Alpelisib, Idelalisib,  [135-137] 

AKT Tricirbine, Afuresertib [138-140] 

mTOR Everolimus, Sapanisertib, Cnicin [141-143] 

PIMK LGB321 [144, 145] 
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2.2.2. Targeting MM with Natural Compounds: a Withaferin A Perspective 

The majority of FDA-approved drugs are natural products and derivatives. Used for 
millennia in traditional ethnomedicine, herbal treatments are a promising alternative to 
existing therapies, with lower rates of adverse events and efficiency frequently comparable 
to that of conventional drugs. Several isolated herbal compounds, such as curcumin, 
resveratrol, and taxol have demonstrated significant anti-cancer effects and are in clinical 
use [146]. Combined with other anti-tumoral drugs, they also have the ability to attenuate 
therapy resistance and exert chemoprotective actions [147]. Therefore, the extensive 
arsenal of plant compounds is currently being explored and exploited for overcoming 
therapy resistance in MM [148]. 
A popular traditional ethnomedicinal herb displaying several anti-cancer properties is 

Withania somnifera, also known as Ashwagandha or Indian Winter Cherry. Roots and 
berries from this plant have been used for over 3000 years in Ayurvedic medicine and are 
described to remedy chronic fatigue, dehydration, rheumatism an ulcers [149]. Withania 
somnifera comprises over 35 chemical constituents of which the alkaloids, flavonoids, 
steroidal lactones and saponins are biologically active. However,  the most potent bioactive 
compound isolated from Withania somnifera roots is the highly oxygenated lactone 
Withaferin A (WA). Studies show that most beneficial health effects of Withania somnifera, 
ranging from anti-inflammatory to anti-cancer effects, can be attributed to WA [150-153]. 
These effects are mostly accomplished via the covalent binding of WA with target proteins, 
resulting in a loss of activity of the latter [149]. Three sites in particular, namely the 
unsaturated A-ring at C3, the epoxide structure at position 5 and C24 in its E-ring, are 
especially prone to nucleophilic attacks and are often involved in Michael addition 

alkylation reactions (Figure 5) [149]. 

 

Figure 5: Structure of Withaferin A (WA). Regions prone to nucleophilic attacks are marked in red. 

Pharmacokinetic studies in mice have shown that WA has a rapid oral absorption and 
reaches to peak plasma concentration of around 16.69 ± 4.02 ng/ml within 10 min after 
oral administration of Withania somnifera aqueous extract at a dose of 1000 mg/kg, which 
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is equivalent to 0.458 mg/kg of WA [154]. Following an intraperitoneal injection of WA in 
mice at a single 4 mg/kg dose, WA reached a maximum plasma concentration up to 2 μM 
with a half-life of around 1.4h. This shows that systemic achievable WA concentrations 
correspond with a pharmacologically therapeutic effective window. Moreover, one month 
intraperitoneal WA treatment (4mg/kg) in a breast cancer metastasis mouse model, 
showed dose‐dependent inhibition of metastatic lung nodules with limited adverse 
toxicity, as evaluated by measuring fibrosis and/or necrosis of the pulmonary parenchyma 
[155]. Occasional reports on weight loss effects upon chronic WA treatment have recently 
been explained by WA-specific sensitization of leptin receptor signaling [155-157].  
Furthermore, a toxicity study in rats identified no-observed-adverse-effects after oral 
administration of Withania somnifera extract with 3% WA at a dose of 2000mg/kg [158]. 
Recently, the safety and pharmacokinetics of root extract of Withania somnifera, 

containing 4.5% of WA w/w, was evaluated in a phase I trial in patients with advanced stage 
high-grade osteosarcoma. Up to 4800 mg extract, equivalent to 216 mg of WA per day, was 
well tolerated in patients without any dose limiting toxicity, revealing a good safety profile 
for oral administration applications of WA [159]. 
The anti-cancer activities of WA have been documented in a variety of cancers cells, such 
as glioblastoma, neuroblastoma, multiple myeloma, leukemia, breast, colon, ovarian, and 
head and neck cancer [157, 160, 161]. Accumulating reports have corroborated the tumor 
growth inhibition effect of WA in diverse mouse cancer models (Table 3). In addition, the 
combination treatment of WA with several therapeutic agents or modalities have been 
shown to improve efficacy of standard chemotherapy or to overcome drug resistance 
(Table 4). The molecular mechanism underlying the anti-tumor activity of WA is not 
completely understood, however, it seems to involve poly-pharmaceutical effects such as 

targeting cytoskeleton structure and proteasomal system, regulating heat shock protein 
activity, reactive oxygen species (ROS)-mediated cytotoxicity, inhibition of NF-κB and 
oncogenic pathways [149, 162, 163]. 

Table 3: Anti-cancer activities of Withaferin A in mice 

Cancer Animal model Mechanism References 

Prostate PC-3 xenograft in nude mice PAR4-dependent apoptosis [164] 

Prostate PC-3 xenograft in nude mice Proteasome inhibition [165] 

Breast MDA-MB-231 xenograft in nude mice 
FOXO3a and Bim-dependent 

apoptosis 
[166] 

Breast MDA-MB-231 xenograft in nude mice 
Activation of ERK/RSK and 

CHOP/Elk1, upregulation of DR5 
[167] 

Pancreas Panc-1 xenografts in nude mice 
HSP90 inhibition, degradation of Akt 

and Cdk4 
[168] 

Medullary thyroid 

cancer 
DRO 81-1 xenografts in nude mice 

Inhibition RET proto-oncogen 

phosphorylation and activation 
[169] 

Cervical CaSki xenograft in nude mice 
Downregulation of HPV16 E6 and 

E7, induction of p53 protein levels 
[170] 
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Mammary tumor 
Spontaneous mouse mammary 

carcinoma model 

Phosphorylation and disassembly of 

vimentin 
[155] 

Ovarian A2780 xenograft in nude mice ROS induction and autophagy [171] 

Uveal melanoma 92.1 xenograft in SCID mice 
Inhibition of Akt, inhibition of c-MET 

activation 
[172] 

Mammary tumor MMTV-neu mice 

Suppression of glycolysis and TCA 

cycle, inhibition of self-renewal of 

cancer stem cells 

[173, 174] 

Ovarian A2780 xenograft in nude mice 
Inhibition of Notch-1, 

downregulation of cancer stem cells 
[175] 

Colon HCT-116 xenograft in nude mice 
Inhibition of STAT phosphorylation 

and activation 
[176] 

Skin TPA skin cancer model 
Suppression of AP-1 and inhibition 

of ACC1 gene 
[177] 

Pancreas Panc-1 xenografts in nude mice 
Mitochondrial dysfunction, ROS 

induction, PI3K/Akt inactivation 
[178] 

Colorectal HCT-116 xenograft in nude mice 
Akt inactivation, downregulation 

EMT markers 
[179] 

Ovarian 
A270 intraperitoneal tumors in nude 

mice 
Targeting cancer stem cells [180] 

Mammary tumor 
Spontaneous mouse mammary 

carcinoma model 

Inhibition of Ras-Mnk and PI3K/Akt, 

inhibition of eIF4E phosphorylation 

and protein translation, 

downregulation of c-FLIP 

[181] 

B-cell lymphoma A20 allograft in Balb/c mice HSP90 inhibition [182] 

T-cell ALL 
Notch1-mutant T-ALL xenograft in NRG 

mice 

eiIF2A-dependent translation 

inhibition 
[161] 

Neuroblastoma IMR-32 xenograft in nude mice GPX4 inhibition, HMOX1 activation [157] 
PAR4, prostate apoptosis response 4; FOXO3, Forkhead Box O3; ERK, extracellular-signal-regulated kinase;/RSK, ribosomal S6 kinase; 
CHOP, CCAAT-enhancer-binding protein homologous protein, DR5, death receptor 5; HSP90, heast shock protein 90; cdk4, cyclin-
dependent kinases 4; ROS, reactive oxygene species; EMT, epithelial-mesenchymal transition; MET, mesenchymal epithelial transition; 
STAT3, signal transducer and activator of transcription 3; AP1, activator protein 1; ACC, acetyl-coa carboxylase; 3-WA, an analogue of 
WA; mTOR, mammalian target of rapamycin; FLIP, FLICE; fas-associated protein with death domain (FADD)-like IL-1β- converting enzyme; 
DBZ, γ-secretase inhibitors; ALL, Acute lymphoblastic leukemia; GPX4, glutathione peroxidase 4; HMOX1, heme oxygenase 1. 

In context of B-cell malignancies, part of the anti-cancer activity of WA seems to be 

mediated by inhibition of NF-B signaling (Figure 6a) [182-184]. As mentioned (cfr. Section 

2.1.5. Apoptosis Evasion), this pathway is often constitutively active in MM and promotes 
evasion of apoptosis through the increased expression of anti-apoptotic proteins. Because 

of its importance in the regulation of cell survival, the activation of NF-B is strictly 

regulated by its cytoplasmic inhibitor IB. This inhibitor masks the nuclear localization 

signal of NF-B, preventing nuclear translocation and subsequent activation of target genes 

[185]. Upon exposure to certain stimuli however, the IB inhibitor is phosphorylated by the 

IB-kinase (IKK) complex, composed of a regulatory subunit IKK (known as NEMO) and two 
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kinase subunits, IKKα and IKKβ, leading to proteasomal degradation and allowing activation 

of NF-B responsive genes. Molecular docking studies demonstrate that WA is able to 

interfere with the NF-B pathway by disrupting the formation of the IKK complex and by 

preventing subsequent IB degradation [186]. Indeed, in vitro studies wherein ABC type 

diffuse large B-cell lymphoma cell lines were exposed to WA, NF-B signaling was inhibited 

through the disruption of IKK unit [183]. Besides IKK, WA is able to target other PKs crucial 

for MM survival. Yco and colleagues demonstrated that WA induces dose-dependent cell 
death in therapy-resistant MM cell lines by preventing STAT3 dimerization and activation 
(Figure 6b) [187]. Within these models, WA specifically inhibits phosphorylation of STAT3 
at Y705 and thereby blocks STAT3 nuclear translocation. 
 

Table 4: Chemosensitisation effects of Withaferin a in combination treatments 

Compound Cancer cell Chemosensitization Mechanism References 

WA + TRAIL Renal cancer cells 
Upregulation of DR5, downregulation of c-

FLIP 

[188] 

WA + Sorafenib 
Papillary and anaplastic cancer 

cells 

Enhanced cell cycle arrest and apoptosis 

induction 

[189] 

WA + Doxorubicin Epithelial ovarianc cancer cells Induction of ROS and autophagy [171] 

WA + TRAIL Breast cancer cells Enhanced DR5 expression [167] 

WA + Cisplatin Ovarian cancer cells 

Enhanced suppression of cell migration 

suppression and downregulation of cancer 

stem cell markers 

[175, 190] 

WA + Oxaliplatin Pancreatic cancer cells 
Inactivation of PI3K/Akt and induction of 

oxidative stress 

[178] 

WA + Doxil Ovarian cancer cells Inhibition of ALDH1 and Notch1 [180] 

WA + TTFields Glioblastoma cells Enhanced cell proliferation inhibition [191] 

WA + DBZ T-ALL leukemia cells 
Inhibition of eIF2A-dependent translation 

and Notch1 inhibition 

[161] 

TRAIL, TNF-related apoptosis-inducing ligand; DR5, death receptor 5; FLIP, FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein; 
ALDH1, aldehyde dehydrogenase; TTFields, tumor treating fields; GSI, γ-secretase inhibitor. 

Although there are several examples demonstrating the interplay between WA and PKs, it 
sometimes remains uncertain whether any of the observed changes at the kinase level are 
a direct result of WA interaction or rather a secondary effect. A relevant illustration of the 
latter is the ability of WA to regulate the activity of HSPs [182], which are highly conserved 
molecular chaperones involved in the folding, transport, maintenance and assembly of key 

regulatory proteins like kinases [192]. By targeting and dissociating the CDC37-HSP90 
complex, either via blocking the protein cleft of CDC37 [193] or via direct binding of HSP90 
itself [168], WA downregulates HSP90 target proteins in B-cell lymphoma models, such as 
AKT and the IKK-complex (Figure 6c) [182]. 
Finally, the anti-proliferative effects of WA in MM have also been attributed to growth 
inhibition of both tumoral cells and CSCs [194]. WA treatment of MM-CSCs resulted in an 
altered cellular morphology and reduction of stemness markers, suggesting that WA 



Introduction:Chapter 2 

 
— 

55 

potentially reduces the self-renewal capacity of CSCs. Remarkably, higher concentrations 
(≥ 10 µM) of WA are significantly less toxic to normal hematopoietic stem cells compared 
to CSCs [194]. This indicates that WA portrays a degree of selectivity towards CSCs. 
However, further optimization might be required to retain or improve WA-CSC selectivity 
at lower concentrations as well. 

 
Figure 6: Overview of anti-proliferative effects of WA in B-cell malignancies. (a) WA inhibits NF-B signaling; (b) Several 
kinase signaling pathways, such as AKT/mTOR and JAK/STAT, are regulated by WA. (c) WA mediates the heat shock 

response by inhibiting HSP90. Abbreviations: TLR = Toll-like receptor, IKK = IB kinase, NF-B = Nuclear Factor kappa B, 
WA = Withaferin A, JAK = Janus kinase, STAT = Signal Transducers and Activators of Transcription, PTEN = Phosphatase 
and Tensin Homolog, PDK1 = Phosphoinositide-dependent kinase-1, HSP90 = Heat Shock Protein 90, HSF1 = Heat Shock 
Factor 1. Figure created with BioRender.com. 

2.2.3. Targeting MM with Ferroptotic Compounds 

The majority of anti-cancer drugs within the field of clinical oncology aim to eradicate 
tumor cells through induction of apoptotic cell death [195]. However, as discussed above 
(cfr. Section 2.1.5), most cancers gradually acquire resistance to this mode of cell death by 
upregulating anti-apototic signals and downregulating pro-apoptotic proteins. To bypass 
treatment failure of apoptotic drugs, an alternative therapeutic strategy could be to 
explore other modes of cell death as well. Typically, cell death is classified into two classes: 
apoptosis or regulated cell death (RCD), and necrosis or unregulated cell death. As the 
name implies, the main difference between both cell death processes lies within their 

regulatory mechanisms. Apoptosis is a strictly controlled and regulated process, where the 
cell is carefully dismantled by caspase enzymes without eliciting an inflammatory response 
[196]. In contrast, necrosis is perceived to be accidentally triggered by environmental 
stresses and initiates cell swelling and bursting, which is accompanied by the uncontrolled 
release of pro-inflammatory cellular contents. Yet, research within the cell death field has 
revealed that this classic apoptosis-versus-necrosis paradigm is a serious oversimplification 
and does not capture the complexity of cell death process occurring within dying cells [197]. 

a b c 
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For example, genetic evidence and the discovery of necrosis inhibitors have demonstrated 
that signaling pathways for regulated necrosis also exist [198-201]. Regulated necrosis is a 
form of RCD where genetically defined processes orchestrate cytoplasmic granulation, 
organelle and/or cellular swelling, and eventually cause cellular leakage. Based on the 
nature of the cell death trigger and initiator mechanisms, regulated necrosis can be further 
subdivided into several new cell death subroutines (Figure 7) [197]. 
 

 
Figure 7: Overview of different modes of regulated cell death identified within mammalian cells. Abbreviations: LDCD = 
lysosome-dependent cell death, ADCD = autophagy-dependent cell death, ICD = immunogenic cell death, MPT = 
mitochondrial permeability transition  [202]. 

One form of RCD, which might be of particular interest for MM therapy, is ferroptosis. This 
type of cell death is highly dependent on intracellular iron levels and is characterized by 
ROS-mediated lipid peroxidation [203]. Morphologically, ferroptosis is associated with a 
reduction in mitochondrial volume, an increase in mitochondrial membrane density, a 
ruptured outer membrane and perinuclear lipid droplet assembly followed by 
redistribution of lipid droplets [204]. Execution of ferroptosis heavily relies on the iron-
catalyzed peroxidation of polyunsaturated fatty acids (PUFAs), which are mainly localized 
in mammalian cell membranes. The lipid peroxidation cascade can occur either by non-
enzymatic free radical chain reaction or by enzyme catalysis (Figure 8). Non-enzymatic lipid 
peroxidation occurs when iron-triggered ROS, produced during Fenton and Fenton-like 

reactions (see reaction below), directly oxidize PUFAs.  
 

Fe2+ + H2O2 → Fe3+ + •OH + OH-  (Fenton reaction) 
 

During the initial phases of non-enzymatic lipid peroxidation, free radicals - mainly hydroxyl 
radicals - will trigger the formation of lipid radicals (L•) by extracting hydrogen from PUFAs 
(Figure 8). The L• radicals thus produced will then rapidly react with molecular oxygen, 
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resulting in the production of lipid peroxyl radicals (LOO•) that will propagate the 
peroxidation reaction by removing another hydrogen atom from adjacent PUFAs to form a 
new L• and a lipide peroxide (LOOH). This auto-oxidation reaction will continue to amplify 
lipid radical concentrations, potentially leading to membrane destruction and cell death. 
Alternatively, propagation of lipid peroxidation can be terminated when two L• or LOO• 
interact with each other or when endogenous anti-oxidants (e.g. vitamin E) neutralize the 
radicals by donating electrons. Enzymatic lipid peroxidation is mediated by lipoxygenase 
(LOX), non-heme iron-containing enzymes that catalyze the oxygenation of PUFAs to 
generate lipid hydroperoxides (Figure 8) [205]. In humans, six functional LOX genes 
(ALOX15, ALOX15B, ALOX12, ALOX12B, ALOXE3, and ALOX5) encode six different LOX 
isoforms [206], of which the ALOX15 gene seems to be especially important for ferroptosis 
induction [207, 208]. Although the role of LOX in ferroptosis has been doubted in the past 

due to controversial results [209, 210], recent studies indicate that both non-enzymatic and 
enzymatic lipid peroxidation are crucial in ferroptosis [211]. How lipid peroxidation 
mechanistically triggers ferroptosis cell death remains elusive. It is hypothesized that 
peroxidation of the cell membrane impacts it structure and involves formation of lipid pore 
complexes [212], increased membrane permeability [213], loss of membrane integrity, and 
crosslinking and inactivation of essential proteins by toxic end products of lipid 
hydroperoxides (including 4-hydroxy-2-nonenals or malondialdehydes) [214]. 
Generally, ferroptosis is initiated when major cellular anti-oxidant or protective systems 
are depleted and can no longer detoxify reactive lipid peroxide species. Glutathione 
peroxidase 4 (GPX4) is one of those systems that is extremely important in suppressing 
iron-catalyzed lipid peroxidation in membranes [215]. Therefore, inhibition of GPX4 by 
small molecules (subsequently inducing ferroptotic cell death) is heavily being explored as 

a novel therapeutic strategy to eliminate cancer cells [215]. GPX4 inhibitors can be 
categorized into two classes [216]. The first class, also known as type I ferroptosis inducing 
compounds, include erastin and sulfasalazine and indirectly inhibit GPX4 activity by 
blocking the Xc

- cystine/glutamate antiporter. The Xc
- system orchestrates the intracellular 

import of cystine and is crucial for glutathione (GSH) synthesis. Given that GSH serves as a 

cofactor for GPX4, blocking the cellular cystine supply will result in accumulation of lipid 
ROS species and promotes ferroptotic cell death [206]. Type II ferroptosis inducing 
compounds, such as RSL3 and ML162, directly inhibit GPX4 activity through covalent 
interaction with the selenocysteine present in the active site of GPX4 [215]. Other types of 
ferroptosis inducers have been identified as well (reviewed in [217]) and target intracellular 
iron concentrations rather than GPX4 activity. Both class I and II compounds have 
demonstrated anti-cancer efficacy in different cancer models [215, 218-220]. Indeed, most 

cancer cells require higher intracellular iron levels and a higher lipid metabolism to 
accommodate for their increased proliferation speed [221]. This is also observed in MM 
cells, where malignant PCs are reported to have higher levels of iron than non-malignant 
cells, explaining why many MM patients suffer from anemia [222]. 
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Figure 8: Lipid peroxidation cascade in ferroptosis. During Fenton reactions, ferrous iron (Fe2+) is oxidized to ferric (Fe3+) 
iron through reaction with hydrogen peroxide (H2O2), forming highly reactive hydroxyl radicals (•OH). In non-enzymatic 
lipid peroxidation or lipid autoxidation cascade, these •OH radicals will abstract hydrogen from polyunsaturated fatty 
acids (PUFAs) and generate a carbon-centered phospholipid (PL) and radical (PL•). This PL• will react with molecular 
oxygen to form phospholipid peroxyl radicals (PLOO•). The lipid peroxidation reaction is then further propagates via the 
interaction of this newly formed PLOO• with other PUFAs, forming a phospholipid hydroperoxide (PLOOH) and a new 
PL•, repeating the cycle. In enzymatic lipid peroxidation, lipoxygenase (LOX) enzymes will catalyze the dioxygenation fo 
PUFAs to generate PLOOH. PLOOH can then either react with Fe2+ and decompose to alkoxyl phospholipid radicals (PLO•), 
which will further propagate lipid peroxidation, or decompose to 4-hydroxynonenal (4-HNE) or malondialdehyde (MDA), 
which can potentially inactivate other cellular proteins through crosslinking reactions. Both reaction cascades can be 
halted by glutathione peroxidase 4 (GPX4) due to its ability to reduce reactive PL hydroperoxides to unreactive 
phospholipid alcohols (PL-OH). From [217].  

Interestingly, several studies have suggested that therapy-resistant cancer cells are more 
susceptible to ferroptosis induction [223-226]. Tumors displaying mesenchymal and 
dedifferentiated characteristics are thought to heavily rely on GPX4 activity [223, 227]. 
GPX4 inhibition has also been associated with tumor relapse in melanoma xenografts 
model, highlighting its potential as a drug target [224]. To date, ferroptosis induction to 
overcome therapy resistance in MM or other B-cell malignancies has only sporadically been 

investigated. A study by Yang and colleagues showed that different MM and diffuse large 
B-cell lymphoma cell lines are sensitive to erastin-induced ferroptosis [215]. Similarly, a 
xenograft diffuse large B-cell lymphoma model recently portrayed sensitivity to imidazole 
ketone erastin [228]. Other compounds or plant extracts, including fingolimod, artesunate, 
dimethyl fumarate, and Thymus vulgaris, are also reported to possess anti-myeloma and -
lymphoma activity through the induction of lipid peroxidation [229-232].  
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Remarkably, further increasing the intracellular iron load in MM cells also holds promise as 
a therapy sensitization strategy. For example, ferroptotic agents can potentially improve 
the efficacy of chemotherapeutic agents by augmenting Fe2+ levels and lipid ROS [233]. 
Likewise, iron supplementation or ferritin inhibition target the 26S proteasomal 
chymotrypsin-like activity and increase the susceptibility of MM cells to bortezomib 
treatment [234-236]. Finally, ferroptosis induction could potentially sensitize to existing 
anti-cancer therapy through epigenetic alterations. As mentioned, both myelomagenesis 
and MM therapy resistance are, in part, mediated through epigenetic alterations. Targeting 
or reverting these changes by changing intracellular Fe2+ levels with ferroptotic agents 
might therefore help in treating resistant tumor cells. The epigenetic machinery, iron 
metabolism, and oxidative stress are closely intertwined (Figure 9) [237-239]. For instance, 
•OH radicals produced during Fenton chemistry can react with methionine sulfoxide to 

produce methyl radicals and cause non-enzymatic methylation of cytosine residues in the 
DNA [240]. Surges in free Fe2+ could also potentially alter the activity of iron-dependent 
epigenetic enzymes, such as JmjC-domain-containing histone demethylases and TET 
enzymes [237, 239, 241]. In the same way, (lipid) ROS could alter the activity of epigenetic 
enzymes through inactivation of iron-sulfur center proteins, such as succinate 
dehydrogenase (SDH) [242, 243], which indirectly impacts activity of epigenetic proteins as 
well. When SDH is inhibited, for example, succinate is accumulated in the cytoplasm and 
causes product-level inhibition of 2-oxoglutarate-dependent epigenetic enzymes that 
release additional succinate upon activation [244, 245]. Finally, inhibition of the Xc

- system 
by type I ferroptosis inducers might trigger the activation of compensatory signaling 
pathways to counterbalance for cystine/cysteine loss. A major cellular pathway which can 
aid in cysteine supply is the transsulfuration pathway [239]. This pathway is mainly involved 

in the production of the methyldonor S-adenosyl-methionine (SAM) from methionine and 
homocysteine. However, in cysteine- or GSH-depleted conditions, homocysteine could also 
be utilized for cysteine production [246], which potentially lowers the availability of SAM 
methyldonors required for DNA and histone methylation [247]. Further research will have 
to determine whether this ferroptosis-epigenetic interplay can be utilized in anti-cancer 

treatments. 
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Figure 9: Ferroptosis-epigenetic cross-talk. (1) Hydroxyl radicals (•OH), produced during Fenton reactions, can react with 
methionine sulfoxide to create methyl radicals (•CH3) that can non-enzymatically methylate cytosine and guanine 
residues within the DNA. (2) Increases in intracellular iron levels might impact the activity of iron-dependent epigenetic 
enzymes, such as JmjC-domain containing enzymes. (3) Reactive oxygen species, including •OH or lipid peroxide species, 
can oxidize and inactive iron-sulfur center proteins, such as succinate dehydrogenase (SDH). Inactivation of these 
enzymes can impact epigenetic enzymes, which rely on Krebs cycle metabolites (e.g. succinate), through product level 
inhibition mechanisms. (4) Upon cysteine depletion, the transsulfuration pathway will interconverse homocysteine to 
cysteine as a compensatory mechanism. As a consequence, levels of S-andenosylhomocysteine, a methyldonor required 
for DNA and histone methylation, will drop due to limited conversion of homocysteine to methionine. Figure created with 
BioRender.com. 
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Thesis Outline and Research Objectives 

As outlined in the introductory chapters, multiple myeloma (MM) is a heterogenous 

disease hallmarked by treatment failure of existing anti-cancer drugs. Due to the 

multifactorial nature of the molecular mechanisms involved in acquisition of therapy 

resistance, it remains challenging to develop effective, curative treatment regimens for 

MM. Thus, there is an urgent need to explore novel therapeutic strategies to achieve 

complete and persistent tumor remission in MM patients.    

In this thesis, we aimed to characterize the mechanism of action and efficacy of (natural) 

protein kinase inhibitors and ferroptosis-inducing compounds in MM. In particular, the 

following two research questions are discussed in the results section of this PhD work: 

Part 1 - Do protein kinase inhibitors hold promise in treating drug-resistant multiple 

myeloma cells? 

Protein kinases (PKs) are enzymes that promote rapid signal transduction of extra- and 

intracellular stimuli by phosphorylating their substrate proteins. Many malignancies, 

including MM, display aberrant kinase signaling, which results in development of therapy 

resistance and improved cell survival. Protein kinase inhibitors (PKIs) have therefore 

received growing pharmacological interest over the past decades and have shown 

promising therapeutic responses in B-cell malignancies. To this end, we examined whether 

inhibition of key PKs might aid in eliminating therapy-resistant MM cells.   

In chapter 3, we performed phosphopeptidome kinome activity profiling of glucocorticoid-

resistant and -sensitive MM cells to identify key PKs that regulate therapy resistance. We 

subsequently explored whether certain PKIs, such as Withaferin a and ibrutinib, effectively 

target GC-resistant cells and could offer clinical benefits for MM patients by further 

elucidating their mechanism of action. 

In chapter 4, we explored the kinase activity changes taking place in ferroptotic and 

apoptotic MM cells. By comparing the kinome profiles of both cell death modalities, we 

aimed to identify pivotal PKs that regulate ferroptosis- and apoptosis-specific cell death. 

Because multi-drug resistance in MM is often mediated by their ability to evade apoptosis,  

ferroptosis induction by means of PKI might serve as an alternative strategy to treat drug-

resistant MM cells. 

Part 2 - Can ferroptosis-induced epigenetic changes overcome therapy-resistance in 

multiple myeloma?  

Ferroptosis is a non-apoptotic mode of regulated cell death characterized by an iron 

dependent rise in reactive oxygen species that propagate lipid peroxidation reactions. 

Given that MM tumors already exhibit high basal oxidative stress levels and an altered iron 

metabolism due to their increased proliferation capacity, ferroptosis induction might 
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further be exploited to exhaust the tumoral anti-oxidant defense mechanisms and 

overcome multi-drug resistance. In the second part of the results section, we investigated 

whether MM cells are sensitive to ferroptosis induction. Moreover, we examined the 

involvement of nuclear events and epigenetic regulatory mechanisms in ferroptosis 

signaling as they largely remain unexplored. 

In chapter 5, we combined RNA sequencing, LC-MS/MS, pyrosequencing, and EPIC 

BeadChip analysis to characterize epigenetic changes taking place in therapy-resistant and 

-sensitive MM cells treated with ferroptosis inducer RSL3. 

In chapter 6, we investigated the role of chromatin remodeler forkhead box A1 (FOXA1) in 

ferroptosis signaling. Ferroptotic MM cells were subjected to RNA and CUT&RUN 

sequencing to characterize FOXA1 expression profiles and downstream targets in different 

ferroptosis models. 
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Abstract 

Multiple myeloma (MM) is a hematological malignancy characterized by the uncontrolled 
growth of plasma cells. The major barrier in treating MM is the occurrence of primary and 
acquired therapy resistance to anti-cancer drugs. Often, this therapy resistance is 
associated with constitutive hyperactivation of tyrosine kinase signaling. Novel covalent 
kinase inhibitors, such as the clinically approved Bruton tyrosine kinase (BTK) inhibitor 
ibrutinib (IBR) and the preclinical phytochemical Withaferin A (WA), have therefore gained 
pharmaceutical interest. Remarkably, WA is more effective than IBR in killing BTK-
overexpressing glucocorticoid (GC)-resistant MM1R cells. To further characterize the kinase 
inhibitor profiles of WA and IBR in GC-resistant MM cells, we applied phosphopeptidome- 
and transcriptome-specific tyrosine kinome profiling. In contrast to IBR, WA was found to 

reverse BTK overexpression in GC-resistant MM1R cells. Furthermore, WA-induced cell 
death involves covalent cysteine targeting of Hinge-6 domain type tyrosine kinases of the 
kinase cysteinome classification, including inhibition of the hyperactivated BTK. Covalent 
interaction between WA and BTK could further be confirmed by biotin-based affinity 
purification and confocal microscopy. Similarly, molecular modeling suggests WA 
preferably targets conserved cysteines in the Hinge-6 region of the kinase cysteinome 
classification, favoring inhibition of multiple B-cell receptor (BCR) family kinases. 
Altogether, we show that promiscuous inhibition of multiple BTK family tyrosine kinases by 
WA represents a highly effective strategy to overcome GC-therapy resistance in MM. 

Keywords: Withaferin A; BTK; multiple myeloma; therapy resistance; glucocorticoids; 
ibrutinib 
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3.1. Introduction 

MM is a hematological malignancy of terminally differentiated plasma cells and is currently 
the second most common adult blood cancer [1]. MM often results in the development of 
end-organ diseases, such as anemia, hypercalcemia, renal insufficiency, and bone lesions, 
making it an illness of considerable clinical and social impact [2,3]. In recent years, 
important therapeutical advancements in the field of MM have been made, increasing life 
expectancy of patients with six to ten years [4,5]. These novel therapies have mostly been 
developed on the basis of an improved understanding of the biology of myeloma cells and 
their interaction with the bone marrow (BM) environment [6] and include proteasome 
inhibitors [7], immunomodulatory drugs [8], GCs [9], monoclonal antibodies [10], and 
histone deacetylase inhibitors [11]. However, MM still remains an incurable disease as the 

majority of patients eventually relapse and become refractory to existing therapies [12]. 
Acquisition of resistance to anti-cancer drugs therefore remains the main barrier in treating 
MM [4,13].  
One of the cellular pathways mediating drug resistance in many B-cell malignancies is the 
B-cell receptor (BCR) signaling pathway [14]. Under physiological conditions, the BCR is 
activated upon ligation of antigen and promotes survival, function and development of B-
cells [15]. After initial antigen binding, the immune receptor tyrosine activation motif 
domains CD79A and CD79B are phosphorylated by Src family kinases Lyn and Syk, and 
recruit other adaptor proteins and tyrosine kinases (TK), a key example being Bruton 
tyrosine kinase (BTK) [16]. BTK ultimately orchestrates activation of downstream effectors 

of BCR signaling, such as nuclear factor-B (NF-B) and nuclear factor of activated T cells 

(NFAT), through phospholipase C (PLC)-2 and phosphoinositide 3-kinase (PI3K) 

phosphorylation [14]. In MM, BTK is often constitutively activated thereby modulating 
survival signals and therapy resistance [17-20]. As a result, BTK kinase inhibitors have 
received growing pharmacological interest and have already shown promising therapeutic 
responses in B-cell malignancies in the clinic [21]. More particularly, the covalent binding 
BTK inhibitor IBR has shown to be a potent anti-cancer drug in chronic lymphocytic 
leukemia (CLL), mantle cell lymphoma, diffuse large B-cell lymphoma, and MM by 
interfering with B-cell homing, survival and microenvironment-mediated drug resistance 
[17,18,22-25]. Suppression of BTK hyperactivation is also key to therapeutic efficacy of GCs 
in B-cell leukemias, where IBR has been shown to improve GC therapy response [26-29]. In 
clinical trials of MM, combination therapies investigating IBR efficiency demonstrated 
encouraging responses and a manageable safety profile [30,31].  
Although preliminary clinical data revealed the beneficial effects and acceptable safety 

profile of IBR in MM, clinical studies in other B-cell malignancies have linked IBR use with 
adverse effects, including diarrhea, fatigue, nausea, and rashes [32,33]. More importantly, 
IBR therapy is associated with a significant increase in the occurrence of ventricular 
arrhythmias and sudden cardiac death [34,35]. The underlying mechanisms of these severe 
side effects are not well understood but could be partially explained by the off-targets 
interaction of IBR with interleukin-2-inducible T-cell kinase (ITK), epidermal growth factor 
(EGFR), and PI3K [36]. Another pressing issue that has arisen since IBR has been applied in 
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the clinic, is the development of therapy resistance (reviewed in [37]). Nearly one third of 
patients diagnosed with B-cell malignancies display primary resistance against IBR therapy, 
while many others acquire resistance over time. These major issues accompanying 
therapeutic use of IBR have sparked the development of second and third generation BTK 
inhibitors (e.g. acalabrutinib), characterized by a higher selectivity and potency profiles 
[38]. Unfortunately, acquired resistance to these novel BTK inhibitors has already been 
described in some B-cell malignancies as well [39]. As a result, alternative treatment 
strategies to suppress BTK hyperactivation in therapy resistant hematological malignancies 
are currently being investigated in high-throughput combinatorial screenings of clinically 
approved and preclinical investigational compound libraries [40]. Given that nearly half of 
the agents used in cancer therapy today are either natural products or derivatives thereof, 
novel BTK-targeting lead compounds might be identified from this vast arsenal of 

chemically active structures [41-43]. Interestingly, Withaferin A, a withanolide 
phytochemical isolated from Withania somnifera, is one of the top investigational 
compounds prioritized for IBR combination therapy to target chronic active BCR signaling 
[40].  
WA reveals broad spectrum therapeutic activities in several (drug resistant) cancer cell 
types [44], including B-cell lymphoma and MM [45-47]. Of particular interest, some of the 
anti-tumor effects of WA have been attributed to its ability to covalently target kinase 
activity [48-52]. Accordingly, innovative phosphopeptidome kinome activity profiling, RNA 
sequencing, in silico docking simulations, and chemo-affinity approaches were combined 
in this study to characterize BTK hyperactivation and tyrosine kinase (TK) inhibitor therapy 
response of WA and IBR in GC-resistant MM cells.  
 

3.2. Results 

3.2.1. GC Therapy resistance in Multiple Myeloma is Associated with 
Hyperactivation of Tyrosine Kinases 

GC therapy sensitive MM1S and resistant MM1R cell lines derived from a single MM patient 
have previously been described as cell models to study etiology of GC therapy resistance 
and to evaluate novel classes of chemotherapeutic drugs [53,54]. To investigate the 
vulnerability of GC-resistant MM1R cells for specific clinical TK inhibitor drugs, we 
compared the tyrosine kinome activity profiles of GC-resistant MM1R and GC-sensitive 
MM1S cell lysates by means of a Tyrosine protein kinase (PTK)-specific phosphopeptide 
array (PamChip), containing 144 conserved peptides corresponding to TK specific 

substrates [55,56]. Overall, TK activity was consistently higher in MM1R cells compared to 
MM1S cells (Figure 1a, Supplementary Figure S1). Identification of the 20 most significant 
differential hyperphosphorylated peptides (adjusted p-value (FDR) < 0.01) in MM1R 
compared to MM1S predicted hyperactivation of multiple (non) receptor TK in MM1R, such 
as SYK, DDR, ABL, ZAP70, FAK2, BRK, BTK, ITK and FGR (Figures 1b). Subsequent MetaCore 
pathway analysis showed that the hyperactivated kinases in MM1R cells are involved in cell 
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proliferation, cell cycle regulation, cell adhesion, cancer, therapy resistance, immune 
response, T-cell receptor signaling and BCR signaling (Supplementary Figure S2). 
To investigate whether the observed TK hyperactivation is also reflected at the 
transcriptome level, RNA sequencing analysis of basal gene expression in MM1S and MM1R 
cells was conducted. Results were analyzed with the R-package DESeq2 [57], using a 
selection criteria of a minimal FDR < 0.01. Upon comparing gene expression patterns in 
both cell lines, 1383 differentially expressed genes (DEG) (logFC > 1 or logFC < -1) could be 
identified (Figure 1c). Interestingly, from all hyperactivated TK in MM1R cells listed before, 
BTK was identified as the strongest upregulated TK in GC-resistant MM1R cells (Figure 1d) 
and is included in the top 20 most significant DEG (Table 1). Upregulation of BTK in MM1R 
cells was validated by qPCR and Western blot analysis (Figure 1e-f), and is in line with 
previous observations [17,58]. Taken together, these findings suggest that BCR signaling 

and BTK in MM1R cells may represent an attractive target to kill GC-resistant MM1R cells.  
  

Table 1: Overview of top 20 most significantly differentially expressed genes (logFC>1 or logFC<-1) between GC-resistant 
MM1R and GC-sensitive MM1S cells. 

 Symbol Gene ID Name Log2FC p-adj. 

ECM and cell-
cell adhesion 

RELN* 5649 Reelin 2.9 7.4E-160 
PLXNB2 23654 Plexin B2 1.8 7.1E-96 
PODXL2* 50512 Podocalyxin like 2 2.6 6.8E-83 

ESAM 90952 
Endothelial cell adhesion 
molecule 

2.0 1.7E-80 

PRKX* 5613 Protein kinase X-linked 1.1 8.1E-79 

ACP5 54 
Acid Phosphatase 5, 
tartrate resistant 

4.8 2.0E-77 

GPCR signaling 
GNG7 2788 

G protein subunit gamma 
7 

1.5 5.7E-99 

UTS2R 2837 Urotensin 2 receptor 1.9 5.4E-77 

BCR signaling 

BTK* 695 Bruton tyrosine kinase 2.8 1.5E-216 

TNFRSF8 943 
TNF receptor superfamily 
member 8 

3.7 6.9E-93 

CD52 1043 CD52 molecule 3.5 5.6E-83 

mRNA/protein 
stability 

CTAG2 30848 Cancer/testis antigen 2 8.5 4.0E-168 

LINC01518 101929397 
Long Intergenic Non-
Protein Coding RNA 1518 

7.9 1.4E-147 

CMTR1 23070 Cap methyltransferase 1 -1.1 9.6E-115 

TMEM25 84866 
Transmembrane protein 
25 

4.8 6.0E-79 

Cell cycle 
regulation 

CDKN2A 1029 
Cyclin dependent kinase 
inhibitor 2A 

9.4 1.7E-210 

Cytoskeleton TUBB4A 10382 Tubulin beta 4A class IVa 3.6 6.1E-165 

Inflammation NLRP11 204801 
NLR family pyrin domain 
containing 11 

4.9 1.2E-220 

Transmembrane 
transport 

SLC38A5 92745 
Solute carrier family 38 
member 5 

1.8 1.7E-92 

ABCG2* 9429 
ATP binding cassette 
subfamily G member 2 

5.6 2.0E-84 

*Genes associated with therapy resistance. Abbreviations: ECM, extracellular matrix; GPCR, G-protein coupled receptor; 
BCR,B-cell receptor. 

https://www.ncbi.nlm.nih.gov/gene/101929397
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Figure 1: (a) Heatmap showing phosphorylation intensities of peptides serving as substrates for tyrosine kinases. Figure 
shows hyperphosphorylated (red) or hypo-phosphorylated (blue) peptides in MM1R (n=3) and MM1S (n=3) samples. (b) 

MM1S MM1R 
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Ranking of hyperactivated kinases in MM1R versus MM1S cells based on the top 20 significant differentially 
phosphorylated peptides. Fill color of the bars is based on the kinase specificity score, indicating the specificity of 
differences in kinase activity with respect to the amount of peptides used for predicting the corresponding kinase (c) 
Heatmap representation of differentially expressed genes (logFC >|1|, p<0.01) in MM1R versus MM1S cells as 
determined by RNA sequencing. n=3 biologically independent replicates per cell line. (d) Ranking of the top overexpressed 
kinases in MM1R versus MM1S cells based on their log2 fold change as determined by RNA sequencing. Fill colors of the 
bars are a measure for kinase activity as measured via the PTK-specific phosphopeptide array. (e) Relative BTK mRNA 
levels in MM1R and MM1S cells. Data are plotted as the mean ± s.d., n=3 biologically independent replicates (**p = 
0.0035, unpaired t-test). (f) Western immunoblot detection and quantification of basal BTK and GAPDH protein levels in 
MM1R and MM1S cells. Data are plotted as the mean ± s.d., n=3 biologically independent replicates (*p = 0.0385, 
unpaired t-test). 

3.2.2. The Tyrosine Kinase Inhibitor Profile of Withaferin A and Ibrutinib 
Show a High Degree of Similarity 

Taking into account the hyperactivation of BCR-BTK kinase signaling in MM1R cells (see 
2.1.), we next tested their sensitivity for the clinically approved BTK inhibitor IBR as well as 
WA, a top prioritized investigational phytotherapeutic compound identified in a high-
throughput drug screening against chronic BCR signaling [40]. MM1R cells were treated for 
24 h with different concentrations of WA or IBR kinase inhibitors and the relative % cell 
survival/cell death was evaluated by MTT assay. Both compounds were effective in killing 
GC-resistant MM1R cells in a dose-dependent manner, although WA is the more potent 
cell death inducer (IC50 = 1.7 µM), since its IC50 was > 10 times lower than the one of IBR 
(IC50 = 27.9 µM) (Figure 2a). Remarkably, both WA and IBR also induce cell death in GC-
sensitive MM1S cells lacking BTK overexpression, although IC50 values were higher 
compared to MM1R cells (IC50WA = 1.9 µM, IC50IBR = 49.3 µM) (Figure 2a).  
To explore the mode of action of these compounds, we measured corresponding cellular 

changes in TK activities by phosphopeptidome based tyrosine kinome profiling of MM1R 
cells exposed to either WA (1 µM) or IBR (1 µM). Similarly, and as mentioned above, cell 
lysates of treated cells were analyzed through PTK-specific phospho-peptide arrays after 
which the top activated or inhibited kinases were identified based on the significant 
differences in phospho-intensities of the PTK peptide substrates. We found that WA and 

IBR both inhibited most of the hyperactivated kinases in MM1R cells, with largely 
overlapping, though promiscuous, TK inhibitor profiles (Figure 2b, annotation of heatmap 
rows can be found in Supplementary Figure S3). At the level of BCR signaling, clear 
inhibition of BTK kinase activity can be observed in presence of IBR, as expected, and WA 
(Figure 2c-d). Besides BTK, multiple BCR signaling kinases such as ZAP70, BLK, FLT3, TEC, 
and SYK, are also targeted by both WA and IBR (Figure 2c). In line with previous studies 
which already revealed that IBR can trigger off-target BCR-BTK independent kinase inhibitor 

(side) effects [59], we also identified additional IBR-responsive TK in MM1R cells (Figure 2c, 
Supplementary Figure S3). Of special note, whereas most binding affinities of IBR have been 
determined in vitro (Supplementary Figure S4), we provide the first cell-based integrated 
tyrosine kinome activity map in MM1R cells in the presence of the IBR inhibitor. Although 
WA inhibits similar BCR family kinases as IBR, variations in kinase inhibitor 
specificity/potency of WA in comparison to IBR treatment may explain differences in 
therapeutic efficacy of both compounds in MM1R cells (Figure 2a and 2d).  
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Figure 2: (a) Relative cell viability of MM1 cells upon 24 h exposure to increasing concentrations of IBR or WA. Data are 
plotted as the mean ± s.d., n=3 biologically independent replicates. (**p < 0.01, ***p < 0.001 ****p < 0.0001, ANOVA). 
(b) Heatmap representation of hyperactivated or inhibited kinases in MM1R versus MM1S cells, or following 15 min IBR 
or WA treatment, n=3 biologically independent replicates per treatment group. (c) Close-up heatmap representation of 
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figure 2b showing inhibited BCR-related kinases in MM1R versus MM1S, or following 15 min IBR or WA treatment, n=3 
biologically independent replicates per treatment group. (d) Kinase trees displaying the tyrosine kinase targets of IBR 
(left) and WA (right). Kinases trees were generated with the CORAL web tool (http://phanstiel-lab.med.unc.edu/CORAL/). 

3.2.3. WA Inhibits BCR-BTK Kinase Activity by Transcriptional 
Downregulation and Covalent Cysteine-Dependent Targeting of BTK 

To further characterize how WA decreases BTK kinase activity in MM1R cells, we next 
checked whether WA treatment is changing BTK mRNA and protein expression levels. 
Panther pathway enrichment analysis of RNA sequencing data from WA-treated MM1R 
cells already revealed that DEGs are significantly enriched in B-cell activation (Figure 3a). 
More particularly, WA significantly decreased BTK mRNA expression (Log2FC = -0.525, FDR 
= 0.023). This was further confirmed by  qPCR and Western immunoblot experiments. As 

can be observed from Figure 3b-3c, WA was able to lower BTK expression in a time-
dependent manner, both at the mRNA and protein level. Similar WA-specific changes could 
also be observed in U266 cells, another GC-resistant multiple myeloma cell line sensitive to 
WA treatment (Figure 3b-3c, Supplementary Figure S5). In line with previous studies [60-
62], we did not observe any changes in BTK expression after IBR treatment of MM1R cells 

indicating that IBR mainly targets BTK (hyper)phosphorylation and not total BTK protein 
levels (Supplementary Figure S6). 
Since WA contains several reactive nucleophilic groups which can covalently bind to kinase  
sulfhydryl groups of cysteines through Michael addition [48,63,64], we also evaluated 
potential covalent binding of WA to BTK by pull-down experiments with biotinylated WA 
(WABI). Pull-down experiments with WABI in MM1R cells indeed confirmed cysteine-
dependent binding to BTK, which can be blocked by excess amounts (1mM) of the reducing 

agent dithiothreitol (DTT) (Figure 4a). Along the same line, covalent WA-BTK interaction 
could be confirmed in U266 cells (Figure 4b). The biological relevance of this covalent 
interaction could further be validated in wash-out experiments where MM1R cells were 
exposed to increasing concentrations of WA for 15min, after which it was washed away 
with PBS. Although WA cells were only briefly treated with WA, cell viability of MM1R cells 
was still affected in a dose-dependent manner 24 h post treatment (Supplementary Figure 
S7). The growth inhibition remains the strongest in the unwashed cells, suggesting 
contribution of non-covalent interactions of WA as well. H-bond and van de waals 
interactions between WA and target molecules, such as Hsp90, have indeed been reported 
to contribute to the anti-cancer mechanism of WA [65]. Alternatively, covalent binding by 
WA maybe weaker than a normal covalent binding and become reversed by washout 
experiments [66-68] Finally, by confocal microscopy, we were also able to demonstrate 

colocalization of BTK and WABI in MM1R cells (Figure 4c).  

 

  

http://phanstiel-lab.med.unc.edu/CORAL/
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Figure 3: (a) Panther pathway enrichment analysis of significant (FDR < 0.05) differentially expressed genes of WA-treated 
MM1R cells as determined by RNA sequencing. (b) Relative BTK mRNA levels of MM1R, MM1S and U266 cells treated 
with WA for 3 hr. Data are plotted as the mean ± s.d., n=3 biologically independent replicates (*p = 0.0453, **p = 0.0015, 
ANOVA) (c) Western blot detection and quantification of BTK and GAPDH expression levels after WA treatment in MM1R 
and U266 cells. Data are plotted as the mean ± s.d., n=3 biologically independent replicates. (*p < 0.05, **p < 0.01, 
ANOVA). 
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Figure 4: (a) Western immunoblot detection of BTK levels before and after pulldown with biotinylated WA (WABI), 
following 2 h WABI treatment in MM1R in the presence or absence of excess thiol donor DTT (1 mM). (b) Western 
immunoblot detection of BTK levels before and after pulldown with biotinylated WA (WABI), following 2 h WABI 
treatment in U266 cells in the presence or absence of excess thiol donor DTT (1 mM). (c) Confocal imaging of colocalization 
of BTK expression and WABI localization in MM1R cells. 

3.2.4. Covalent C481 Targeting of BTK by WA in Hinge-6 Domain of the 
Protein Kinase Cysteinome Classification Reduces Survival of GC-Resistant 
MM1 cells 

Human protein kinases are composed of two highly conserved domains, namely catalytic 
and regulatory domains. It has been shown that the catalytic domain can be further 
classified based on the positions of the gate keeper amino acids and cysteines hosted in 

the catalytic pocket [69-72]. Based on the positions of cysteines present across the human 
kinome, Leproult et al. reclassified the human kinome into a cysteinome according to the 
cysteine positions relative to the ATP binding pocket (Table 2) [69,73]. Interestingly, most 
kinases inhibited by WA treatment, including BTK, BLK and EGFR, were found to be highly 
enriched in Hinge-6 domain type kinases (Table 2). Multiple sequence alignment of these 
Hinge-6 domain orthologs revealed the presence of a conserved glycine-cysteine motif, 
suggesting that WA covalently binds to this site within its TK targets (Figure 5a). Through 
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molecular docking studies, we found that the conserved cysteine site within BTK (Cys481) 
is indeed accessible and favorable (-4,93 kcal/mol) for WA binding (Supplementary Table 
1). The docking results predict that covalent bond formation occurs via the C4-OH group of 
WA and the Cys481 residue of BTK and that this interaction is further stabilized via 
hydrogen bond formation with surrounding Leu482, Tyr485 and Gly480 amino acids (Figure 
5b-c). Given that IBR also covalently targets the Cys481 residue of BTK, these results 
suggest that WA interacts with BTK in a similar manner as IBR [63]. By using the NanoBRET 
Target Engagement Intracellular Kinase assay, where the affinity of WA for BTK can be 
analyzed by competitive displacement of a fluorescent NanoBRET Tracer bound to BTK, we 
could further confirm that WA is able to displace the WT BTK protein but not the mutated 
C481S BTK protein in HEK-293 cells (Figure 5d). This suggest that the Cys481 residue of BTK 
is the main binding site of WA. Furthermore, we show that silencing of endogenous WT 

BTK reduces MM1R cell viability and can be rescued upon overexpression of C481S BTK. 
(Figure 5e, Supplementary Figure S8). Of special note, C481S BTK overexpression cannot 
completely rescue WA induced cell death in MM1R, confirming that WA kinase effects on 
cell viability are not limited to BTK alone and may involve additional hinge 6 domain type 
kinase targets of the cysteinome classification in MM1R cells. Along the same line, GC-
sensitive MM1S cells lacking BTK overexpression are also sensitive to WA treatment, 
through promiscuous covalent cysteine targeting of alternative cell survival tyrosine 
kinases expressed in MM1S cells (Supplementary Figure S9a-c).    
 
Table 2: Kinase cysteinome classification. Summarized from [73]. Bold highlighted kinases represent the main tyrosine 
kinase targets of Withaferin A. 

Site Subsite Representative kinases 

Gate keeper region GK MOK 
 GK + 1 SgK494 
 GK - 1 MAP2K4, MKK3, MAP2K6, KHS1, KHS2, GCK 

DFG region DFG + 1 MAP3K8, MOS, MAP3K4, PINK1 
 DFG + 2 PKCz, PKCi, AKT1, AKT2, AKT3, PKCg, SGK1F, SGK2  
 DFG -1 PBK, TGFbR2, CDKL3, CDKL2, PRP4, MNK2, MNK1  

Glycine rich loop region Glycineloop WNK4, WNK1, WNK2, WNK3, HER3 
 Glycineloop 1 ZAK 
 Glycineloop 2 SgK496, MEKK1, PLK2, PLK3, PLK1, RSK1 
 Glycineloop 3 SgK493 
 Glycineloop5 FGFR1, FGFR2, FGFR3, FGFR4 

Hinge binding region Hinge 1 FGFR4, TTK, MAPKAPK2, MAPKAPK3 
 Hinge 2 IKKa, IKKb, LKB1, NEK4, Wee1, SLK, FLT4, KDR 
 Hinge 3 Ron, FGR, SgK494, Kit, CSFR, FLT3 
 Hinge 4 SgK110, BubR1, LKB1, TBK1 
 Hinge 5 PINK1, EphB3 

 Hinge 6 
MAP2K7, TEC, TXK, ITK, BTK, BMX, BLK, HER2, EGFR, 
HER4, JAK3 

 Hinge 7 JNK1, JNK2, JNK3 

Roof region Roof sheet HER3 

 

  

https://www.ncbi.nlm.nih.gov/gene/101929397
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Figure 5: (a) Multiple sequence alignment of Hinge 6 domain type kinases. The conserved GC-motif between different 
orthologs is indicated. Alignment was performed with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). (b) 
Crystal structure of BTK (PBD id: 6TFP) in complex with WA (PubChem CID: 26537). (c) Interaction between WA and BTK 

structure visualized using Ligplot [74] showing covalent bond formation of the C4-OH group of WA with the SH group of 

Cys481 from BTK. (d) Inhibition of wild-type (WT) BTK and mutated (C481S) BTK by WA in HEK-293 cells. Data are plotted 
as mean ± s.d., n=3 biologically independent replicates. (e) Relative viability of MM1R cells treated for 24 h with increasing 
concentrations of WA, upon BTK silencing (siBTK) in presence or absence of C481S BTK overexpression. Data are plotted 
as mean ± s.d., n=3 biologically independent replicates (ns = p> 0.05, *p = 0.0309, ***p < 0.0001, ANOVA). 

  

https://www.ebi.ac.uk/Tools/msa/clustalo/
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3.3. Discussion 

A common feature of many B-cell malignancies is their ability to develop therapy resistance 
through increased BCR signaling and BTK activity. Along the same line, increased BCR 
signaling has been shown to reduce therapeutic efficacy of GCs in B-cell leukemias [26-29]. 
Although MM cells are typically lacking active BCR, BTK overexpression and signaling has 
been associated with increased therapy resistance in the disease [18,75]. Accordingly, we 
compared the anti-cancer effect of the clinically approved BTK kinase inhibitor IBR and the 
preclinical phytotherapeutic kinase inhibitor WA to kill GC therapy resistant MM cells via 
suppression of BTK hyperactivation. Phosphopeptidome based tyrosine kinome profiling 
confirmed hyperactivation of multiple BCR family kinases besides other receptor TK 
families (FGFR, PDGFR, DDR) in GC therapy resistant MM1R cells. Furthermore, 

hyperactivated BCR kinases could completely be suppressed with both kinase inhibitors, 
WA and IBR. Nonetheless, kinase tree representations of both kinase inhibitor profiles 
revealed quantitative and qualitative differences in specificity and potency, which may 
underlie the differences in potency of WA and IBR to kill GC-resistant MM cells. Biotin 
affinity-purification experiments confirmed a cysteine-dependent covalent interaction 
between WA and BTK, similar to IBR-BTK Cys481 binding [63]. This is supported by 
molecular modeling studies which revealed favorable covalent WA binding to the 
conserved Cys481 residue in BTK. In addition, NanoBRET Target Engagement Intracellular 
Kinase assays confirm WA dependent inhibition of WT BTK kinase activity which is lost upon 
C481S mutation. Interestingly, most kinases inhibited by WA treatment, including BTK, BLK 
and EGFR, belong to the Hinge-6 domain type kinases, according to the kinase cysteinome 
classification. The latter suggests broad redundant kinase inhibitory effects of WA through 

covalent cysteine targeting. Accordingly, BTK silencing experiments could only partially 
mimic therapeutic cell death effects of WA in MM1R, whereas overexpression of the C481S 
kinase mutant could only partially protect against WA. Similarly, cancer therapeutic effects 
of WA could also be observed in GC sensitive MM1S cells which lack BTK overexpression, 
through covalent targeting of alternative cell survival kinases expressed in MM1S. As such, 

the therapeutic efficacy of WA against different cancer cell types may strongly depend on 
its promiscuous nucleophilic cysteine reactivity towards the cellular repertoire of 
hyperactivated tyrosine cell survival kinases. Additionally, the anti-cancer effects of WA 
may also partially rely on its non-covalent interactions with target proteins. H-bond 
interactions with terminal hydroxyl groups of WA were shown to be sufficient to deform 
protein complexes through naïve hindrance [65]. Alternatively, the covalent interaction of 
WA may be weaker than that of the normal covalent bond and be reversible in washout 

experiments [76]. Taunton and coworkers demonstrated that drug efficacy could be 
optimized by finetuning warhead residence time and exploiting the intrinsic reversibility of 
the reaction moiety [66,77]. In this respect, partially reversible covalent binding 
characteristics of WA may promote more promiscuous tyrosine kinase targeting than IBR 
and explain the higher efficacy of WA than IBR in overcoming MM drug resistance. Finally, 
WA-mediated inhibition of BTK kinase activity was also accompanied with a time-
dependent decrease in BTK mRNA and protein expression, not observed for IBR, suggesting 
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that WA targets BTK hyperactivation at multiple levels [62]. For example, WA might 
indirectly decrease BTK activity by reducing kinase protein levels by inhibition of Sp1-
dependent transcription [78], by post-transcriptional microRNA silencing mechanisms 
[53,79], or by decreasing kinase stability via heat shock chaperone proteins [45,47]. 
Although WA clearly suppresses hyperactivated BTK family kinases signaling, some 
limitations of our study need to be acknowledged. Most notably, mainly GC therapy 
resistant MM cell models were studied here. Further preclinical in vitro and in vivo studies 
are required to fully appreciate therapeutic efficacy of WA to overcome multi-drug 
resistance by covalent inhibition of hinge 6 cysteine domain BTK family kinases. In addition, 
small qualitative and/or quantitative variations in specificity/potency observed for the 
promiscuous BCR TK inhibitor profiles of WA and IBR may not be sufficient to explain the 
large difference in therapeutic efficacy of WA as compared to IBR, against GC-resistant MM 

cell lines. Of special note, whereas nM concentrations of IBR are effective against B-cell 
lymphoma cancer cells, much higher µM concentrations seem to be required to kill BTK 
overexpressing MM cells [17,80-83], presumably because of the presence of highly 
redundant BCR/NFKB survival pathways (PI3K/Akt/mTOR/Syk) in MM which compensate 
for pharmacological BTK inhibition [37]. Yet, despite the presence of these compensatory 
pathways, complete silencing of BTK expression is cytotoxic to MM1R cells, emphasizing 
BTK’s involvement in myeloma cell survival. This is in line with previous observations made 
in BTK KO mouse models, where complete loss of BTK expression resulted in a more 
significant decrease in splenic B-cell numbers compared to mice harboring BTK mutations 
[84]. Because BTK also possesses crucial shuttling and scaffold activities, complete silencing 
of BTK is likely more detrimental to B-cells due to additional loss of non-kinase functions 
[85].  

Furthermore, covalent cysteine binding of WA has also been reported to Ser/Thr kinases 
[86] and phosphatases [87] which were not included in our phosphopeptidome screening 
approach. Indeed, in addition to BTK, BCR signaling is fine-tuned by Ser/Thr kinases (for 
example IKK2, PKC) [15,88] and phosphatases (i.e. SHIP1, PTEN) [89,90]. Finally, 
chemoproteomic strategies have identified additional WA non-kinase target proteins, 

which may further strengthen the potential cancer therapeutic efficacy of WA [45,91]. 
Therefore, functional silencing approaches with shRNA libraries will be informative to 
further distinguish druggable key cancer targets from adverse off targets to defeat therapy 
resistance in MM by WA [87,92]. Further research determining the safety and 
pharmacokinetic profile of WA is needed as well. Preliminary (pre)clinical toxicology studies 
of WA in different cancer models revealed that WA administration is generally well 
tolerated with limited to no adverse toxicity reported [93-95]. Yet, no toxicology data of 

WA have been collected in B-cell malignancies, such as MM.  
 

3.4. Materials and Methods 

3.4.1. Cell Culture and Cell Viability Assays 
GC-sensitive MM1S (CRL-2974) and GC-resistant MM1R MM cell lines (CRL-2975) have 
been described previously and were purchased from ATCC [53]. GC-resistant U266 cells 
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were kindly provided by dr. Eva Lion, Head of Tumor Immunology Group of the Laboratory 
of Experimental Hematology (University of Antwerp). Cells were cultivated in RPMI-1640 
supplemented with 10% Fetal Bovine Serum (E.U Approved; South American Origin) and 
1% Penicillin/Streptomycin Solution (Invitrogen). The cell lines were additionally 
supplemented with 1% MEM Non-Essential Amino Acids and 1% Sodium Pyruvate 
(Invitrogen). Each cell line was maintained at 37°C in 5% CO2 and 95% air atmosphere and 
95–98% humidity. Cell viability was assessed by colorimetric assay with 3-(4, 5-
dimethylthiozol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich, St. Louis, 
MO, US) as previously described [53]. 

3.4.2. Cell Lysis and Peptide Array Based TK Activity Profiling 
WA or BTK treated (15 min) and untreated MM1S and MM1R cells (n = 3 biologically 

independent samples per cell line per treatment) were lysed in M-PER lysis buffer 
containing 1:100 Halt’s protease and phosphatase inhibitors (Pierce). The lysates were 
collected and centrifuged at >13,000 rpm for 15 min at 4 °C. The supernatants were 
transferred to pre-chilled Eppendorf tubes and flash frozen immediately on dry ice. Protein 
concentrations were determined by the BCA method (Pierce,Thermo Scientific) [96]. 
Cellular kinase activities were measured by TK-specific phosphopeptide arrays (PamChip, 
PamGene International B.V. the Netherlands) according to the manufacturer’s protocol as 
previously described [56,97]. The differences in peptide phosphorylation signal intensity 
between different experimental setups were analyzed in a linear mixed model by using 
BioNavigator 6.3 software integrated with R (Bioconductor) for statistical analysis (paired 
two-sided t-test and unpaired t-tests). FDR were calculated using Benjamini-Hochberg 
method (adjusted p-values <0.05) [55]. The upstream kinases were correlated with the 

identified PTK specific phosphopeptide fingerprints according to the human 
(phospho)protein reference database [98-101]. Peptide lists showing differential 
phosphorylation intensities were further cross compared with phosphorylation specific 
datasets of the kinexus kinase predictor [102]. The ranking of the kinases was based upon 
scoring penalties of sensitivity and specificity of observed peptide phosphorylation changes 
in the tested experimental conditions. Significance of the upstream kinase scoring functions 
were calculated by the Fisher’s exact test. Pathway enrichment of differentially 
phosphorylated protein IDs was analyzed via Metacore and Ingenuity Pathway Analysis 
(IPA) software [103]. 

3.4.3. RNA Extraction and RNA Sequencing 

The RNeasy Mini Kit (Qiagen, Venlo, Netherlands) was used to extract total RNA from 

untreated or WA exposed MM1S and MM1R cells (n = 3 biologically independent samples 
per cell line per treatment) according to the manufacturer’s protocol. Isolated, pure total 
RNA was then quantified and qualified using the EpochTM Microplate Spectrophotometer 
(BioTek, US). RNA samples were stored at -80 °C and subsequently shipped to BGI (BGI 
Group, Bejing, China) where RNA integrity was determined using the 2100 Bioanalyzer 
system (Agilent Technologies, USA). All 12 samples with acceptable quality level (RNA 
content >80ng/µL, 28s/18s ≥ 1.0 and RIN ≥ 7.0) were included for sequencing library 
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preparation. Prepared libraries were 2 X 50 bp pair-end sequenced using the BGISEQ-500 
platform (BGI Group, China). RNAseq data have been deposited in the NCBI GEO database 
(GSE162475). 
Quality of the RNA sequencing reads was assessed using FastQC (v0.11.5) [104]. STAR 
(v2.7.3a) [105] was subsequently used to map reads to the human reference genome build 
37 (hg19) and to generate a read count table summarizing the counts per gene. Finally, 
differential gene expression analysis was performed using the DESeq2 package [57] and 
pathway analysis was performed with Panther [106]. 

3.4.4. cDNA Conversion Quantitative Real-time PCR  
Total RNA (1 µg) extracted from each sample was converted into cDNA with the Go Script 
reverse transcription system (Promega, Madison, Wisconsin, USA) following the 

manufacturer’s protocol. Next, qPCR analysis was carried out using the GoTaq qPCR Master 
Mix (Promega) according to manufacturer’s instructions. In brief, a 25 µl reaction volume 
mix per sample was prepared containing 12.5 µl GoTaq qPCR Master Mix, 0.4 µM forward 
and reverse primer, and nuclease-free water. The following PCR program was applied on 
the Rotor-Gene Q qPCR machine of Qiagen: 95°C for 2 min, 40 cycli denaturation (95°C, 
15 s) and annealing/extension (60°C, 30 s), and dissociation (60–95°C). Each sample was 
run in triplicate. The median value of the triplicates was taken to calculate the ΔΔCt-values 
using GAPDH as the normalization gene. Primers sequences are listed in Supplementary 
Table 2. 

3.4.5. Antibodies and Reagents 

WA was purchased from Alta Vista Phytochemicals (Hyderabad, India) and biotinylation of 

WA was performed by Dr. P. Van der Veken (WA-BT; Universiteit Antwerpen, Belgium). 
Both formulations were stored as 20mM stocks in DMSO at -20°C as previously described 
[48,107]. IBR (IMBRUVICA®) stock solutions were obtained from Pharmacyclics (Sunnyville-
CA, USA). Antibodies BTK (3533) and GAPDH (2118S) were obtained from Cell Signaling 
Technology (Danvers, Massachusetts, USA).  

3.4.6. Cell Viability after WA washout 

After 15 min treatment of MM1R cells with increasing concentrations of WA (with or 
without DTT), cells were washed extensively with PBS ( 3 x 5 min) and left to grow for an 
additional 24 hr in WA-free supplemented RPMI-1640 medium. Once incubation was 
complete, cell viability was determined by colorimetric MTT assay as described above. 
MM1R cells continuously treated with WA for 24 hr were included to allow for a direct 

comparison of covalent and non-covalent effects on cell viability. 

3.4.7. Protein Extraction and Western Immunoblot Analysis 

For Western immunoblot analyses, cell pellets were lysed in 0.5 ml RIPA buffer (150 mM 
NaCl, 0.1% Triton X-100, 0.1% SDS, 50 mM Tris-HCl pH 8) supplemented with protease 
inhibitors (Complete Mini®, Roche). Soluble protein extracts were obtained after 15 min 
incubation on ice followed by brief sonication and centrifugation at 16 g for 20 min at 4°C. 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162475
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Samples were separated by sodium dodecyl sulfate-polyacrylamidegel electrophoresis 
(SDS-PAGE) and transferred onto nitrocellulose membranes (Hybond C, Amersham) 
following standard protocols. After blocking, membranes were incubated overnight at 4°C 
with the primary antibodies, followed by dye-conjugated secondary antibodies (polyclonal 
goat anti-rabbit HRP, #P0448, Dako). Bound complexes were detected with the Amersham 
Imager 680 (Cytiva) and quantified by Image J software [108].  

3.4.8. WA-biotin Based Affinity Purification 

WA-BT affinity purification and co-precipitation was performed as previously described 
[48]. In short, MM1R and U266 cells were seeded in 10 cm culture dishes and incubated for 
24 hours at 37°C. Cells were treated with biotinylated WA (1 µM, 2.5 µM, 5 µM or 7.5 μM 
as indicated) or left untreated for 2 hours. Cells were then lysed in 1 ml lysis buffer (5 mM 

Tris pH 7.6, 1% Triton-X100 and 5 mM EDTA, supplemented with Complete™ protease 
inhibitor cocktail) and incubated with Neutravidin beads overnight. Beads were centrifuged 
for 5 min at 500 g after which the supernatant was removed. Beads were subsequently 
washed 5 times with lysis buffer. Total protein lysates, or coprecipitates, were separated 
by SDS–PAGE and electrotransferred onto a nitrocellulose membrane. Blots were probed 
using the appropriate antibodies and the immunoreactive proteins were detected using 
the Amersham Imager 680 (Cytiva).  

3.4.9. Immunofluorescence Confocal Microscopy 

After treatment with WABI, MM1R cells were fixed in 4% (v/v) formaldehyde. Cells were 
stained with Rhodamine-Phalloidin (Molecular Probes, Thermo Fisher Scientific Inc.) to 
visualize the cellular morphology, Hoechst 33258 (Sigma-Aldrich) to visualize the nucleus 

and Streptavidin-Alexa Fluor555 (Molecular Probes, Thermo Fisher Scientific Inc.) to 
visualize biotinylated WA. To determine WABI colocalization with specific proteins (BTK), 
WABI-treated MM1R cells were immunostained with primary (anti rabbit BTK, Cell 
Signaling Technology, mAb#8547) and corresponding labelled secondary antibodies (anti-
rabbit Alexa Fluor-488, Molecular Probes, Thermo Fisher Scientific Inc.). Cells were then 
placed on glass slides and mounted with coverslips using FluoromountTM (Sigma-Aldrich). 
Confocal imaging was carried out by a laser-scanning microscope equipped with a Plan-
Apochromat 63X/1.40 Oil DIC objective lens and excitation wavelengths 405, 488, 561 and 
640 nm (Zeiss LSM 800, Carl Zeiss, Germany). At least 20 different microscopic fields were 
analyzed for each sample using ZEN imaging software (Carl Zeiss). ZEN liteTM (Carl Zeiss, 
Germany) was used to perform image reconstruction and presentation. 

3.4.10. Covalent Docking of WA with BTK 

In silico molecular docking studies of the BTK protein (PDB id:6TFP) with WA (PubChem CID: 
26537) were performed as previously described [109]. Briefly, BTK and WA structures were 
energy minimized with Swiss-PdbViewer (v4.1) [110] and UCSF Chimera [111] respectively. 
Molecular docking and calculation of the docking scores was performed with Autodock4 
(v4.2.6). The obtained docking solutions were evaluated based on their scoring and the 
generated poses were clustered based on the cluster ranks of the ligand. Finally, the 
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clusters were differentiated based on the covalent bond lengths and prime energies. Final 
docking results were visualized with LIGPLOT (v.4.5.3) [74] and PyMOL (v.2.4) [112] 
software. 

 

3.4.11. Cell Transfections and BRET Measurements 

BTK- and BTK(C481S)-NanoLuc® Fusion Vectors were purchased from Promega and used in 
BRET target engagement experiments. HEK-293 cells were transfected with the NanoLuc® 
Fusion Vectors using FuGENE HD (Promega) according to the manufacturer’s protocol. 
Briefly, Fusion Vectors were diluted into transfection carrier DNA (Promega) at a mass ratio 
of 1:10 after which FuGENE HD was added at a ratio of 1:3. The FuGENE HD complexes were 
then added to HEK-293 cells (1:20 ratio) at a density of 2 x 105 per mL. Subsequently, cells 
were plated onto white, 96-well plates (Corning) at a density of 2 x 104 cells/well and left 

to incubate for 24 hr at 37 °C and 5 % CO2. After incubation, cells were equilibrated for 2 hr 
with the NanoBRET Tracer Reagent (K11, Promega) and increasing concentrations of WA 
(0.5-10 µM). To measure BRET, NanoBRET NanoGlo Substrate and Extracellular NanoLuc 
Inhibitor (Promega) was added according to the manufacturer’s protocol, and filtered 
luminescence was measured on a GloMax Discover luminometer equipped with 450 nm BP 
filter and 600 nm LP filter. milliBRET units (mBU) were calculated by multiplying raw BRET 
values by 1000 and plotted with GraphPad Prism. 

3.4.12. Nucleofection of siBTK and C481S BTK 

The BTK(C481S)-NanoLuc® Fusion Vector was purchased from Promega and siBTK was 
purchased from GE-Healthcare Bio-sciences (Accell Human BTK siRNA, EQ-003107-00-
0005, 29121299, sequence supplied in Table S3). MM1R cells were transfected with siBTK 

alone or siBTK combined with BTK(C481S) using the Nucleofector IIb device (Lonza, 
Switzerland) according to the manufacturer’s instructions. In short, 2.106 MM1R cells were 
resuspended in supplemented nucleofector solution after which 300 nM siBTK was added 
with or without 2 µg BTK(C481S). To each nucleofection reaction, an additional 2 µg of 
pmaxGFP™ Vector was added as an internal positive control (transfection efficiency = 51.3 
± 2.4 %). Resuspended cells were subsequently transferred to a cuvette and transfected 
using the O-020 nucleofector program. After nucleofection, pre-equilibrated medium was 
added and cells were transferred to a 96-well plate at a density of 80.000 cells/well. Eight 
hours post transfection, transfection efficiency and GFP expression were assessed with 
fluorescence microscopy. If GFP signal was present, cells were treated with increasing 
concentrations of WA and cell viability was measured after 24 hrs using the MTT 
colorimetric method. BTK mRNA expression of nucleofected cells was further confirmed by 

quantitative real-time PCR. 
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3.5. Supplementary Material 
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Figure S1 (previous page): Heatmap showing phosphorylation intensities of peptides serving as substrates for tyrosine 
kinases. Figure shows hyperphosphorylated (red) or hypo phosphorylated (blue) peptides in MM1R (n=3) and MM1S 
(n=3) samples ranked by the p-value resulting from a t-test. The significance is indicated using a significance code:  ooooo: 
p< 0.00001, oooo: p < 0.0001, ooo: p < 0.001, oo: p < 0.001, o: p < 0.05. 

 

 

 

 

Figure S2: MetaCore pathway analysis of differentially phosphorylated protein peptides (p<0.05) in MM1R versus MM1S 
cells. 
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Figure S3: Row-annotated heatmap representation of hyperactivated or inhibited kinases in MM1R versus MM1S cells, 
or following 15 min IBR or WA treatment of MM1R cells, n=3 biologically independent samples per treatment group. 
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Figure S4: Target binding affinities of Ibrutinib. Binding affinities of Ibrutinib to its targets are shown as pAct (-
Log(IC50/Ki/EC50,…)). Bars show the target interactions confirmed by ChEMBL/PubChem/papers. Graph was generated 
using the drug network map tool of the UC San Diego Abagyan Lab (http://ruben.ucsd.edu/dnet/).  

 

 

 

Figure S5: Relative viability (%) of U266 cells after 24 h treatment with WA or DEX. Data are plotted as the mean ± s.d., 
n=3 biologically independent samples. 
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Figure S6: Relative BTK mRNA (upper left) and protein levels (upper right and lower panel) of MM1R cells treated with 1 
µM IBR for the indicated timepoints. Data are plotted as mean ± s.d., n=3 biologically independent replicates (ns = p > 
0.05, ANOVA).  

 

 

Figure S7: Relative viability of MM1R cells treated with increasing concentrations of WA 24 hrs post treatment.  Cells were 
incubated with WA for 15 min (with or without DTT) after which WA was washed away or continuously for 24 hrs. Data 
are plotted as mean ± s.d., n=3 biologically independent replicates (ns = p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001, 
ANOVA).   
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Figure S8: Relative BTK mRNA (left) and protein (right) expression of siBTK-transfected MM1R cells with or without the 
C481S BTK mutant. Data are plotted as mean ± s.d., n=3 biologically independent replicates (ns = p > 0.05,  *p < 0.05, **p 
< 0.01, ****p < 0.0001, ANOVA).  
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Figure S9: The biological targets of WA treatment strongly depends on cellular context. (a) Venn diagram showing the 
number of significantly differentially expressed genes (p < 0.05, logFC < |1|) in MM1R and MM1S cells after WA 
treatment. (b) Panther pathway analysis of significantly differentially expressed genes in MM1R only (left) and MM1S 
only (right). (c) Kinase trees displaying relative changes in kinase activities upon WA treatment in MM1R cells (left) and 
MM1S cell (right). Kinase trees were generated with the CORAL web tool (http://phanstiel-lab.med.unc.edu/CORAL/) 

 

http://phanstiel-lab.med.unc.edu/CORAL/
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Table S1: Summary of binding energy and distance of the covalent bond of Cys481 with WA as predicted by 
covalent docking. 

BTK interaction 
site 

PDB ID 
Binding energy Bond 

length 
No. of hydrogen 

bonds 
Amino acid 
interaction 

Cys481 6TFP -4.93 kcal/mol 1.4 Å 3 
Tyr485, Leu482, 
Gly480 

 

Table S2: Overview of qPCR primers used in this study 

Target  Primer Sequence Gene accession number 

BTK 
Forward GTC CCA CCT TCC AAG TCC TG 

ENSG00000010671 
Reverse GCC TCT TCT CCC ACG TTC AA 

GAPDH 
Forward GCT CTC TGC TCC TCC TGT TC 

ENSG00000111640 
Reverse ACG ACC AAA TCC GTT GAC TC 

 

Table S3: Overview of siRNA sequences used in this study 

Target  Target Sequence siRNA sequence 

BTK  UUU UGA UGU GGG AAA UUU A TAA ATT TCC CAC ATC AAA A 
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Abstract 

Through phosphorylation of their substrate proteins, protein kinases are crucial for quickly 
transducing cellular signals and orchestrating key biological processes, including cell death 
and survival. Recent studies have revealed that kinases are also involved in ferroptosis, an 
iron-dependent mode of cell death associated with toxic lipid peroxidation. Given that 
ferroptosis is currently being explored as an alternative strategy to eliminate apoptosis-
resistant tumor cells, further characterization of ferroptosis-dependent kinase changes 
might aid in identifying novel druggable targets for protein kinase inhibitors in context of 
cancer treatment. To this end, we performed a phosphopeptidome based kinase activity 
profiling of glucocorticoid-resistant multiple myeloma cells treated with either the 
apoptosis inducer staurosporine (STS) or the ferroptosis inducer RSL3 and compared their 

kinome activity signatures. Our data demonstrate that both cell death mechanisms inhibit 
the activity of kinases classified into the CMGC and AGC kinase families, with STS showing 
a broader spectrum of serine/threonine kinase inhibition. In contrast, RSL3 targeted a 
significant number of tyrosine kinases, including key players of the B-cell receptor signaling 
pathway. Remarkably, additional kinase profiling of the anti-cancer agent Withaferin A 
(WA) revealed considerable overlap with ferroptosis and apoptosis kinome activity, 
explaining why Withaferin A can induce mixed ferroptotic and apoptotic cell death 
features. Altogether, we show that apoptotic and ferroptotic cell death induce different 
kinase signaling changes and that kinome profiling might become a valid approach to 
stratify cell death chemosensitization modalities of novel anti-cancer agents. 
 
Keywords: ferroptosis; kinase; staurosporine; multiple myeloma; Withaferin a; apoptosis 
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4.1. Introduction 

Protein kinases (PKs) are enzymes that modify their substrate proteins by catalyzing the 

transfer of -phosphate from ATP to serine, threonine, and tyrosine residues. This process, 
known as protein phosphorylation, results in a functional change of the target protein and 
allows for a rapid signal transduction in response to intra- and extracellular triggers. 
Phosphorylation of proteins is considered to be one of the most crucial post-translational 
modifications and is required for proper regulation of various cellular functions, including 
metabolism [1, 2], cell cycle regulation [3, 4], differentiation [5, 6], and cell death and 
survival [7-9]. Thus, it is not surprising that perturbed phosphorylation events or 
dysregulation of PKs often results in a diseased state, such as cancer. In multiple myeloma 
(MM), a hematological malignancy characterized by the uncontrolled proliferation of 

plasma cells, several kinases, including AKT and B-cell receptor signaling (BCR) kinases, are 
known to be involved in tumorigenesis and therapy resistance [10-13]. Targeting these 
malfunctioning kinases with protein kinase inhibitors (PKIs) could therefore offer significant 
clinical benefits to patients suffering from MM [14, 15] or other cancer types [16]. 
Presently, 62 PKIs have been FDA-approved for clinical use and have had a major impact on 
the treatment of cancer worldwide [17]. However, no inhibitors have been approved for 
use in MM to date, mainly due to issues with drug efficacy [18]. Finding novel, targetable 
PKs in context of MM might aid in overcoming therapy resistance and curing the disease 
altogether. 
Ferroptosis is a non-apoptotic mode of regulated cell death (RCD) that is orchestrated by 
an iron-dependent overproduction of lipid peroxides [19]. In the field of oncology, 
ferroptosis is currently being explored as a novel way to eradicate apoptosis-resistant 

cancer cells [20]. Different from apoptosis and other cell death modalities, ferroptosis does 
not depend on caspases or receptor-interacting protein 1, but heavily relies on the cysteine, 
lipid, and iron metabolism to promote cell death [21-23]. Taking into account that the 
majority of cancer types, including MM, are characterized by an increased iron uptake [24], 
an altered (cysteine) metabolism [25], and higher oxidative stress levels  [26] compared to 

their healthy counterparts, ferroptosis-inducing agents might further destabilize these 
cellular processes to achieve complete tumor suppression [27]. However, the key signaling 
processes and determinants of ferroptotic cell death still largely remain elusive and need 
to be more extensively studied before the therapeutic use of ferroptotic kinase inhibitor 
compounds can fully be appreciated. Accumulating evidence indicates that PKs, such as 
AMPK and ATM,  are involved in regulating ferroptosis [28, 29]. Recent studies have even 
reported that PKI sorafenib is able to trigger ferroptosis in a variety of cell lines [30]. To this 

end, PKIs that inhibit a subset of kinases and subsequently induce ferroptotic cell death 
might hold promise as novel anti-cancer agents in therapy-resistant tumors, such as MM. 
Consequently, we performed phosphopeptidome kinase activity profiling of glucocorticoid 
(GC)-resistant multiple myeloma cells treated with either apoptotic or ferroptotic 
compounds to obtain cell death-specific inhibitory kinome activity signatures. This 
approach allows us to directly compare apoptosis- and ferroptosis-dependent kinase 
activity changes and to identify ferroptosis-specific kinases based on the differential 
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peptide phosphorylation patterns. Finally, we also compared the kinome activity profile of 
natural anti-cancer agent Withaferin A (WA) with the apoptotic and ferroptotic signatures 
to predict its cell death modality in MM cells.  
 

4.2. Results 

4.2.1. Both Apoptotic and Ferroptotic Cell Death are Associated with a 
Progressive Inhibition of Protein Kinase Activity  

Staurosporine (STS) is a reversible broad spectrum protein kinase inhibitor that is widely 
used to induce apoptotic cell death in tumor models, including MM [31]. To characterize 
ferroptosis-dependent kinase signaling changes in GC-resistant myeloma cells and compare 

them with apoptosis-dependent kinase changes, we analyzed the peptide phosphorylation 
profiles of STS-treated apoptotic and RSL3-treated ferroptotic MM1R cells. Both 
treatments steadily decreased cell viability of MM1R cells after ≥ 3 hour treatment (Figure 
1a) and were accompanied by either an increase in lipid peroxidation in ferroptotic cells or 
PARP-1 cleavage in apoptotic cells (Figure 1b-c). In line with these observations, 

phosphorylation intensities of Ser/Thr kinase (STK) peptide substrates was markedly 
decreased after ≥ 3 hour STS and RSL3 treatment (Figure 2). A similar trend could be 
observed for the tyrosine kinase (PTK) peptide substrates in RSL3-treated MM1R cells but 
not in STS-treated cells (Figure 2), suggesting that PTKs play a more pronounced role in 
ferroptotic cell death.  
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Figure 1 (previous page): (a) Relative cell viability (%) of MM1R cells treated with 5 µM RSL3 (left) or 1 µM STS (right). (b) 
% of RSL3-treated MM1R cells undergoing a fluorescence shift from red (590 nm) to green (510 nm) as a consequence of 
increased lipid peroxidation. Cumene hydroperoxide (CH) is included as a positive control, while untreated controls and 
cells pre-treatment with ferroptosis inhibitor ferrostatin-1 and RSL3 (FRSL3) are included as a negative controls. (c) 
Western blot detection and quantification of PARP-1 cleavage and GAPDH expression levels in MM1R cells treated with 
5 µM STS for 3 and 6 hrs. All data are presented as the mean ± s.d., n=3 biologically independent samples per treatment 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ANOVA). 

 
 

Figure 2: Heatmap visualization of individual phosphorylation intensities, represented as normalized z-scores, of peptides 
on serine/threonine kinase (STK) (upper panel) or tyrosine kinase (PTK) (lower panel) chips which serve as substrates for 
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serine/threonine or tyrosine kinases, respectively. Higher z-scores (yellow) indicate kinase activation while lower z-scores 
(dark blue) indicate kinase inhibition. MM1R cells were treated with either 5 µM RSL3 or 1 µM STS for increasing 
timepoints, as indicated by the figure legend. 
 

4.2.2. RSL3 and STS Treatment of MM1R Cells Mainly Affects CMGC and AGC 
Protein Kinases  

Based on the differential peptide phosphorylation pattern that indicated that apoptosis- 
and ferroptosis-mediated cell death are associated with protein kinase inhibition (Figure 2, 
Supplementary Figure S2), upstream kinase (UPK) analysis was performed to identify the 
top 10 downregulated protein kinases under apoptotic and ferroptotic conditions after ≥ 3 
hours of treatment (i.e. the treatment time when a reduction in cell viability and inhibitory 
kinase effects are first observed, as described in section 2.1.). The final STK and PTK ranking 

per condition is represented in Figures 3 and 4, and is based on the mean final score of 
each kinase. Kinases with a mean final score of ≥ 1.3 and a kinase statistic of ≥ 0.5 were 
considered to be biologically relevant. Overall, kinase profiling revealed that both RSL3 and 
STS treatment of MM1R cells inhibits the activity of kinases involved in cell cycle regulation 
(PFTAIRE2, CK2α1, and CDK10), cytoskeletal reorganization (PKG1), cellular stress (MSK2), 
and inflammation (Srm, JAK1b) (Figures 2-3). Most of these UPKs belong to the AGC or 
CMGC kinase group, implying that these kinase families in particular are important in 
regulating cell death in MM1R cells. This was further confirmed by phylogenetic kinase 
mapping which showed that the majority of STS- and RSL3-mediated downregulated 
kinases were enriched in the CMGC and AGC kinase families (Figure 5). Both compounds 
also target kinases classified into the CAMK kinase family, including aurora kinases (AurA, 
AurB) and death-associated protein kinases (DAPK) that are known to play a vital role in 

cell death regulation [32-35]. Remarkably, within the CAMK group, RSL3 and STS can target 
different members within the same family. For instance, while RSL3 is able to significantly 
inhibit DAPK2 and AurA activity, STS preferentially inhibits DAPK3 and AurB. Further 
exploration of the synergistic interaction between apoptosis and ferroptosis inducers in 
multiple myeloma treatment might therefore help to identify effective combination 
therapies. A prior study in pancreatic tumor cells has revealed, for example, that ferroptotic 
agents can sensitize cells to TRAIL-induced apoptosis [36]. 
Although STS and RSL3 display similarities in their inhibitory kinase profiles in MM1R cells, 
key differences between both treatment conditions exist as well. Compared to RSL3, STS is 
able to inhibit a broader range of STKs, including kinases belonging to the CK1 (CK1α) , STE 
(COT), and Atypical (AlphaK1, ADCK3) families. Even within the AGC and CMG families, the 
number of kinases targeted by STS exceeds the number of RSL3-inhibited kinases (Figure 

5). In contrast, RSL3 treatment has a more pronounced effect on PTKs and is able to inhibit 
several kinases that are involved in BCR signaling, which we previously reported to be 
hyperactivated in therapy-resistant MM cells [10]. Network interaction and functional 
enrichment analysis indeed demonstrates that kinase inhibitory changes mediated by RSL3, 
but not by STS, are enriched in regulation of BCR signaling activity (Figure 6). This might 
explain why some B-cell malignancies, including diffuse large B-cell lymphoma, are more 
prone to ferroptosis-induced cell death in comparison to other solid tumors [37]. 
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Figure 3: Mean final score plots of serine/threonine kinase (STK) activity profiling in MM1R cells treated with 5 µM RSL3 
(left) or 1µM STS (right) for 3 hours. Plots display the predicted upstream STK ranked by their final score. The x-axis 
indicates the values for the normalized kinase statistic, which reflects the activity difference after treatment (e.g. negative 
values represent inhibited kinase activity). The size of each dot visualizes the size of the peptide set used for the upstream 
kinase prediction analysis. The color of the points depicts the specificity score, which indicates the specificity of the 
normalized kinase statistic with respect to the amount of peptides used for predicting the corresponding kinase. Below 
each figure, a table displaying the top 10 ranked kinases and their kinase statistic and specificity score is presented. The 
final ranking of the kinases is based on the mean final score.  
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Figure 4: Mean final score plots of tyrosine kinase (PTK) activity profiling in MM1R cells treated with 5 µM RSL3 (left) or 
1µM STS (right) for 3 hours. Plots display the predicted upstream STK ranked by their final score. The x-axis indicates the 
values for the normalized kinase statistic, which reflects the activity difference after treatment (e.g. negative values 
represent inhibited kinase activity). The size of each dot visualizes the size of the peptide set used for the upstream kinase 
prediction analysis. The color of the points depicts the specificity score, which indicates the specificity of the normalized 
kinase statistic with respect to the amount of peptides used for predicting the corresponding kinase. Below each figure, 
a table displaying the top 10 ranked kinases and their kinase statistic and specificity score is presented. The final ranking 
of the kinases is based on the mean final score.  
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Figure 5: KinMap [38] phylogenetic kinome tree. Kinases inhibited by RSL3 treatment are indicated by red squares (■), 
kinases inhibited by STS treatment are marked as blue triangles (   ), kinases inhibited by both compounds are indicated 

as black circles (•). Only kinases with a mean final score ≥ 1.3 are included in the graph. Abbreviations: TK, tyrosine kinase 
group ;TKL, tyrosine kinase-like group; STE, serine/threonine kinase group; CK1, casein kinase 1 group; AGC, protein kinase 
A, G, and C group; CAMK, Ca2+/calmodulin-dependent kinase group; CMGC, cyclin-dependent kinase, mitogen-activated 
protein kinase, glycogen synthase kinase, and CDC-like kinase group. 
 



Results: Chapter 4 

 

 
Figure 6: Network interaction and functional enrichment analysis of predicted kinases inhibited by RSL3 (left) or STS (right) in MM1R cells. The top panel visualizes the protein 
interaction networks of kinases with a mean final score ≥ 1.3, generated with String (v11) [39]. The clusters visible in the network are marked by a circle and include a MAPK 
signaling cluster (pink circle, number 1), CDK signaling (blue circle, number 2), and B-cell receptor signaling (green circle, number 3). The lower panel shows the Metascape [40] 
functional enrichment analysis of the included protein kinases.  
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4.2.3. Predicting the Cell Death Modality of Withaferin A Based on Kinome 
Profiling 

After characterizing the kinase changes taking place in apoptotic STS-treated and 
ferroptotic RSL3-treated MM1R cells, we wondered whether the kinase inhibitory profile 
of these compounds can be used to predict the cell death modality of other anti-cancer 
agents. Our findings from a previous study demonstrate that the natural steroidal lactone 
WA effectively kills GC-resistant MM1R cells and that the induced cell death is, in part, 
orchestrated by WA-mediated inhibition of Bruton tyrosine kinase (BTK), a key player in 
BCR signaling [10]. However, whether this WA-mediated BTK-inhibition promotes 
apoptosis, ferroptosis, or other cell death modalities in MM1R cells has not been elucidated 
yet. To this end, we treated MM1R cells with WA and compared its kinase profile with STS 
and RSL3. Similar to STS and RSL3, a time-dependent decrease in cell viability could be 
observed in MM1R cells treated with 1 µM WA (Supplementary Figure S1) and was 
associated with a decrease in peptide phosphorylation after ≥ 3 hours of treatment 
(Supplementary Figure S2). 
Further UPK analysis revealed that the top 10 WA-inhibited STKs and PTKs include PKα, 
PFTAIRE1, PKG2, PKCδ, and FRK (Figure 7), which are mainly targeted by RSL3, but not STS.  
Likewise, network interaction and functional enrichment analysis demonstrated that WA 
resembles RSL3 in its ability to inhibit B-cell receptor signaling by inhibiting BTK and other 
PTKs (Figure 8a-b), which is in line with our previous observations [10]. On the other hand, 
phylogenetic kinome mapping showed that WA is also able to target a broad range of STKs, 
especially those classified into the AGC kinase family, suggesting that the inhibitory kinome 

profile of WA is reminiscent of the STS profile as well (Figure 9). PKCη, PKCε, PKC, p70S6K, 
and SGK2 are all AGC kinases that are inhibited by both WA and STS. Based on the duality 
of its kinome profile, WA seems to be able to both induce apoptotic and ferroptotic cell 
death. In agreement with this observation, previous studies have reported that WA is able 
to trigger different cell death modalities based on the cellular context and concentration 
range used [41, 42]. 

Despite its similarities with RSL3, we observed no increase in lipid peroxidation in MM1R 
cells after treatment with WA (data not shown). WA-induced cell death could also not be 
reversed by pre-treatment of MM1R cells with ferrostatin-1, an inhibitor of ferroptosis 
(Supplementary Figure S2). In contrast, apoptosis inhibitor zVAD-FMK was able to partially 
rescue WA-mediated cell death, suggesting that WA triggers apoptosis rather than 
ferroptosis in MM1R cells (Supplementary Figure S3). Indeed, and increase in PARP-1 could 
also be observed in MM1R cells upon prolonged WA exposure (Supplementary Figure S4). 

Taken together, our results indicate that the inhibitory kinome profile of WA is similar to 
apoptotic and ferroptotic kinome profiles, suggesting that WA is able to promote both of 
these cell death mechanisms. Although WA and RSL3 are both able to inhibit BTK and BCR 
signaling, WA seems to trigger apoptosis rather than ferroptosis in MM1R cells. Most likely, 
other WA-targeted pathways, including NF-κB signaling [43], proteasome-mediated 
protein degradation [44], and heat shock-regulated stress signaling [45], tip the cell death 
balance towards apoptosis. It therefore remains important that kinase activity changes are 
interpreted within a broader biological kinome context.  



Results: Chapter 4 

 

— 
133 

 
 

Figure 7: Mean final score plots of serine/threonine (STK) and tyrosine kinase (PTK) activity profiling in MM1R cells treated 
with 1 µM Withaferin a (WA) 3 hours. Plots display the predicted upstream STK ranked by their final score. The x-axis 
indicates the values for the normalized kinase statistic, which reflects the activity difference after treatment (e.g. negative 
values represent inhibited kinase activity). The size of each dot visualizes the size of the peptide set used for the upstream 
kinase prediction analysis. The color of the points depicts the specificity score, which indicates the specificity of the 
normalized kinase statistic with respect to the amount of peptides used for predicting the corresponding kinase. Below 
each figure, a table displaying the top 10 ranked kinases and their kinase statistic and specificity score is presented. The 
final ranking of the kinases is based on the mean final score.  



Results: Chapter 4 

 

— 
134 

 
Figure 8: (a) Network interaction analysis of predicted kinases inhibited by 1 µM Withaferin a (WA) in MM1R cells. The 
protein interaction network (generated with String (v11) [39]) includes all kinases inhibited by WA with a mean final score 
≥ 1.3.  (b) Metascape [40] functional enrichment analysis of the protein kinases included in the protein interaction 
network.  
 

4.3. Discussion 

It is estimated that one quarter of all drug discovery efforts aim to target PKs, making them 
the largest group of clinical drug targets in the field of oncology [17]. Although several PKIs 
have reached phase II of clinical trials for treatment of MM, none have reached the market 
yet [46]. This is somewhat remarkable given that both myelomagenesis and development 

of therapy resistance are, at least in part, associated with perturbations in protein 
phosphorylation [47]. Both hyperactivation of the PI3K/AKT/mTOR and JAK/STAT signaling 
pathways, for example, are associated with poor prognosis and MM tumor proliferation, 
and are actively being explored in preclinical drug research as potential drug targets [48, 
49]. However, since neither AKT or STAT inhibitors have been FDA-approved for clinical use 
in MM, identifying other targetable PKs crucial in MM tumorigenesis might contribute to 

developing novel anti-MM compounds. Because accumulating evidence suggest that B-cell 
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Figure 9: KinMap [38] phylogenetic kinome tree. Kinases inhibited by RSL3 treatment are indicated by red squares (■) (left), kinases inhibited by STS treatment are marked as blue 

triangles (    ) (right), kinases inhibited by WA are indicated as green hexagons (   ). Only kinases with a mean final score ≥ 1.3 are included in the graph. Abbreviations: TK, tyrosine 

kinase group ;TKL, tyrosine kinase-like group; STE, serine/threonine kinase group; CK1, casein kinase 1 group; AGC, protein kinase A, G, and C group; CAMK, Ca2+/calmodulin-
dependent kinase group; CMGC, cyclin-dependent kinase, mitogen-activated protein kinase, glycogen synthase kinase, and CDC-like kinase group. 
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malignancies, including DLBCL and MM, are sensitive to ferroptotic cell death [37], finding 
kinases essential for ferroptotic cell death may offer translational potential for MM 
treatment by FDA approved kinase inhibitors. To this end, we applied phosphopeptidome 
kinome activity profiling of RSL3-treated GC-resistant MM1R cells to identify kinases 
inhibited by ferroptosis. We also compared these ferroptosis kinase signatures with those 
of STS-treated apoptotic MM1R cells to determine to which end each cell death modality 
has its own kinome profile. Our analysis revealed that prolonged treatment (≥ 3 hours) with 
either STS or RSL3 resulted in an overall decrease in STK activity, which was associated with 
a time-dependent increase in cell death. A similar inhibitory effect on PTKs was observed 
only in MM1R cells exposed to RSL3 exposure, implying that PTKs are more crucial in 
ferroptosis signaling compared to apoptosis signaling. This was also observed in our UPK 
analysis of the differential peptide phosphorylation patterns, where the mean kinase 

statistic score of top predicted RSL3 inhibited kinases was much higher compared to the 
score of STS inhibited kinases. Remarkably, functional enrichment analysis indicated that 
the majority of RSL3-targeted PTK kinases are involved in BCR, crucial for proliferation and 
survival of B-cells. This could possibly explain why B-cell cancers are more prone to 
ferroptotic cell death, as they heavily rely on BCR-related kinases for mediation of therapy 
resistance and tumor proliferation [13, 50, 51]. Although inhibition of BCR signaling is 
typically associated with apoptosis induction in several B-cell malignancies [52-54], this has 
only been sporadically explored in MM and deserves further investigation [55]. 
Alternatively, most BCR-related kinases are known to play a variety of different functions 
depending on their cellular context. Syk, for example, also orchestrates TNFα and NF-κB 
signaling in MM and other, non-hematological cells [55-57]. By inhibiting Syk, GPX4-
inhibitor RSL3 potentially triggers MM cell death through inactivation of these two 

oncogenic pathways. In line with this hypothesis, a recent genetic-based kinome screening 
against ferroptosis in MDA-MB-231 breast cancer cells, revealed an important role for Syk 
and other TNFα/NF-κB kinase players suggesting that Syk-mediated inhibition by 
ferroptotic agents might be a universal phenomenon [29]. Indeed, a study in mucosal 
samples from ulcerative colitis patients revealed that NF-κB inhibition promotes ferroptotic 

cell death, albeit that the involvement of Syk was not investigated in this experimental 
setup [58]. Finally, another plausible explanation is that especially inhibition of PDGFRβ, in 
this study predicted to be the third most significant inhibited PTK by RSL3, is important to 
induce ferroptosis in MM. PDGFRβ is one of the major targets of sorafenib [59], a clinically 
approved PKI for treatment of hepatocellular and advanced renal cancer [60] that has been 
reported to induce ferroptosis in a variety of different human cell lines [30]. Although the 
correlation between ferroptosis and sorafenib has primarily been linked to non-kinase 

related events [61, 62], the role of PDGFRβ in RSL3-dependent cell death has not been 
explored. Intriguingly, overexpression of PDGFRβ is typically associated with worse 
prognosis in leukemia and myeloma patients [63, 64] 
Compared to RSL3, the inhibitory effect of STS on STKs is considerably larger. As revealed 
by phylogenetic mapping STS targets STKs from different kinase families, including the STE, 
CK1, Atypical, CAMK, AGC, and CMGC families. This is in line with previous studies that have 
identified an extensive range of STS-inhibited kinases in HepG2 liver cells, such as PGK1, 
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AurB, PKAs, PKCs, and CDKs [65-67]. However, a subset of these kinases are also 
significantly inhibited by RSL3, highlighting that different cell death modalities can have 
overlapping kinome profiles. Most of the common kinases belong to the CMGC and AGC 
kinase families and include PFTAIRE2, CK2α1, CDK10, PKG1, and MSK2. Taking into account 
that the CMGC and AGC kinases mainly regulate cell cycle progression, proliferation, and 
survival, apoptosis- and ferroptosis mediated inhibition of these kinases seems crucial in 
promoting cell death. Both STS and RSL3 also impact CAMK kinases, which are involved in 
crucial cellular functions as well. Some CAMKs, such as CAMKK2 and CAMK4, have recently 
been associated with ferroptotic cell death [68, 69]. Although these kinases were not 
significantly inhibited by RSL3 in our setup, we did reveal that CAMK2A activity was 
considerably lower in ferroptotic MM1R cells, hinting that a larger CAMK-signaling network 
may be involved in ferroptosis signaling. Again, these observations are in line with the 

aforementioned genetic-based kinase screen, which also revealed CAMK2A to be one of 
the most crucial ferroptosis-dependent kinases [29]. However, results from the genetic-
based screen also identified ATM and ATR as key ferroptosis regulators. Our 
phosphopeptidome screening did also point towards a RSL3-mediated inhibition of ATR, 
although this inhibition was found not to be biologically relevant as the threshold of mean 
kinase score ≥ 1.3 was not reached (0.55). Similarly, we did not find a strong association 
between RSL3-induced ferroptosis and AMPK activity (0.24) although this kinase has been 
previously been associated with ferroptotic cell death [28]. These discrepancies can partly 
be explained by differences in experimental setup, as various cell lines, ferroptosis 
inducers, and treatment times have been used throughout the listed studies. As kinase 
expression and kinase-phosphatase interplay is highly dependent on cellular context, 
repeating the current study in other (MM) cell lines or tissues with similar experimental 

conditions is therefore vital to further determine which kinase are truly essential for RSL3-
mediated ferroptosis. Furthermore, the predicted kinome activity profiles identified here 
should be further experimentally validated by means of Western blotting, 
phosphoproteomics, NanoBRET kinase assays, and silencing approaches to further support 
their biological relevance.  

To preliminary determine whether the obtained ferroptosis and apoptosis kinome activity 
profiles can be applied to predict therapeutic efficacy and/or characterize cell death 
properties of novel anti-cancer agents, we also treated MM1R cells with WA, a compound 
reported to inhibit several PKs (reviewed in [70]). Remarkably, WA is able to trigger 
different pro-apoptotic and pro-ferroptotic signaling pathways in a dose- and cell context-
dependent manner [41, 71-74]. We found that these promiscuous anti-cancer properties 
of WA were also mirrored in its differential phosphopeptidome and kinome activity profile, 

which portrayed similarities to both the apoptosis and ferroptosis signatures. Functional 
enrichment and UPK analysis showed that the top WA-inhibited kinases mostly overlapped 
with RSL3-targeted kinases and that these were also enriched in regulation of BCR signaling. 
However, phylogenetic tree visualization also demonstrated that, like STS, WA is able to 

target a broad range of ACG kinases, including PKCη, PKCε, PKC, p70S6K, and SGK2. These 
results are in agreement with previous studies reporting WA-mediated inhibition of BCR-
related kinases [10], PKC kinases [75], and p70S6K [76]. WA also targets a subset of kinases, 
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including IKK, that are not affected by STS or RSL3 treatment, revealing that WA also has 
unique inhibitor effects on kinase signaling in MM. This might explain why, despite its 
similarities with RSL3, WA triggers apoptosis and not ferroptosis in MM1R cells, as indicated 
by cell viability, Western blot, and lipid peroxidation analysis. For example, inhibition of IKK 
by WA in DLBCL is described to promote apoptosis [77] and might favor the WA-triggered 
cell death modality in MM1R cells towards apoptotic cell death. Likewise, WA-mediated 
targeting of non-kinase signaling pathways, such as proteasome degradation and unfolded 
protein stress responses [78, 79], might further impact cell death faith.  Alternatively, the 
occurrence of lipid peroxidation might be crucial for some of the ferroptosis-driven 
promiscuous inhibitory effects observed in MM1R cells. Lipid peroxidation directly impacts 
the cellular redox status and can, in turn, inhibit tyrosine kinases by (reversible) cysteine 
oxidation [80-82]. Thus, although both WA and RSL3 possess chemical moieties that can 

interact with proteins harboring nucleophilic active sites, including (seleno)cysteine sites 
[10, 37], lipid peroxidation does not take place in WA-treated cells and might be the main 
explanation why apoptosis, rather than ferroptosis, is the main WA cell death modality in 
MM cells. 
In conclusion, ferroptosis and apoptosis inducers both elicit a broad spectrum PK inhibitor 
signaling profile  in MM1R cells. Although both cell death modalities display similarities in 
their inhibitory kinome activity profile, unique signatures in PK targeting could also be 
detected. These unique peptide-based kinase activity profiles might aid in identifying novel 
(ferroptosis-based) kinase targets in MM treatment or might help stratification of other 
apoptosis or ferroptosis sensitizing anti-cancer compounds. Moreover, multi-targeting of 
apoptosis- and ferroptosis-specific kinases might prove to be more efficient in treating 
multifactorial (therapy-resistant) diseases, such as cancer.  
 

4.4. Materials and Methods 

4.4.1. Cell Culture and Cell Viability Assays 
Human MM1R cells (CRL-2975) were purchased from ATCC and grown in RPMI-1640 
medium supplemented with 10% FBS (E.U Approved; South American Origin) and 1% Pen-
Strep solution (Invitrogen, Carlsbad, CA, USA) at 37°C in 5% CO2. Cell viability was measured 
with the colorimetric 3-(4, 5-dimethylthiozol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT) assay (Sigma Aldrich, St. Louis, MO, US) as previously described [83]. 

4.4.2. Antibodies and Reagents 
STS and RSL3 were purchased from Selleckchem (Houston, USA), dissolved in 

DMSO and stored as 50 mM stocks at -20°C. Antibodies targeting cleaved PARP-1 (sc-
7150) and GAPDH (2118S) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA) 
and Cell Signaling Technology (Danvers, MA, USA), respectively.  

4.4.3. Lipid Peroxidation Assay 
Cellular lipid reactive oxygen species were measured using the Image-iT™ Lipid 
Peroxidation Kit (C10445, ThermoFisher Scientific, Waltham, MA, USA) according to the 
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manufacturer’s protocol. In short, cells were seeded in 6 well plates at a density of 5 x 105 

cells/well and treated the next day with 5µM RSL3 (with or without pre-treatment with 2 
µM Fer-1) or 100µM cumene hydroperoxide (positive control). Cells were subsequently 
incubated for 30 min with 10µM Image-iT™ Lipid Peroxidation Sensor at 37 °C. After 
incubation, cells were collected by trypsinization with TrypLE Express Enzyme 
(ThermoFisher Scientific, Waltham, MA, USA). Cells were washed 3 times with pre-warmed 
PBS and fluorescence shift from 590 nm to 510 nm was measured with the CytoFlex flow 
cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA). Finally, the 510/590 ratio 
was calculated and visualized as a % of lipid peroxide positive cells.   

4.4.4. Protein Extraction and Western blot Analysis 
Cellular protein extraction occurred by resuspending cell pellets in 0.5 mL RIPA buffer (150 

mM NaCl, 0.1% Triton X-100, 1% SDS, 50 mM Tris-HCl pH 8) supplemented 
with PhosphataseArrest (G-Biosciences, Saint-Louis, MO, USA) and protease inhibitors 
(Complete Mini®, Roche). After 15 min incubation on ice with regular vortexing, 
samples were briefly sonicated (1 min, amplitude 30 kHz, pulse 1s) and centrifuged at 
13 200 rpm for 20 min at 4°C. Solubilized proteins were transferred to new Eppendorf tubes 
and stored at -20 °C. Protein lysates were separated using Bis-Tris SDS-PAGE with a high-
MW MOPS running buffer, and transferred onto nitrocellulose membranes (Hybond C, 
Amersham) using the Power Blotter System (Thermofisher, MA, USA). Blocking the 
membranes for 1 hour with blocking buffer (20 mM Tris-HCl, 140 mM NaCl, 5% BSA, pH 
7,5) at RT was followed by overnight incubation with the primary antibody at 4°C. Blots 
were then incubated for 1 hr with the secondary, HRP dye-conjugated antibody (Dako, 
Glostrup, Denmark) after which chemiluminescent signals were detected with the 

Amersham Imager 680 (Cytiva, MA, USA) and quantified with the ImageJ software (v1.53j) 
[84].  

4.4.5. Kinase Activity Profiling using PamChip® Peptide Microarrays 
Kinase activity profiling was performed as previously described [10]. In short, MM1R cells 
were treated with 1 µM STS or 5 µM RSL3 for increasing time periods (n = 3 biologically 
independent samples per time point) and lysed in M-PER lysis buffer (Mammalian 
Extraction Buffer) containing 1:100 Halt protease and phosphatase inhibitor cocktail ( 
78440, Thermofisher, MA, USA). Protein yield was determined using the Pierce™ BCA 
Protein Assay method ( 23225, Thermo Scientific) [85]. Tyrosine and serine-/threonine 
kinase profiles were determined by employing the PamChip® peptide microarray system ( 
Pamgene, BJ’ s-Hertogenbosch, The Netherlands) according to the manufacturer’s 

instructions. UPK analysis was automatically performed by the BioNavigator Analysis 
software tool (Pamgene) based on the tyrosine and serine/threonine kinase 
phosphorylation patterns. Each predicted kinases is scored with a mean kinase statistic, a 
specificity score and a mean final score. The mean kinase statistic score depicts the effect 
size (values) and direction (+ or -) between the group difference, while the specificity score 
indicates the specificity of the normalized kinase statistics with respect to the amount of 
peptides used for predicting the corresponding kinase. The mean final score is typically 
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used to generate the ranked predictive list of kinases and is a combination of the specificity 
score and the group difference.  
Kinase interaction networks and phylogenetic trees were generated using the String 
database (v11) [39] and the KinMap web-based tool [38], respectively. These visualizations 
were performed with all kinases with a mean final score of ≥ 1.3, as recommended by 
Pamgene. Functional enrichment analysis was performed with Metascape using the default 
settings [40].  

4.4.6. Statistical Analysis 
Statistical tests were performed in GraphPad Prism (v7.0) (GraphPad Software, San Diego, 

CA, USA) unless otherwise stated in the main text. Results were considered to be 

statistically significant when p-values < 0.05 were obtained.  
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4.5. Supplementary Material 

 
Figure S1: Relative cell viability (%) of MM1R cells treated with 1 µM WA. Data are presented as the mean ± s.d., n=3 
biologically independent samples per treatment (**p < 0.01, ****p < 0.0001, ANOVA). 

 

 

Figure S2: Heatmap visualization of individual phosphorylation intensities, represented as normalized z-scores, of 
peptides on serine/threonine kinase (STK) (upper panel) or tyrosine kinase (PTK) (lower panel) chips which serve as 
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substrates for serine/threonine or tyrosine kinases, respectively. Higher z-scores (yellow) indicate kinase activation while 
lower z-scores (dark blue) indicate kinase inhibition. MM1R cells were treated with 1 µM WA for increasing timepoints, 
as indicated by the figure legend. 

 

 

 
Figure S3: Relative cell viability (%) of MM1R cells treated with 1 µM WA for 24 hours with or without 2 hour pre-
treatment with 2 µM ferrostatin-1 (Fer-1) or 50 µM zVAD-FMK. Data are presented as the mean ± s.d., n=3 biologically 
independent samples per treatment (ns p > 0.05, ****p < 0.0001, ANOVA). 
 

 

 
Figure S4: Western blot detection and quantification of PARP-1 cleavage and GAPDH expression levels in MM1R cells 
treated with 1 µM Withaferin a (WA) for 3 and 6 hrs. All data are presented as the mean ± s.d., n=3 biologically 
independent samples per treatment (*p < 0.05, **p < 0.01, ANOVA).  
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Abstract 

Disease relapse and therapy resistance remain key challenges in treating multiple 
myeloma. Underlying (epi-)mutational events can promote myelomagenesis and 
contribute to multi-drug and apoptosis resistance. Therefore, compounds inducing 
ferroptosis, a form of iron and lipid peroxidation regulated cell death, are appealing 
alternative treatment strategies for multiple myeloma and other malignancies. Both 
ferroptosis and the epigenetic machinery are heavily influenced by reactive oxygen species 
(ROS) and iron metabolism changes. Yet, only a limited number of epigenetic enzymes and  
modifications have been identified as ferroptosis regulators. In this study, we found that 
MM1 multiple myeloma cells are sensitive to ferroptosis induction and epigenetic 
reprogramming by RSL3-mediated inhibition of glutathione peroxidase 4 (GPX4), 
irrespective of their glucocorticoid-sensitivity status. LC-MS/MS analysis revealed the 
formation of non-heme iron-histone complexes and altered expression of histone 
modifications associated with DNA repair and cellular senescence. In line with this 
observation, EPIC BeadChip measurements of significant DNA methylation changes in 
ferroptotic myeloma cells demonstrated an enrichment of CpG probes located in genes 
associated with cell cycle progression and senescence, such as NR4A2. Overall, our data 
show that ferroptotic cell death is associated with an epigenomic stress response that 
might advance the therapeutic applicability of ferroptotic compounds.  
 
Keywords: Ferroptosis; multiple myeloma; DNA methylation; iron; histone post-
translational modifications; epigenome; RSL3 
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5.1. Introduction 

Multiple myeloma (MM) is an incurable adult blood cancer characterized by uncontrolled 
growth of plasma cells within the bone marrow. More than 30.000 adults are diagnosed 
with MM every year, making it the second most common hematological malignancy after 
non-Hodgkin lymphoma [1]. Although therapeutic advancements over the last few decades 
have significantly improved the prognosis and progression-free survival of MM patients [2], 
the high-relapse rate remains a major challenge to improve treatment outcome. In most 
cases, the disease is characterized by a repeating pattern of remission and relapse periods 
during which patients receive multiple different treatment regimens, ultimately resulting 
in complete treatment failure. The need for finding alternative therapeutic strategies to 
overcome (acquired and primary) therapy resistance therefore remains a pressing matter. 

Myelomagenesis is frequently promoted by primary and secondary (epi)mutational events. 
Besides the well catalogued genetic alterations, including chromosomal translocations and 
hyperdiploidy, epigenetic aberrations, such as changes in DNA methylation [3, 4], histone 
modifications [5, 6], and abnormal microRNA (miRNA) expression [7, 8] have been linked 
to MM pathogenesis. Interestingly, several studies have shown that epigenetic alterations 
can mediate drug resistance [9-11] and that rewriting the abnormal epigenetic code in MM, 
i.e. by epigenetic drugs, might offer novel therapeutic options [12, 13]. Epigenetic 
compounds, including decitabine, 5-aza-2’-cytidine, and vorinostat have indeed 
demonstrated potent anti-myeloma activity [14-16]. 
Ferroptosis is a form of regulated cell death (RCD) that is currently being explored as a 
therapeutic strategy for treatment of malignant tumors, including B-cell malignancies [17-
19]. In contrast to other modes of RCD, such as apoptosis, ferroptosis relies on intracellular 

increases in free iron levels and lipid peroxidation to promote cell death [20]. Given that 
most tumors already exhibit high basal oxidative stress levels and an altered iron 
metabolism due to their increased proliferation capacity, ferroptosis induction might 
further be exploited to exhaust the tumoral anti-oxidant defense mechanisms and 
overcome multi-drug resistance [21]. Intriguingly, although several genes (e.g. SLC7A11, 
GPX4, HMOX1, ACSL4) have already been identified as key players in ferroptotic cell death, 
the involvement of nuclear events and epigenetic regulatory mechanisms remain largely 
unexplored. Only a handful of epigenetic enzymes and - modifications, including KDM3B, 
LSH, and monoubiquitination of H2A-B, have been described as regulators of ferroptosis 
[22-28]. This is surprising since, similar to ferroptosis, the epigenetic machinery is heavily 
influenced by oxidative stress and the iron metabolism. Indeed, the activity of many 
epigenetic enzymes, including JmjC-domain-containing histone demethylases (JHDMs) and 

ten eleven translocation (TET) DNA demethylases, is highly dependent on the availability 
of iron [29-31]. Similarly, hydroxyl radicals, produced during Fe2+-dependent Haber-Weiss 
reactions taking place in ferroptotic cells [32], can produce methyl radicals and cause non-
enzymatic methylation of cytosine and guanidine residues in the DNA and directly impact 
methylome changes [33]. Finally, inhibition of cystine import by ferroptosis inducer erastin 
triggers the activation of the transsulfuration pathway [34], and might limit the availability 
of methyl donors required for DNA and histone methylation [35, 36]. Because epigenetic 
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alterations often contribute to the development of therapy resistance and malignant 
transformation of cancer cells, a better understanding of the interplay between ferroptotic 
cell death and epigenomic changes might further elucidate the therapeutic potential of 
ferroptotic compounds. In this study, we therefore combined RNA sequencing, LC-MS/MS, 
pyrosequencing, and EPIC BeadChip analysis to characterize the epigenetic changes taking 
place in therapy-resistant and -sensitive MM1 cells. 

5.2. Results 

5.2.1. Glucocorticoid-Sensitive and -Resistant MM1 Cells Exhibit a Similar 
Transcriptome Stress Response Upon Ferroptotic Cell Death Induction 

Acquired and primary therapy resistance remain a major hurdle in clinical treatment of 
MM. Despite the availability of broad spectrum anti-cancer drugs, including glucocorticoids 
(GCs), proteasome inhibitors (PIs), and immunomodulatory drugs (IMiDs), most MM 
patients eventually relapse and become refractory to current treatments [37]. Therefore, 
we explored whether therapy-resistant MM cells are sensitive to ferroptosis induction, an 
iron-catalyzed mode of cell death associated with increased lipid peroxidation. In this 
study, we exposed GC-resistant (MM1R) and GC-sensitive (MM1S) MM1 cells to different 
ferroptosis inducers, including RSL3, ML162, erastin, and Withaferin A (WA), and evaluated 
their effect on cell viability (Figure 1a). Although both cell lines have the same origin, MM1R 
cells are known to be resistant to GC-mediated apoptosis due to their defective GC receptor 
(GR) and lack of GR expression. We observed that all compounds successfully induced cell 
death in both cell lines and that GPX4 inhibitor RSL3 was most potent, with IC50 values 

ranging between 2.82 µM and 6.31 µM (Figure 1b). RSL3-induced cell death could be fully 
prevented by pre-treatment with ferroptosis inhibitor ferrostatin-1 (Fer-1), but not by pre-
treatment with necrostatin-1 (Nec) or ZVAD-FMK, necroptosis and apoptosis inhibitors 
respectively (Figure 1c). Of note, pre-treatment with Fer-1 does not impact or reverse 
dexamethasone sensitivity of MM1 cells and indicates that other modes of RCD are 

involved in mediating GC-triggered cell death (Supplementary Figure S1). Similarly, only 
ZVAD-FMK was able to partially rescue cell death induced by WA (Figure 1d), a natural 
steroidal lactone that has previously been reported to display both apoptotic- and 
ferroptotic-mediated anti-cancer properties [38-40]. This suggests that in our MM cell 
model, WA promotes apoptotic rather than ferroptotic cell death. Indeed, while flow 
cytometry analysis revealed that RSL3-induced cell death was accompanied by an increase 
in lipid peroxidation after 3 hours of treatment (Supplementary Figure S2a-b), this was not 

observed in cells incubated with WA (data not shown). The cell death modality induced by 
WA might therefore be highly dependent on cell type and – context.  
To characterize transcriptional changes taking place in ferroptotic MM1 cells, RNA 
sequencing analysis of RSL3-treated MM1 cells was performed, and compared to untreated 
controls. For this RNAseq experiment, RSL3-treated MM1 cells were exposed to 5 µM RSL3 
for 3 hours as this concentration and incubation time effectively initiate lipid peroxidation 
(Supplementary Figure S2b) without substantially lowering cell viability (Supplementary 
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Figure S2a). This to ensure that mostly early ferroptotic cells are included in the analysis, 
and that the transcriptome response to ferroptosis induction can be thoroughly assessed. 
Using selection criteria of FDR <0.05 and logFC > | 1 |, changes in gene expression patterns 
in both MM1S and MM1R cells were shown to be highly similar (Figure 2a-b). A total of 616 
common significant differentially expressed genes (DEGs) could be identified, the majority 
of which (540 DEGs) were found to be upregulated upon ferroptosis induction (including 
FTH1, FTL, CHAC1, HSPB1, SLC7A11, and HMOX [40-43] (Supplementary Figure S3a-b)). 
Metascape pathway analysis of DEGs revealed an enrichment in inflammation, kinase 
signaling, cellular stress, and cell death related pathways (Figure 2c). Remarkably, altered 
expression of 95 of the 616 identified DEGs could completely be reverted by pre-treatment 
with Fer-1 (FDR < 0.05, logFC | 1 |), suggesting that these genes in particular are crucial for 
ferroptosis induction (Figure 2d). The most significant genes within this subset are involved 

in metal binding (including metallothioneins [MT1s] and zinc finger proteins [ZNF]), nuclear 
receptor signaling (orphan nuclear receptor 1-3 (NR4A1-3)), chromatin remodeling (NR4A2, 
FOXA1, KDM6B), and gene transcription (ZNFs, NR4A1-3) (Figure 2d). Taken together, these 
findings suggest that ferroptosis effectively targets MM1 cells and that RSL3-mediated 
ferroptosis triggers similar oxidative stress and cell death pathways in both MM1R and 
MM1S cells, irrespective of their GC-sensitivity status. Moreover, genes involved in metal 
binding and chromatin remodeling seem to be crucial for mediating ferroptotic cell death. 

 

5.2.2. RSL3-Mediated GPX4 inhibition Triggers the Formation of non-heme 
Iron-Histone Complexes and Double-Stranded DNA Breaks 

Because RNAseq data revealed the involvement of chromatin remodelers, including FOXA1, 

NR4A2, and KDM6B, in ferroptotic cell death, we next utilized a LC-MS/MS approach to 
investigate whether RSL3-induced oxidiative stress signals propagate to the nucleus and 
alter histone post-translational modifications (Supplementary Figure S4a) [44]. First, LC-MS 
compatible cell lysis and histone extraction protocols were optimized to obtain pure 
histone extracts (Supplementary Figure 4b). Overall, direct acid extraction of histones from 
the whole cell pellet resulted in higher protein yield compared to the hypotonic lysis 
protocol where nuclei are isolated prior to acid extraction (Supplementary Figure 4c). 
After optimization, quantification of histone modification levels was performed using an 
untargeted, data-dependent acquisition (DDA) MS-based screening method [44]. Briefly, 
MM1 cells were treated with 5 µM RSL3 for increasing time periods (1hr-2hr-4hr-8hr) after 
which histones were extracted,  propionylated and trypsinized. Next, MS1 and MS2 spectra 
were obtained by HPLC-MS/MS analysis and raw data was analyzed with the Progenesis 

QIP 3.0 software (Waters). Ultimately, relative abundances of histone PTMs were obtained 
and statistical analysis was performed to identify significantly altered PTMs 
(Supplementary Table S1). Overall, we observed that cells treated with RSL3 for increasing 
time periods showed a progressive increase and decrease in several histone PTMs (Figure 
3). In line with our RNAseq data, where most genes were found to be upregulated upon 
RSL3 induction, ferroptotic cells portrayed a genome-wide, time-dependent decrease in 
repressive histone mark H3K37me3 [45]. However, loss of active marks, including H3K18ac, 
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H3K79me3, and H3K27ac was also detected upon continued RSL3 treatment 
(Supplementary Figure S5a). Remarkably, H3K79me3, H3K18ac, and H3K27ac have all been 
associated with DNA damage, cellular senescence, and genome instability (Table 1), 
suggesting that RSL3-mediated oxidative stress might drive these processes in MM1 cells. 
This is also reflected by the increased detection of histone variants H2A.Z and H2A.FY 
(macroH2A1), which are known to regulate DNA repair and cellular senescence (Table 1).  

 
Figure 10: MM1 multiple myeloma cell lines are susceptible to ferroptosis induction. (a) Heatmap 
representing relative cell viability of MM1 cells upon 24 h exposure to increasing concentrations of Erastin, 
ML162, RSL3, and Withaferin A (WA). (b) Relative cell viability of MM1S (left) and MM1R (right) cells upon 24 
h exposure to increasing concentrations of RSL3 with or without pretreatment with 2 µM ferrostatin-1 (Fer-
1). Data are plotted as the mean ± s.d., n=3 biologically independent replicates (ns= p > 0.05, ***p < 0.001, 
****p < 0.0001, ANOVA).  (c) Relative viability of MM1 cells upon 24 exposure to increasing concentrations 
of RSL3 with or without pretreatment with 10 µM necrostatin-1 (Nec) or 50 µM caspase inhibitor ZVAD-FMK. 
Data are plotted as the mean ± s.d., n=3 biologically independent replicates. (d) Relative viability of MM1 cells 
upon 24 exposure to increasing concentrations of WA with or without pretreatment with  2 µM Fer-1 and/or 

 * *** * 
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50 µM caspase inhibitor ZVAD-FMK. Data are plotted as the mean ± s.d., n=3 biologically independent 
replicates (*p < 0.05, ***p < 0.001, ANOVA).   

Moreover, Western blot analysis revealed that prolonged exposure (>12 hours) to RSL3 
resulted in a significant increase in pH2AX, a key maker for double-stranded DNA damage 
(Supplementary Figure S5b). Next to histone PTMs associated with DNA damage and 
cellular senescence, we found a significant increase in histone acylation modifications, 
including succinylation, crotonylation, and (hydroxyiso)butyrylation (Figure 3, 
Supplementary Table S1). Although the functional effects of these PTMs are far less 
characterized compared to those of histone acetylations, several studies highlight they are 
heavily influenced by the fatty acid metabolism (reviewed in [46]). Depending on the 
cellular metabolic state, crucial metabolic intermediates (e.g. crotonate) are increased or 
decreased, impacting their availability for acyl-transferase-mediated histone modifications. 

Given that ferroptosis is hallmarked by lipid peroxidation and overall changes in the lipid 
metabolism [47], these histone acylation changes might directly reflect the altered 
metabolic state of ferroptotic cells and regulate gene expression accordingly [48-50]. 
Suprisingly, we found that the altered iron metabolism during ferroptosis directly affects 
histone PTMs as well. Specifically, several glumate (E) and aspartate (D) residues in H2A, 
H3, and H4 histone tails were significantly enriched in Fe2+ binding (Figure 3, Supplementary 
Table S1). To the best of our knowledge, we are the first research group to describe Fe2+ 
binding to histone proteins. The biological relevance of the formation of non-heme iron 
histone complexes needs to be further explored, but might include a role in iron chelation 
in response to the ferroptosis-driven intracelullar increases in labile iron, regulation of gene 
expression, DNA damage, DNA damage protection, or even reflect the oxidoreductase 

activity of H3-H4 tetramers as previously reported for Cu2+ [52]. To further investigate the 
iron-binding properties of histone proteins, commercial H3-H4 tetramers were incubated 
with FeSO4 and separated by gel filtration, after which absorbance at 280 nm was 
measured. Similar to the absorbance signal measured in the CuSO4 positive control, H3-H4 
tetramers incubated with FeSO4 demonstrated an increased absorbance at 280 nm (Figure 
4). Furthermore, FeSO4 incubated resulted in a small shift in H3-H4 protein size, suggesting 
that Fe2+ binding affects the structural organization of the tetramer complex. Overall, our 
data suggests that histone proteins and - PTMs are sensitive to altered oxidative stress, and 
fatty acid and iron metabolism changes mediated by GPX4 inhibition. 
 

Figure 2 (next page): RNAseq analysis reveals RSL3-induced transcriptional changes in MM1 cells. (a) Heatmap 
representation of rlog gene counts of differentially expressed genes (FDR < 0.05, logFC > | 1 |) in MM1 cells. 
Gene counts are represented as Z-scores, n=3 biologically independent replicates per cell line. (b) Scatter plot 
displaying the correlation between the logFC of significant DEGS identified in MM1R and MM1S cells. The 
strength of the correlation is indicated by the regression line (with 95 % confidence interval indicated in light 
blue) and corresponding coefficient of determination (R). Significance of the correlation was calculated by 
pearson correlation and is represented by the pearson correlation coefficient (p). (c) Metascape pathway 
analysis [51] of RNAseq data displaying the top 20 significantly enriched pathways of RSL3-treated MM1 cells 
compared to untreated controls. (d) Heatmap representation (left) and protein interaction network (right) of 
differentially expressed genes in RSL3-treated MM1 cells of which the expression change could be completely 
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reverted by ferrostatin (Fer-1) pre-treatment. The most significant genes are indicated with * and included in 
the interaction network. 
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Table 1: Overview of RSL3-induced changes in histone PTMs linked to DNA repair and cellular senescence 
Histone PTM or 

variant 
Expression after 
RSL3 treatment 

Biological process Functional role References 

H3K79me3 ↓ 

Genome stability 
Enriched in heterochromatic 
centromeric & telomeric regions;  
Prevents spreading of hetero-chromatin 

[53-55] 

DNA repair 

Controls DNA resection at damaged sites 
during homologous recombination;  
Crucial in repairing UV-induced DNA 
damage 

[56, 57] 

H3K18ac ↓ 

DNA repair 

Regulates the expression of anti-oxidant 
genes; 
Recruits DNA repair enzymes to 
damaged sites; 
Regulates expression of nucleotide 
excision repair-related genes 

[58-61] 

Cellular senescence 
H3K18 deacetylation protects cells 
against mitotic errors and cellular 
senescence  

[62] 

Genome stability 
Maintains pericentric hetero-chromatin 
silencing 

[62] 

H3K27ac ↓ 

DNA repair 
Regulates the expression of nucleotide 
excision repair-related genes 

[61, 63] 

Cellular senescence 
Enriched in enhancers of senescence-
associated secretory phenotype (SASP) 
genes 

[64-66] 

H2A.Z 

↑ 
 
 
 

DNA repair 
Facilitates chromatin decondensation to 
allow for loading of DNA repair proteins 
to DNA breaks 

[67-69] 

Genome stability 

Required for chromosome segregation 
and cytokinesis; 
Prevents spreading of hetero-
chromatin; 
Preserves integrity of centromeres and 
telomeres 

[70-73] 

  Cellular senescence 
Overexpression alters regulation of cell 
cycle and DNA damage repair enzymes 
and suppresses cellular senescence 

[74] 

H2A.FY ↑ 

Cellular senescence 
Regulates downstream acetylation to 
regulate senescence transcription 
programs 

[75, 76] 

DNA repair 
Alters the kinetics of PAR polymerases 
during DNA damage responses 

[77] 

 

5.2.3. Prolonged exposure of MM1 Cells to RSL3 Results in Local DNA 
Methylation Changes and Promotes Expression of DNA Damage Repair 
Protein NR4A2 

Taking into account that ferroptotic stress directly affects expression of chromatin 
remodelers and histone PTMs, we wondered whether DNA methylation changes also occur 
upon RSL3 induction in MM1 cells. Given that prior studies have reported significant global 
DNA methylation alterations upon intracellular increases in reactive oxygen species (ROS) 
and iron [33, 78, 79], we first evaluated changes in global DNA methylation levels (i.e. levels 
of 5mC content relative to the total cytosine) in MM1S and MM1R cells treated with 1 µM 

RSL3 for 72 h. Three independent methods, namely LINE-1 pyrosequencing, Infinium 
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Methylation EPIC BeadChip analysis, and HPLC-MS/MS analysis, revealed no significant 
shifts in DNA (hydroxy)methylation after chronic GPX4 inhibition (Figure 5a-c). All methods 
did show, however, that basal DNA methylation levels in MM1S cells were consistently 
higher compared to MM1R cells (Figure 5a-c).  
Next, local CpG-dependent changes in DNA methylation were explored through Infinium 
Methylation EPIC BeadChip analysis, which measures mean methylation levels of 866.836 
genome-wide CpG sites. CpG loci of RSL3-treated cells were compared to cells treated with 
Fer-1 and RSL3 and were considered to be differentially methylated if a difference of ≥ 10 
% methylation and FDR < 0.05 could be detected. Overall, RSL3 treatment resulted in a 
large number of differentially methylated probes (DMPs) in both MM1R (51 168 CpG 
probes corresponding to 487 genes)  and MM1S cells (32 813 CpG probes corresponding to 
408 genes). The majority of DMPs in both cell lines were located in open sea regions located 

> 4 kb from CpG islands (Figure 6a). Remarkably, when comparing the top significant probes 
(FDR < 0.01) between both cell lines, the beta values of ferroptotic MM1R cells clustered 
with the beta values of Fer-1 treated MM1S cells and ferroptotic MM1S cells clustered with 
Fer-1 treated MM1R cells, suggesting that both cell lines converge towards a similar 
methylation profile under ferroptotic conditions (Figure 6b). In line with this observation, 
genes associated with the significant DMPs (FDR < 0.05 & beta value > 0.1) were distinct in 
both cell lines but were enriched in several common pathways, including cell cycle, 
autophagy, and insulin signaling (Table 2, Supplementary Figures S6-S7).  
Ferroptosis induction by RSL3 also resulted in specific hyper- and hypomethylation of a 
subset of probes in both cell lines (indicated by arrowheads in Figure 6b). Genes associated 
with these probes were mainly enriched in cell adhesion, inflammation, DNA replication, 
mitochondrial organization, cell death, and cellular senescence (Figure 7a). Of note, one of 

these genes included NR4A2, which we previously identified as a top significant DEG in our 
RNAseq data (see section 5.2.1.). Both Infinium Methylation EPIC BeadChip analysis and 
pyrosequencing analysis demonstrated that one of the probes associated with NR4A2 
(cg2285933 – located in the S shelf region of NR4A2) was significantly hypermethylated 
upon RSL3 treatment (Figure 7b) and that this hypermethylation was linked with increased 

mRNA and protein expression (Figure 7c-d). Similar observations have previously been 
made for another nuclear receptor gene, NR3C1, where hypermethylation outside of the 
CpG island led to an increase in gene expression [80]. 
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Figure 3: Overview of progressive significant (p < 0.05) changes in histone post-transcriptional modifications 
(PTMs) in MM1 cells after RSL3 treatment compared to untreated controls. Each symbol depicts a different 
PTM on N-terminal histone tails. Red symbols represent downregulated modifications while green symbols 
represent upregulation. The position of each PTM is indicated by the amino acid (AA) single letter code and 
its AA position within the corresponding histone protein sequence.   
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Figure 4: Purified H3-H4 tetramers display an increase in 280 nm absorbance after addition of FeSO4. (a) Purity 
of commercial H3-H4 tetramers was evaluated by SDS-PAGE Coomassie staining (left) and gelfiltration (right). 
(b) Absorbance spectrum at 280 nm of H3-H4 tetramers incubated with a 10-fold excess of CuSO4 (positive 
control), K2SO4 negative control), and FeSO4.  
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Table 2: Common Enriched Pathways of Significant DMP-related Genes between RSL3-treated MM1S and 
MM1R cells 

Common Pathway GO term MM1S cells              GO term MM1R cells 

 
GO term 

-log 
p.value 

GO term -log p.value 

Cell cycle 

Negative regulation of cell cycle 
process 

10 DNA replication 5 

Negative regulation of nuclear 
division 

8 Meiotic cell cycle 3.8 

S Phase 4.5 Cell Cycle 2.4 

Negative regulation of meiotic 
nuclear division 

3.8 
Regulation of transcription 
involved in G1/S transition of 
mitotic cell cycle 

2.1 

Autophagy Regulation of autophagy 4.4 Autophagy 2.2 

Insulin Signaling 
Pathway 

Insulin Signaling Pathway 3.8 

Insulin processing 2.4 

Insulin-like growth factor 
receptor signaling pathway 

2.0 

CtBP core complex CtBP complex 3.7 CtBP core complex 3.9 

VEGF Signaling VEGFA-VEGFR2 Signaling Pathway 
2.3 VEGFA-VEGFR2 Signaling 

Pathway 
4.6 

Rett syndrome Rett syndrome causing genes 3.1 Rett syndrome causing genes 2.5 
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Figure 5: Global DNA methylation changes in MM1 cells after RSL3 treatment (with or without pre-treatment 
of ferrostatin-1 (FRSL3)). (a) Mean methylation levels (%) of 3 CpGs located in long interspersed nuclear 
elements 1 (LINE-1). N=3 biologically independent replicates. (b) Mean methylation levels (%) of 866.836 
genome-wide CpG sites analyzed with the Illumina Infinium Methylation EPIC BeadChip. N=3 biologically 
independent replicates. (c) Mean % of 5-methylcytosine (left) and 5-hydroxymethylcytosine (right) residues 
present in MM1 samples. Data is represented as the mean ± s.d. (ns p > 0.05, ANOVA), n=3 biologically 
independent replicates.  
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Figure 6 (previous page): Local DNA methylation changes in MM1 cells after RSL3 treatment (with or without 
pre-treatment with Ferrostatin-1 (FRSL3)). (a) Bar chart visualization of the percentage of significantly 
differentially methylated (FDR <0.05, Δβ difference > 0.10) CpG loci (y-axis) between RSL3 and Ferrostatin-1 
pre-treated RSL3 MM1 cells and their corresponding genomic compartments (x-axis). (b) Heatmap 
representation of the methylation level (β-values) of the top common DMP CpG sites of MM1 cells treated 
with RSL3 (with or without pre-treatment with Ferrostatin-1). β-values are represented as Z-scores, where 
the lowest methylation value is indicated in blue and the highest in yellow. 

5.3. Discussion 

The majority of available anti-myeloma drugs, including GCs, PIs, and IMiDs, aim to 
eradicate tumors cells through induction of apoptosis [81]. However, most myeloma cells 
acquire resistance to this mode of cell death by upregulating anti-apoptotic proteins and 
downregulating pro-apoptotic signals, which is often driven by (epi)mutational changes 

[82, 83]. For that reason, we explored whether induction of ferroptotic cell death might be 
an effective alternative to eliminate GC-resistant myeloma cells. Our data show that GPX4 
inhibitor RSL3 successfully targets MM1 cells, irrespective of their GC sensitivity status, and 
that induction of ferroptosis is linked to a common transcriptional response. Specifically, 
ferroptotic myeloma cells upregulate a significant number of genes involved in cellular 
stress and cell death pathways, inflammation, and fatty acid metabolism. Among these 
genes, chromatin remodelers, such as NR4A2, FOXA1, and KDM6B, seem to be pivotal in 
triggering ferroptosis. To this end, we further explored the epigenetic changes in 
ferroptotic myeloma cells and found that ferroptosis is associated with significant changes 
in several histone modifications and variants, most of which have previously been linked  
with DNA damage and cellular senescence pathways. Interestingly, RSL3 treatment also 
caused an increased binding of Fe2+ ions to glutamate and aspartate residues of H2, H3, 

and H4, suggesting that the ferroptosis-driven changes in intracellular iron concentrations 
are propagated to the nucleus. The formation of non-heme iron-histone complexes could 
be confirmed in gel filtration chromatography experiments, where H3-H4 tetramers 
showed an increased absorption upon Fe2+ incubation. Whether this phenomenon is 
unique to MM cells or occurs universally in ferroptotic cells needs to be explored in other 

ferroptosis cell models, such as the HT-1080 cell line. Additionally, further validation with 
other biochemical techniques, including isothermal titration calorimetry,  circular 
dichroism spectrometry, or microscale thermophoresis is required to determine whether 
the observed increase in Fe2+ binding to histone proteins is a biologically relevant process.  
If this is the case, the biological relevance of iron-histone complexes needs to be explored 
as well. Possibly, histone proteins mediate a genoprotective role by chelating iron and 
preventing DNA damage [84]. Because earlier experiments revealed a cupper binding-

dependent reductase activity of H3-H4 tetramer complexes [52], Fe2+ binding to histones 
might also fuel an enzymatic function of histone proteins which has yet to be uncovered. 
Alternatively, histones are known to function as oxygen and nutrient sensors and the 
observed iron-binding might be a reflection of this role [85, 86]. In line with this latter 
hypothesis, significant changes in different histone acylation marks, which are known to 
respond to metabolic perturbations [87], were detected in ferroptotic myeloma cells as 
well.  
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Figure 7: Ferroptosis induction results in significant methylation changes in genes associated with DNA repair 
and cellular senescence. (a) Metascape pathway analysis [51] of genes associated with the top significant 
(FDR < 0.01) differentially methylated CpG probes in MM1 cells after RSL3 treatment. (b) Mean methylation 
levels (%) of CpG probe cg2285933 located in the S shelf of the NR4A2 gene as determined by pyrosequencing. 
Data are represented as mean methylation levels ± s.d., n=3 biologically independent replicates per cell line 
((***p < 0.001, **** p < 0.0001). (c) Relative NR4A2 mRNA expression in MM1 cells after treatment with RSL3 
with or without pre-treatment with 2 µM ferrostatin-1 (FRSL3). NR4A2 expression was normalized against 
the β-actin (ACTB) housekeeping gene. Data are plotted as the mean ± s.d., n=3 biologically independent 
replicates (**p <0.01). (d) Western blot detection and quantification of NR4A2 and GAPDH expression levels 
after RSL3 treatment in MM1 cells. Data are plotted as the mean ± s.d., n=3 biologically independent 
replicates per cell line. (ns p > 0.05, ****p <0.0001 ANOVA). 

Since alterations in oxidative stress and intracellular iron concentration are known to 
directly impact DNA methylation [31, 33, 78, 79], we next investigated whether ferroptosis 

impacts DNA methylation levels in MM1 myeloma cells. Although ten-eleven translocation 
(TET) DNA demethylation enzymes are known to be sensitive to changes in labile iron [88, 
89], no significant changes in global DNA (hydroxy)methylation in RSL3-treated cells could 
be observed by LINE-1 pyrosequencing, HPLC-MS/MS analysis, or BeadChip EPIC 
methylation arrays, indicating that the overall activity of these TET enzymes is not altered 
during ferroptosis. In contrast, BeadChip EPIC methylation analysis did uncover local DNA 
methylation changes of numerous DMPs in both GC-sensitive MM1S and GC-resistant 
MM1R ferroptotic cells. Clustering analysis of the top significant DMPs (FDR < 0.01) 
revealed two major trends in the methylation data. First, RSL3-mediated GPX4 inhibition 
drives MM1S and MM1R cells towards a similar methylation profile, indicating that 
ferroptosis triggers a common stress epigenome response in cells with different epigenetic 
backgrounds. This implies that ferroptosis signaling either differentially methylates DMPs 

located in MM1S but not in MM1R (or vice versa) or that both cell lines undergo 
methylation changes in opposite directionalities (i.e. hypermethylated in MM1R, 
hypomethylated in MM1S). Nevertheless, both cell lines portray similar RSL3-dependent 
transcriptional changes and sensitivities to ferroptotic compounds, suggesting that most of 
these DNA methylation changes are epigenetically redundant. Second, similar to the 

histone proteomics data, ferroptotic cell death induction resulted in specific hyper- and 
hypomethylation of a genes involved in DNA repair, cellular senescence and cell death 
pathways. Of note, NR4A2 expression was found to be upregulated upon methylation of its 
S shore region. NR4A2, also known as Nurr1, is involved in mediating DNA damage repair 
responses induced by genotoxic triggers [90, 91] and has been identified as a potential 
target for anti-aging interventions (reviewed in [92]).  
Although we did not directly assess expression of senescent markers of ferroptotic 

myeloma cells in this study, both our histone proteomics and DNA methylation data 
suggest cellular senescence pathways are altered during ferroptosis. Generally, cellular 
senescence is described as a state of permanent growth arrest that can be induced by 
cellular stress or DNA damage [93]. Western blot analysis of pH2AX, a marker of double 
stranded DNA breaks, indeed shows an increase in DNA damage upon prolonged RSL3 
stimulation in MM1 cells. Other proteins involved in the DNA damage response (DDR), 
including p53 and ATM/ATR kinases, have recently also been linked to ferroptotic cell death 
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[94]. In agreement with our observations, studies in neuronal and retina epithelial cells 
have revealed that ferroptotic compounds are able to promote cellular senescence [95-97]. 
Whether cellular senescence promotes sensitization [96, 98] or resistance [99] to 
ferroptosis is currently still under debate. Ferroptosis-driven epigenetic changes 
characterized in this study seem to suggest that RSL3-mediated oxidative stress 
orchestrates DNA damage and genomic instability, which induces premature cell 
senescence and prompts activation of DNA repair genes, such as NR4A2 (summarized in 
Figure 8). Interestingly, prior research reported that drug-induced senescence promoted 
MM cell recognition by natural killer cells and elimination of tumor cells [100]. Similarly, 
ferroptosis-mediated senescence might provide new insights for the exploitation of 
senolytic drugs in cancer therapies that specifically target senescent cells [101].  
 

 
Figure 8: Ferroptosis induction in multiple myeloma (MM) cells triggers oxidative stress mediated changes in epigenetic 
modifications, DNA damage, and cellular senescence. Figure created with BioRender.com. 

 
5.4. Materials and Methods 

5.4.1. Antibodies and Reagents 
Ferroptosis inducers erastin (S7242) and RSL3 (S8155), and cell death inhibitors ferrostatin-
1 (S7243) and necrostatin (S8037) were purchased from Selleckchem (Houston, TX, USA). 
ML162 (SML2561) and ZVAD-FMK (V166) were purchased from Sigma-Aldrich (Saint Louis, 
MO, USA). WA was obtained from Alta Vista Phytochemicals (Hyderabad, India). All 
compounds were dissolved in DMSO at a stock concentration of 20 or 50 mM.  
Primary antibodies targeting pH2AX (ab81299), H3K27ac (ab4729), H3K36me3 (ab9050), 
and  GAPDH (ab9485) were obtained from abcam (Cambridge, UK). The NR4A2 antibody 
(Nurr1 monoclonal antibody, MA1-195) was purchased from ThermoFisher Scientific 

(Waltham, MA, USA). 
 

5.4.2. Cell Culture and Cell Viability Assays 
MM1R and MM1S cells were cultured in RPMI 1640 medium supplemented with 10% fetal 
bovine serum (E.U. Approved; South American Origin), 1 % MEM non-essential amino acids 
(Invitrogen, Carlsbad, CA, USA),  1 % sodium pyruvate (Invitrogen, Carlsbad, CA, USA), and 
1 % penicillin/streptomycin solution (Invitrogen, Carlsbad, CA, USA). Cell viability was 
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assessed by the MTT colorimetric assay (Sigma Aldrich, St. Louis, MO, US) as previously 
described [102]. 

 

5.4.3. Lipid Peroxidation Assay 
Cellular lipid reactive oxygen species were measured using the Image-iT™ Lipid 
Peroxidation Kit (C10445, ThermoFisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s protocol. In short, cells were seeded in 6 well plates at a density of 5 x 105 

cells/well and treated the next day with 5µM RSL3 (with or without pre-treatment with 2 
µM Fer-1) or 100µM cumene hydroperoxide (positive control). Cells were subsequently 
incubated for 30 min with 10µM Image-iT™ Lipid Peroxidation Sensor at 37 °C. After 
incubation, cells were collected by trypsinization with TrypLE Express Enzyme 
(ThermoFisher Scientific, Waltham, MA, USA). Cells were washed 3 times with pre-warmed 

PBS and fluorescence shift from 590 nm to 510 nm was measured with the CytoFlex flow 
cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA). 

 
5.4.4. RNA Extraction and RNA Sequencing 
Total RNA from control and RSL3-treated (5 µM RSL3, 3 hour treatment) MM1 cells was 
isolated using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) according to the 
manufacturer’s protocol. Isolated RNA was quantified and qualified using the Epoch™ 
Microplate Spectrophotometer (BioTek, Winooski, VT, USA) and sent to BGI (BGI Group, 
Bejing, China) for RNA sequencing analysis. Briefly, RNA integrity (RNA content > 80 ng/µL, 
28s/18s ≥ 1.0 and RIN ≥ 7.0) was determined using the 2100 Bioanalyzer system (Agilent 
Technologies, Santa Clara, CA, USA) after which library preparation was initiated. 2 X 50 bp 

pair-end RNA sequencing was subsequently performed on the BGISEQ-500 platform (BGI 
Group, Bejing, China). RNAseq data have been deposited in the NCBI GEO database with 
accession number (awaiting accession number). 
Quality of the sequencing reads was evaluated using FastQC (v0.11.5) [103] and subsequent 
alignment to the human reference genome build 37 (hg19) was performed with the STAR 

(v.2.7.3a) tool [104]. Differential gene expression and Metascape pathway analysis were 
performed in R with the DESeq2 R (v1.30.1) [105] and the online Metascape web tool [51], 
respectively. Correlation of differentially expressed genes between MM1S and MM1R cells 
was visualized using the ggscatter function of the gplots R package (v3.1.1) [106]. Protein 
interaction networks were generated using the STRING database (v11) [107]. 

 

5.4.5. cDNA Synthesis and qPCR Analysis 
Total extracted RNA (500 ng) was converted into cDNA using the GoScript™ Reverse 
Transcriptase System (Promega, Madison, WI , USA) according to the manufacturer’s 
instructions. cDNA was subsequently used as input for qPCR analysis using the GoTaq® 
qPCR Master Mix (Promega, Madison, WI , USA) as previously described [102]. ΔΔCt-values 
were calculated using ACTB as housekeeping gene. Primers sequences are listed in 
Supplementary Table S2. 
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5.4.6. Histone Extraction and MS Sample Preparation 
Extraction of histone proteins was performed as previously described [44, 108]. In short, 
two extraction protocols, namely hypotonic lysis (protocol A) and direct acid lysis (protocol 
B), were explored. In protocol A, 2 x 106  cells were resuspended in hypotonic lysis buffer 
(10 mM Tris-HCl pH 8.0, 1 mM KCl, 1.5 mM MgCl2) supplemented with 1 mM DTT, 1 mM 
PMSF, Halt Protease and Phosphatase Inhibitor Cocktail 100x (ThermoFisher Scientific, 
Waltham, MA, USA), and phosphatase inhibitor cocktails II and III (Sigma-Aldrich, Saint-
Louis, MO, USA). Lysates were incubated for 30 min at 4 °C on a rotator, after which nuclei 
were pelleted by 10 min centrifugation at 10 000 g and 4 °C. Pellets were then resuspended 
in 0.4 N HCl and incubated again at 4 °C for 30 min on a rotator. In protocol B, 2 x 106 cells 
were lysed directly in 0.4 N HCl and incubated at 4 °C on a rotator for 2 hours. For both 
protocols, lysates were subsequently centrifuged (16 000 g, 10 min, 4 °C) and supernatant 

was transferred to new Protein LoBind Eppendorf tubes. A final concentration of 25 % 
trichloroacetic acid was slowly added to the histone solution, after which samples were 
inverted several times and incubated on ice for 30 min. Pelleted (16 000 g, 10 min, 4 °C) 
histones were washed twice with ice-cold acetone and air-dried in a fume hood at RT. Part 
of the extracted histones (corresponding to 4 x 105 cells) were used to assess purity and 
quantity by gel electrophoresis. Dried histones were resuspended in 2X Laemmli buffer 
(2.14% SDS, 26.3 % glycerol, and 10 % 2-mercaptoethanol in 65.8 mM Tris-HCl pH 6.8) and 
separated on 8-16 % Criterion TGX™ gradient gels (Bio-Rad Laboratories, Hercules, CA, 
USA). Gels were stained with the Sypro Ruby fluorescent gel stain (ThermoFisher Scientific, 
Waltham, MA, USA) and visualized with the VersaDoc 3000 imager (Bio-Rad Laboratories, 
Hercules, CA, USA). Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA) was 
used for purity analysis. Remaining purified histones were propionylated and trypsin 

digested as previously described [108]. Proprionylated histones were dissolved in 0.1 % 
formic acid in UPLC-grade water, sonicated and centrifuged to remove insoluble aggregates 
prior to injection onto the LC-MS system. Equal fractions of all samples were pooled to 
generate quality control (QC) samples, which were run in fixed intervals in between the 
other samples. All samples were spiked with digested beta‐galactosidase (20 fmole on 
column; Sciex) to monitor chromatographic quality and variation between LC‐MS runs.  

 

5.4.7. LC-MS Method and Data Analysis 
All samples were acquired in Data-Dependent Acquisition (DDA) using a TripleTOF 5600 
mass spectrometer (Sciex, Concord, Ontario, Canada) coupled to a NanoLC 400 HPLC 
system (Eksigent, Dublin, CA). Histone samples were loaded onto a YMC TriArt C18 trap 

column (id 500µm, length 5mm, particle size 3 µm) at a flow rate of 5 μL/min for 5 min in 
0.1% trifluoroacetic acid (TFA) in water.  Afterwards, histone peptides were transferred to 
a microLC YMC TriArt C18 column (id 300 µm, length 15 cm, particle size 3 µm) and 
separated at a flow rate of 5 µL/min using a gradient of 60 min going from 3 to 45 %  mobile 
phase B. Mobile phase A consisted of UPLC-grade water spiked with 0.1% (v/v) FA and 3% 
(v/v) DMSO, while mobile phase B consisted of UPLC-grade ACN spiked with 0.1% (v/v) FA. 
The 10 most intense precursors ions from 400-1250 m/z with charge states 2-5 that exceed 
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300 counts per second were selected for fragmentation, and the corresponding 
fragmentation MS2 spectra were collected between 65-2000 m/z for 200 ms. After the 
fragmentation event, the precursor ions were dynamically excluded from reselection for 
10 s. Progenesis QI for Proteomics (Progenesis QIP v4.1, Nonlinear Dynamics, Waters) was 
used to process the raw LC–MS data as described before [108]. In short, raw data was 
imported and aligned in the Progenesis software, after which the detected peptide spectra 
were annotated to histone PTMs using Mascot (Matrix Science) with the same settings as 
described in [44]. Once histone PTMs were identified, relative abundances of each PTM 
were calculated by dividing the area under the curve (AUC)  of each peptidoform containing 
the PTM by the sum of AUCs for all observed forms of that peptide. Significant (p < 0.05) 
differences in PTM relative abundance between treatment groups and the untreated 
controls were identified by performing two-tailed student t-tests. 

 

5.4.8. Protein extraction and Western blot analysis 
To validate and quantify histone PTMs, 6 µg of purified histone extracts were resuspended 
in 4 X Laemmli buffer diluted in high-purity water. Protein separation and Western blot 
detection were performed as previously described [102]. Whole cell lysates of RSL3-treated 
cells were obtained by lysing cell pellets (1 x 106 cells) in 0.5 ml RIPA buffer (150 mM NaCl, 
0.1% Triton X-100, 0.1% SDS, 50 mM Tris-HCl pH 8) supplemented with protease inhibitors 
(Complete Mini®, Roche). Soluble protein extracts were obtained after 15 min incubation 
on ice followed by brief sonication and centrifugation at 16 g for 20 min at 4°C. All blots 
were blocked for 1 hour at RT in 5 % BSA blocking buffer and incubated overnight with 
primary antibody at 4 °C. After 2 hour incubation at RT with dye-conjugates secondary 
antibody (Dako, Glostrup, Denmark), signal intensities were measured with the Amersham 

Imager 680 (Cytiva) and quantified with Image J software. 
 

5.4.9. Gel Filtration Chromatography 
Commercially available H3-H4 tetramers (Epicypher, Durham, NC, USA) were incubated for 
30 min with a tenfold excess of FeSO4, CuSO4 (positive control), or K.2SO4 (negative control). 
After 15 min centrifugation at 13 400 rpm, samples were loaded on a Superdex 200 HR 
10/300 GL gelfiltration column (Cytiva, MA, USA) equilibarated with running buffer (500 
mM NaCl, pH 7.2) at a flow rate of 0,5 ml/min. Absorbance was measured at 280 nm and 
retention times were compared to those of the Biorad Broad Range Standard (Biorad, CA, 
USA). 

 

5.4.10. DNA Extraction and Bisulfite Conversion 
Total DNA from MM1 cells was isolated using the QIAmp DNA mini kit (Qiagen, Venlo, 
Netherlands) according to the manufacturer’s instructions. Subsequent bisulfite 
conversion of 1 µg isolated DNA was performed using the EpiTect Fast Bisulfite Conversion 
kit (Qiagen, Venlo, Netherlands) and the EZ DNA Methylation Kit (Zymo Research, Irvine, 
CA, USA) for pyrosequencing and Infinium MethylationEPIC analysis, respectively. To 
confirm successful bisulfite conversion, a PCR using bisulfite-specific primers was executed 
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with the PyroMark PCR kit (Qiagen, Venlo, Netherlands) and the resulting PCR product was 
visualized on a 2 % agarose gel to which GelRed™ staining  (Biotium, Fremont, CA, USA) was 
added. Primers sequences are listed in Supplementary Table S2. 

 

5.4.11. LINE-1 Pyrosequencing 
Methylation of LINE-1 in MM1 cells was analyzed by Pyrosequencing, as previously 
described [109]. Briefly, all required primers (i.e. forward, biotinylated-reverse, and 
sequencing primers) were designed using the PyroMaker Assay Design 2.0 software 
(Qiagen, Venlo, Netherlands) and sequences are provided in Supplementary Table S2X. 
Bisulfite converted LINE-1 DNA fragments were PCR amplified using the PyroMark PCR kit 
(Qiagen, Venlo, Netherlands). Successful PCR amplification was assessed by TBE 
electrophoresis at 2 % agarose gel as described above after which the PyroMark Q24 

Instrument (Qiagen, Venlo, Netherlands) was used to perform Pyrosequencing. 
Biotinylated PCR products were immobilized on streptavidin-coated Sepharose beads (High 
Performance, GE Healthcare, Chicago, IL, USA), captured by the PyroMark vacuum Q24 
workstation, washed and denatured. Single-stranded PCR products were then released into 
a 24-well plate and annealed to the sequencing primer for 2 min at 80 °C. After completion 
of the pyrosequencing run, results were analyzed using the PyroMark Q24 software 
(Qiagen, Venlo, Netherlands). 

 

5.4.12. Infinium Methylation EPIC BeadChip Analysis 
Genome-wide DNA methylation was analyzed on the Infinium Methylation EPIC BeadChip 
platform (Illumina, San Diego, CA, USA) at the Center for Medical Genetics (UZA, University 

of Antwerp). 500 ng of bisulfite-converted DNA from MM1S and MM1R cells left untreated, 
treated with 1 µM RSL3 or treated with 2 µM Fer-1 and 1 µM RSL3 was used for whole 
genome amplification, enzymatic fragmentation, precipitation and resuspension as 
described in the manufacturer’s protocol. EPIC chips were analyzed using the Illumina Hi-
Scan system and DNA methylation was measured at 866.836 CpG sites.  
DNA methylation data was processed using the minfi (v1.36.0) [110] and limma (v3.46.0) 
[111] R packages as described by Maksimovic and colleagues [112]. Quality control of all 
samples occurred by evaluating whether < 95 % of the CpG probes had a detection p-value 
of < 0.05. Data was subsequently corrected for background signal and normalized using 
quantile normalization. Finally, cross-reactive and SNP-proximal probes were removed 
from the data [112]. Normalized data was subsequently analyzed for target selection with 
a cut-off of 10 % differential methylation and FDR < 0.05. Methylation intensities for each 

probe are represented as β-values [113]. Heatmap visualization of differentially methylated 
probes was generated using the heatmap.2 R package (v3.1.1). Pathway enrichment of 
differentially methylated probes was performed using the Metascape online tool [51]. 
Methylation data have been deposited in the NCBI GEO database (awaiting accession 
number). 
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5.4.13. Global DNA Methylation by LC-MS/MS 
DNA was analyzed by LC-MS/MS as previously described [114]. In short, 0.5 µg of isolated 
DNA was enzymatically hydrolyzed to individual deoxyribonucleosides by a one-step DNA 
hydrolysis procedure consisting of a digest mix prepared by adding phosphodiesterase I, 
alkaline phosphatase and benzonase nuclease to Tris-HCl buffer (Sigma-Aldrich, Saint Louis, 
MO, USA). Global genomic DNA (hdyroxy)methylation was measured using ultrapressure 
liquid-chromatography combined with tandem mass spectrometry. Absolute 
concentrations of  cytosine (C), 5-methylcytosine (5-mC), and 5-hydroxymethylcytosine (5-
hmC) were calculated by interpolation the results onto a calibration curve. The results are 
expressed as DNA methylation in percentage (%) [calculated as 5-mC/(5-mC + 5-hmC + C)], 
and DNA hydroxymethylation (%) [calculated as 5-hmC/(5-mC +5-hmC + C)]. 
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5.5. Supplementary Material 
 

 
Figure S1: Relative viability of MM1S (left) and MM1R (right) cells upon 24 h exposure to increasing 
concentrations of dexamethasone (DEX) with or without pretreatment with ferrostatin-1 (Fer-1). Data are 
plotted as the mean ± s.d., n=3 biologically independent replicates (ns p < 0.05, ANOVA). 

 

 

Figure S2: (a) Time-dependent relative viability of MM1 cells after 5 µM RSL3 treatment. Data are plotted as 
the mean ± s.d., n=3 biologically independent replicates (****p < 0.0001, ANOVA). (b) Flow cytometric 
analysis of the lipid peroxidation sensor (C11-BODIPY-581/591 dye) on live MM1R cells after 3h treatment 
with 5µM RSL3 with or without pre-treatment with 2 µM ferrostatin-1 (Fer-1) or 100 µM cumene hydroxide 
(positive control).  
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Figure S3: (a) LogFC of iron-responsive genes in RSL3-treated MM1 cells versus untreated controls as 
determined by RNAseq. Data are plotted as the mean logFC ± SEM, n=3 biologically independent replicates 
per cell line (*p < 0.05, **p < 0.01,  ****p < 0.0001, ANOVA). (b) Comparison of log2FC of RNAseq and qPCR 
analysis of 4 ferroptosis-related genes. Data are plotted as the mean ± s.d., n=3 biologically independent 
replicates per cell line. 
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Figure S4: Histone extraction optimization from MM1 cells for LC-MS analysis of post-translational 
modifications (PTMs). (a) Experimental pipeline for identification of histone PTMs with liquid 
chromatography-mass spectrometry (LC-MS). Prior to LC-MS analysis, purity and quantity of histone extracts 
is assessed with polyacrylamide gel electrophoresis (PAGE). Figure created with BioRender.com. (b) Lysis 
protocols that were explored for histone extraction from MM1 cells. Adapted from [108]. (c) Purity of MM1 
histone extracts obtained with either hypotonic lysis buffer (HLB) or direct acid lysis (DA). Extracts from 4 x 
105 cells were loaded onto a 8-16 % gradient gel and compared to a 2 µg bovine histone (BH) commercial 
standard.  
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Figure S5: (a) Western blot validation of histone proteomics LC-MS data. H3K27ac (left) was significantly 
upregulated upon RSL3 treatment in MM1 cells while H3K36me3 (right) levels remained unchanged, both in 
LC-MS and Western blot analysis. (b) Western blot detection and quantification of pH2AX and GAPDH 
expression levels after RSL3 treatment in MM1 cells. Data are plotted as the mean ± s.d., n=3 biologically 
independent replicates. (ns p > 0.05, *p < 0.05, **p < 0.01, ***p <0.001 ANOVA). 
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Figure S6: Metascape pathway enrichment of significantly differentially methylated CpG probes (FDR <0.05 
& Δβ differences > 0.1) in RSL3-treated MM1S cells compared to Ferrostatin-1 pre-treated, RSL3-treated 
MM1S cells. Terms marked in color are common pathways between MM1S and MM1R cells (see 
Supplementary Figure S6). 
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Figure S7: Metascape pathway enrichment of significantly differentially methylated CpG probes (FDR 
<0.05 & Δβ differences > 0.1) in RSL3-treated MM1R cells compared to Ferrostatin-1 pre-treated, 
RSL3-treated MM1S cells. Terms marked in color are common pathways between MM1S and MM1R 
cells (see Supplementary Figure S5). 
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                Table S1: Overview of significantly altered histone PTMs in RSL3-treated MM1 cells compared to untreated controls. 
Histone PTM Sequence Log2FC p.value 

   
1 h 2 h 4 h 8 h 1 h 2 h 4 h 8 h 

H2A E57Fe VGAGAPVYMAAVLEYLTAEILELAGNAAR 0,20 0,61 0,69 0,56 3,70E-01 1,46E-03 1,75E-04 5,90E-03 

 
R89Cit HLQLAIRNDEELNKLLGR -0,15 -0,63 -0,47 -0,53 4,51E-01 1,27E-02 5,28E-02 3,54E-02 

 
E93Fe NDEELNKLLGR 0,32 0,63 0,80 0,90 1,21E-01 6,33E-04 1,93E-05 1,84E-04 

 
K96Ac HLQLAIRNDEELNKLLGK 0,52 2,26 2,86 1,93 2,99E-01 5,55E-03 1,37E-03 1,17E-02 

 
K100Ac HLQLAIRNDEELNKLLGK 0,52 2,26 2,86 1,93 2,99E-01 5,55E-03 1,37E-03 1,17E-02 

 
K100But HLQLAIRNDEELNKLLGK 0,52 2,26 2,86 1,93 2,99E-01 5,55E-03 1,37E-03 1,17E-02 

   

   

  
    

H2A.Z K8Ac AGGKAGKDSGKAKAKAVSR 0,08 -0,14 -0,23 -0,61 6,84E-01 4,78E-01 2,78E-01 1,68E-02 

 
K14Ac AGGKAGKDSGKAKAKAVSR -0,77 -2,49 -2,32 -2,08 2,29E-01 1,36E-02 1,61E-02 2,81E-02 

 
K16Suc AGGKAGKDSGKAKAKAVSR -0,77 -2,49 -2,32 -2,08 2,29E-01 1,36E-02 1,61E-02 2,81E-02 

 
K16Hib AGGKAGKDSGKAKAKAVSR -0,43 -3,28 -2,15 -2,15 5,66E-01 3,18E-02 6,74E-02 8,32E-02 

 
K102Hib HLQLAIRGDEELDSLIKATIAGGGVIPHIHKSLIGKKGQQKTA -0,08 -0,56 -0,98 -0,84 8,10E-01 1,21E-01 1,94E-02 4,04E-02 

 
K120Cro HLQLAIRGDEELDSLIKATIAGGGVIPHIHKSLIGKKGQQKTA -0,08 -0,56 -0,98 -0,84 8,10E-01 1,21E-01 1,94E-02 4,04E-02 
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K121Me3 HLQLAIRGDEELDSLIKATIAGGGVIPHIHKSLIGKKGQQKTA -0,08 -0,56 -0,98 -0,84 8,10E-01 1,21E-01 1,94E-02 4,04E-02 

 
K121But HLQLAIRGDEELDSLIKATIAGGGVIPHIHKSLIGKKGQQKTA -0,20 -1,55 -0,87 -0,63 5,91E-01 2,93E-03 4,95E-02 0,14E-01 

 
K125Me3 HLQLAIRGDEELDSLIKATIAGGGVIPHIHKSLIGKKGQQKTA -0,08 -0,56 -0,98 -0,84 8,10E-01 1,21E-01 1,94E-02 4,04E-02 

   

   

  
    

H2A.FY K33But YIKKGHPKYR -0,04 -0,90 -1,32 0,56 8,36E-01 1,72E-03 5,90E-05 0,38E-01 

 
K34Me3 YIKKGHPKYR -0,04 -0,90 -1,32 0,56 8,36E-01 1,72E-03 5,90E-05 0,38E-01 

 
R79Me VTPRHILLAVANDEELNQLLKGVTIASGGVLPNIHPELLAKKR 0,09 0,55 0,62 0,73 8,19E-01 9,05E-02 7,74E-02 2,34E-02 

   

   

  
    

H3 K18Ac KQLATKAAR -0,61 -5,01 -2,99 -3,30 4,03E-01 1,67E-02 3,11E-02 3,31E-02 

 
K27Ac KSAPATGGVKKPHR -0,40 -0,56 -0,72 -0,56 1,38E-01 6,21E-02 2,19E-02 8,62E-02 

 
K37Me3 KSAPATGGVKKPHR -0,91 -2,79 -2,80 -2,03 7,09E-02 8,88E-04 9,00E-04 5,21E-03 

 
K37Bu KSAPSTGGVKKPHR -0,11 0,19 0,17 0,34 3,94E-01 1,27E-01 1,91E-01 2,02E-03 

 
R40Cit KSAPATGGVKKPHR 0,12 0,45 0,31 0,66 4,46E-01 5,00E-04 6,95E-02 3,99E-05 

 
D77Fe EIAQDFKTDLR 0,25 0,73 0,78 0,62 2,73E-01 1,79E-04 6,56E-05 5,31E-03 

 
K79But EIAQDFKTDLR 0,04 0,25 0,11 0,74 7,54E-01 4,46E-02 3,66E-01 2,48E-04 

 
K79Me3 EIAQDFKTDLR -0,27 -0,84 -0,80 -1,07 4,76E-02 1,14E-06 2,40E-06 1,45E-07 
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R83Cit EIAQDFKTDLR 0,01 0,22 -0,08 0,94 9,72E-01 3,56E-01 7,61E-01 3,99E-03 

 
M97Ox VTIMPKDIQLAR 0,57 1,43 1,39 1,32 1,36E-02 2,49E-02 2,46E-02 2,48E-02 

 
D100Fe VTIMPKDIQLAR 0,56 1,57 2,25 1,38 1,43E-01 2,83E-01 0,35E-01 0,27E-01 

   

   

  
    

H4 R17Me GKGGKGLGKGGAKRHR -0,17 0,47 0,02 0,53 5,09E-01 2,53E-02 9,31E-01 1,02E-02 

 
E63Fe GVLKVFLENVIR 0,37 0,88 0,96 0,60 4,50E-01 2,32E-02 1,51E-02 0,18E-01 

 
M84Ox KTVTAMDVVYALKR 0,12 0,29 0,29 0,28 2,46E-01 3,92E-03 3,81E-03 7,12E-03 

 
D85Fe KTVTAMDVVYALKR 0,09 0,57 0,54 0,52 5,36E-01 1,56E-05 1,23E-04 4,66E-04 
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Table S2: Overview of primers used in this study 

Target  Primer Sequence Gene accession number 

qPCR primers 

CHAC1 
Forward ATG CCT GGC CGT GTG G 

ENSG00000128965 
Reverse GCT TAC CTG CTC CCC TTG C 

HSPB1 
Forward AGG ATG GCG TGG TGG AGA T 

ENSG00000106211 
Reverse GAT GTA GCC ATG CTC GTC CTG 

SLC7A11 
Forward CAC ATG CCT CTT CAT GGT TG 

ENSG00000151012 
Reverse AGT GAT GAC GAA GCC AAT CC 

HMOX1 
Forward CCA GCG GGC CAG CAA CAA AGT GC 

ENSG00000100292 
Reverse AAG CCT TCA GTG CCC ACG GTA AGG 

ACTB 
Forward CTG GAA CGG TGA AGG TGA CA 

ENSG00000075624 
Reverse AAG GGA CTTC CTG TAA CAA TGC A 

NR4A2 
Forward GGT CCC TTT TGC CTG TCC A 

ENSG00000153234 
Reverse TGG CTT CAG CCG AGT TAC AG 

Methylation-specific PCR primers 

SALL3 
Forward GTT TGG GTT TGG TTT TTG TT 

ENSG00000263310 
Reverse ACC CTT TAC CAA TCT CTT AAC TTT C 

Pyrosequencing primers 

LINE-1 
Forward TTT TTT GAG TTA GGT GTG GG  

Reverse TCT CAC TAA AAA ATA CCA AAC AA  

Sequencing GGG TGG GAG TGA T  
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Abstract 

Ferroptosis is a lipid peroxidation-dependent mechanism of regulated cell death known to 
suppress tumor proliferation and progression. Although several genetic and protein 
hallmarks have been identified in ferroptotic cell death, it remains challenging to fully 
characterize ferroptosis signaling pathways and to find suitable biomarkers. Moreover, 
changes taking place in the epigenome of ferroptotic cells remain poorly studied. In this 
context, we aimed to investigate the role of chromatin remodeler forkhead box protein A1 
(FOXA1) in RSL3-treated multiple myeloma cells because, similar to ferroptosis, this 
transcription factor has been associated with changes in the lipid metabolism, DNA 
damage, and epithelial-to-mesenchymal transition (EMT). RNA sequencing and Western 

blot analysis revealed that FOXA1 expression is consistently upregulated upon ferroptosis 
induction in different in vitro and in vivo disease models. In silico motif analysis and 
transcription factor enrichment analysis further suggested that ferroptosis-mediated 
FOXA1 expression is orchestrated by specificity protein 1 (Sp1), a transcription factor 
known to be influenced by lipid peroxidation. Remarkably, FOXA1 upregulation in 
ferroptotic myeloma cells did not alter hormone signaling or EMT, two key downstream 
signaling pathways of FOXA1. CUT&RUN genome-wide transcriptional binding site profiling 
showed that GPX4-inhibition by RSL3 triggered loss of binding of FOXA1 to pericentromeric 
regions in multiple myeloma cells, suggesting that this transcription factor is possibly 
involved in genomic instability, DNA damage, or cellular senescence under ferroptotic 
conditions.  

 
Keywords: FOXA1; forkhead box; ferroptosis; multiple myeloma; perichromatin 
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6.1. Introduction 

Ferroptosis is a non-apoptotic mode of regulated cell death (RCD) characterized by an iron-
dependent rise in reactive oxygen species (ROS) that propagate lipid peroxidation reactions 
[1]. Mechanistically, intracellular increases in labile ferrous iron (Fe2+) challenge the cellular 
anti-oxidant defense systems by triggering the formation of toxic hydroxyl radicals through 
Fenton and Fenton-like chemistry [2]. Should enzymatic anti-oxidants, such as superoxide 
dismutase or glutathione peroxidases, fail to eliminate these toxic by-products, excessive 
peroxidation of polyunsaturated fatty acids (PUFAs) will ensue and ultimately cause 
detrimental loss of membrane integrity [3]. Several pathologies, including 
neurodegenerative diseases, cardiovascular diseases, ischemia-reperfusion injuries, and 

diabetes, have already been associated with ferroptotic cell death [4-8]. Small molecules 
targeting ferroptosis signaling pathways have therefore gained considerable clinical 
interest in the past couple of years [9]. Interestingly, the induction of ferroptosis has also 
demonstrated to offer therapeutic potential, especially in the field of oncology. One of the 
major hallmarks of cancer cells includes evasion of apoptotic cell death due to (acquired) 
therapy resistance mechanisms [10]. Provoking non-apoptotic modes of cell death, such as 
ferroptosis or necroptosis, might therefore help in eliminating therapy-resistant cancer 
(stem) cells [11]. Additionally, compared to healthy tissue, malignant tumors heavily rely 
on an increased iron metabolism to sustain their augmented proliferation capacity, 
exposing them to higher basal levels of oxidative stress [12]. Further elevating intracellular 
Fe2+ concentrations with ferroptotic compounds might further disturb their precarious 

redox balance and efficiently promote cell death [13]. For example, several B-cell 
malignancies, including multiple myeloma (MM) and B-cell lymphomas, portray an 
increased iron uptake and display sensitivity to ferroptosis inducers [14-20].  
On a molecular level, genetic and protein hallmarks of ferroptosis have been identified and 
are mainly involved in oxidative stress pathways (NRF2, GPX4, CHAC1) [17, 21, 22], iron 
metabolism (TFRC, FTH1) [23, 24], inflammation (PTGS2) [17], and lipid metabolism (ACSL4) 
[25]. The overexpression or downregulation of these genes have been considered as 

potential biomarkers of ferroptosis cell death, yet it remains challenging to find ferroptosis-
specific markers [26]. ACSL4, for instance, is currently considered to be a specific driver for 
ferroptotic cell death as it is involved in enhancing PUFA content in phospholipid bilayers, 
which are most susceptible to lipid peroxidation [25, 27]. However, a recent study by Chu 
and colleagues has demonstrated that even ACSL4-depleted cells can undergo p53-

mediated ferroptosis [28]. Thus, there is an unmet need for finding more precise and 
specific contributors of ferroptotic cell death. A (combination of) suitable ferroptosis 
biomarker(s) might not only offer new insights in designing novel therapies for iron-related 
diseases, but might also aid in early detection of ferroptotic cells [29]. Moreover, it could 
help identify ferroptosis-resistant cancers, which, unfortunately, have already been 
identified as well [30-33]. 
In the present study, we investigated the role of chromatin remodeler forkhead box A1 
(FOXA1) in MM cells undergoing ferroptotic cell death. FOXA1 belongs to a large family of 
FOX pioneer TFs that, unlike most TFs, can access target sequences located on nucleosomes 
and on some forms of compacted chromatin [34]. It is believed that members of the FOXA  
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subfamily stably bind to genomic regions prior to activation and prior to binding of other 
 TFs, and promote ATP-independent chromatin opening to allow binding of other TFs, 
nucleosome remodelers, or chromatin modifiers [34]. In case of FOXA1, it is suggested that 
chromatin opening is promoted by simultaneous DNA- and core histone binding (through 
a C-terminal domain), which disrupts local internucleosomal interactions required for 
stability of higher-order chromatin structure [35]. Depending on its chromatin recruitment 
sites, FOXA1 plays a role in embryonic development [35], hormone regulation [36, 37], lipid 
metabolism [38, 39], epithelial-to-mesenchymal transition (EMT) [40, 41], and DNA 
damage [42]. Given that the three latter processes have directly been linked to ferroptosis 
sensitivity or ferroptotic cell death [27, 43, 44], we combined RNA and CUT&RUN 
sequencing to characterize FOXA1 expression profiles and downstream targets in different 

ferroptosis models.  
 

6.2. Results 

6.2.1. Ferroptotic Cell Death Promotes FOXA1 expression in Different 
Disease Models  

Although inhibition and induction of ferroptotic cell death is extensively being studied as a 
therapeutic strategy in several disease models, finding suitable ferroptosis biomarkers 
remains challenging [26]. To identify key genetic hallmarks of ferroptosis signaling 
pathways, we compared publicly available RNAseq data (GSE104462) of erastin-treated 
HEPG2 liver cancer cells to our own RNAseq data of RSL3-treated MM1 myeloma cancer 

cells (GSE22309570). More specifically, the ferroptotic conditions (i.e. erastin treatment or 
RLS3 treatment, respectively) in each dataset were compared to their corresponding 
untreated controls. Significant differentially expressed genes (DEGs) of the erastin dataset 
were subsequently compared to the significant DEGs of the RSL3 dataset to evaluate 
similarities between both datasets. Despite considerable differences in experimental 
design and starting material (Table 1), we found 23 common significant (FDR < 0.05 & 

│log2FC > 1│) differentially expressed genes (DEGs) that displayed a similar pattern in gene 
expression upon ferroptosis induction (Figure 1a). These genes are mainly involved in metal 
binding (YPEL5, ZBTB10, MT2A, MT1F, MT1X), DNA binding (BHLHE41, FOXA1, MAFF, KLF2, 
NR4A2), protein ubiquitination (HERPUD, PELI1, FBXO32), calcium ion binding (STX11, 
JAG1), and protein dephosphorylation (DUSP4, DUSP5). Interestingly, we could identify the 

ATP-independent chromatin remodeler FOXA1 as one of the common genes between both 
RNAseq datasets. FOXA1 is a 473 amino acid long TF that belongs to the family of FOX 
pioneer TFs. Through its winged forkhead domain (FKHD), it is able to open chromatin by 
disrupting internucleosomal interactions (Figure 1b). In agreement with the RNAseq data, 
qPCR and Western blot analysis revealed a time-dependent upregulation of FOXA1 
expression in therapy-resistant and – sensitive MM1 cells treated with RSL3, a class II 
ferroptosis inducer (Figure 2a-c).  As prolonged treatment with RSL3 results in decreased 
cell viability, these data suggest that FOXA1 expression is tied to severity of ferroptotic cell 
death and GPX4 inhibition (Figure 2b).  
Given that we detected ferroptosis-mediated FOXA1 induction in two different cell types  
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(i.e. MM1 and HEPG2), we questioned whether similar observations could be made in in  
vivo ferroptosis models. To this end, we performed Western blot analysis on liver samples 
isolated from GPX4 liver-specific inducible knockout mice (Supplementary Figure S1). LoxP-
GPX4 homozygous mice carrying the cre transgene (Cre Tg/+) demonstrated an increased,  
yet not significant, FOXA1 protein expression compared to their healthy controls (Cre +/+) 
(Figure 2d). Taken together, these findings suggest that FOXA1 upregulation may be a 
universal phenomenon in different ferroptotic (disease) models and that FOXA1 might be 
a central regulator in ferroptosis signaling. 
 
 

  Table 1: Overview of experimental design differences in public RNAseq data vs own RNAseq data 

Feature Public RNAseq data (GSE104462) Our RNAseq data 

Cell line HEPG2 MM1S & MM1R 

Tissue of origin Liver Peripheral blood 

Ferroptosis inducer 
10 µM erastin 

(inhibits Xc- system) 
5 µM RSL3 

(inhibits GPX4) 

Duration ferroptosis 
treatment 

24 hr 3 hr 

Ferroptosis inhibitor 1 µM ferrostatin-1 2 µM ferrostatin-1 
              Abbreviations: Xc- system, Cystine/glutamate transporter; GPX4, Glutathione peroxidase 4. 

 
 
 
 

 
 
Figure 1: (a) Heatmap representation of common differentially expressed genes (FDR < 0.05, logFC > | 1 |) between 
erastin-treated HEPG2 cells (publicly available data GSE104462) and RSL3-treated MM1 cells. N=3 biologically 
independent replicates per cell line. (b) Schematic overview of Forkhead box A1 (FOXA1) protein domains. The forkhead 
domain (FKHD) is crucial for DNA binding and consists of 3 α-helices (H1-3) and 3 β-sheets (S1-3) organized in a  helix-
turn-helix motif. This motif is flanked on both sides by polypeptide chain “wings” (W1-2) that interact with the minor DNA 
groove.  
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Figure 2: (a) Relative FOXA1 mRNA expression in MM1R and MM1S cells treated with 5 µM RSL3 for 3 hrs with (FRSL3) or 
without (RSL3) 2 hr pre-treatment with 2 µM ferrostatin-1 compared to untreated controls. FOXA1 expression is 
normalized against the β-actin (ACTB) housekeeping gene. Data are plotted as the mean ± s.d., n=3 biologically 
independent samples per cell line (*p < 0.05), ANOVA). (b) Relative mRNA FOXA1 expression and cell viability (%) in MM1 
cells after RSL3 treatment. FOXA1 expression is normalized against ACTB mRNA expression. Data are plotted as the mean 
± s.d., n=3 biologically independent samples per cell line (***p < 0.001, ****p < 0.0001, ANOVA). (c) Western blot 
detection and quantification of FOXA1 and GAPDH expression levels in MM1 cells treated with RSL3. Data are plotted as 
the mean ± s.d., n=3 biologically independent samples. (d) Western blot detection and quantification of FOXA1 and 
GAPDH expression levels in liver samples from healthy Cre +/+ mice versus sick Cre Tg/+ mice. Data are plotted as the 
mean ± s.d., n= 2 Cre +/+ mice and 3 Cre Tg/+ mice (ns = p > 0.05, two-tailed t-test). 
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6.2.2. FOXA1 Binding to Pericentromeric DNA Regions is Reduced Under 
Ferroptotic Conditions 

A PubMed search of all articles featuring the FOXA1 transcription factor revealed that 
FOXA1 expression is mostly associated with hormone signaling in prostate, breast and testis 
cancer (Supplementary Figure S2). Therefore, RNAseq data was further explored to assess 
whether expression of nuclear hormone receptors is significantly altered in ferroptotic 
MM1 cells. Supplementary Figure S3 demonstrates that most hormone receptors, including 
estrogen (ESR), glucocorticoid (NR3C1), retinoid X (RXR), and peroxisome proliferator-
activated receptors (PPAR) remain largely unaltered upon RSL3 treatment. Similarly, we 
could not detect significant differences in ferroptosis sensitivity in glucocorticoid-sensitive 

MM1S cells, expressing NR3C1, versus glucocorticoid-resistant MM1R cells, lacking 
functional NR3C1 expression. In contrast, an increase in mRNA expression of lipid and 
oxidative metabolism sensing orphan nuclear receptors NR4A1, NR4A2, and NR4A3 could 
be observed in RSL3-treated cells compared to untreated controls, and was partly validated 
by Western blot (Supplementary Figure S4). The interplay between FOXA1 and orphan 
nuclear receptors has only poorly been characterized, mostly in context of dopaminergic 

neurons [45, 46]. Interestingly, important tumor suppressor roles for NR4A TFs have 
recently been described (reviewed in [47]), and NR4A defects are reported to promote 
formation of blood-tumors (e.g. leukemia, lymphoma) and T-cell immunity dysfunctions 
[48-51]. As such, possible anti-tumor functions of NR4A TFs in ferroptotic cells deserves 
further investigation. 

We next explored whether FOXA1 might play a role in epithelial-to-mesenchymal transition 
(EMT) as reported in previous studies [40, 41, 52]. Correlation analysis of the RNAseq data 
indeed demonstrated that genes highly correlated with FOXA1 expression were enriched 
in cytoskeleton organization, epithelial cell differentiation, and regulation of EMT (Figure 
3a-c). Interestingly, the EMT status is known to directly affect ferroptosis sensitivity, with 
mesenchymal cells being more susceptible to ferroptotic cell death compared to epithelial 
cells [43]. Ferroptosis-mediated upregulation of FOXA1 might subsequently drive MM1 
cells towards a mesenchymal profile and promote cell death by RSL3. To this end, qPCR 
analysis of four key EMT markers was performed on MM1 cells treated with RSL3 for 
increasing timepoints (Supplementary Figure S5). Overall, no significant expression 
differences of epithelial marker E-cadherin (E-CAD) or mesenchymal markers N-cadherin 
(N-CAD), Twist-related protein 1 (TWIST1) or Snail Family transcriptional repressor 2 (SLUG) 

could be observed in ferroptotic cells. These preliminary results indicate that FOXA1 does 
not orchestrate trans-differentiation of MM1 cells into a mesenchymal phenotype.  
Since our targeted approaches did not further elucidate the role of FOXA1 in ferroptosis 
signaling, we aimed to characterize the downstream effects of FOXA1 by performing 
CUT&RUN sequencing. This technique allows for genome-wide profiling of chromatin 
binding sites of transcription factors, similar to ChIP-Seq [53]. In short, MM1R cells were 
treated for 3 hours with 5 µM RSL3, after which FOXA1-bound DNA fragments were 
collected and purified for downstream analysis. After completing library preparation and 

DNA sequencing, enriched regions were called using the sparse enrichment analysis for 
CUT&RUN (SEARC) [54].  
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Figure 3: (a) Histogram plot displaying the top correlated genes in respect to FOXA1. The height of the bars correspond 
to the Pearson correlation value. Figure was generated using the Omics Playground tool (v2.7.18).  (b) Metascape pathway 
analysis [57] of RNAseq data displaying the top 20 significantly enriched pathways of RSL3-treated MM1 cells compared 
to untreated controls. (c) Functional GSEA enrichment of genes correlated with FOXA1 expression (left). The green curve 
corresponds to the normalized enrichment score (NES). Black vertical bars indicate the rank of genes in the gene set in 
the sorted correlation metric. FDR is represented by the q-value in the figure. Figure was generated using the Omics 
Playground tool (v2.7.18). The leading-edge table (right) reports the leading edge genes as reported by GSEA 
corresponding to the selected geneset. The ‘Rho’ columns report the correlation with respect to FOXA1.  

 
Only a limited number of genomic regions (n = 43) were identified to be differentially 
altered in FOXA1 binding after RSL3 treatment (Supplementary Table S2). Although we 
previously measured higher FOXA1 expression in ferroptotic cells, untreated controls 
displayed higher FOXA1 binding compared to RSL3-treated cells (Supplementary Table S2). 
Remarkably, all identified regions were located in pericentromeric DNA (Figure 4a),  
 

 



Results: Chapter 6 

 

— 
204 

suggesting that a ferroptosis-mediated loss of FOXA1 binding to pericentromeric hetero- 
chromatin takes place upon RSL3 induction. Given that FOXA1 is a pioneer TF that is able 
to bind compact DNA, these observations could indicate that DNA decondensation (of 
pericentromeric regions) triggers genome-wide loss of FOXA1 binding. In line with these 
results, we previously reported (Chapter 5 of this thesis) that ferroptosis might induce early 
cellular senescence in MM1 cells, a process which has been associated with defective 
pericentric silencing and decondensation [55, 56]. However, CUT&RUN sequencing 
experiments need to be repeated before definitive conclusions can be made. In our setup, 
signal-to noise ratios in the treatment groups were rather low as compared to negative IgG 
controls (Figure 4b), which indicates rather limited enrichment of FOXA1 binding sites in 
our samples. Nonetheless, when looking at the identified enriched regions in closer detail, 

a significant loss of FOXA1 binding could consistently be observed (Figure 4b). Preliminary 
Western blot analysis of RSL3-treated MM1R cells confirmed the observed loss of FOXA1 
expression in chromatin-bound cellular protein fractions (Figure 5). In parallel, cytoplasmic 
protein expression of FOXA1 was slightly increased upon RSL3 exposure, indicating that 
chromatin-free FOXA1 is transported toward the cytoplasmic compartment (Figure 5). 
 

6.2.3. Sp1 is a Possible Driver of FOXA1 Expression 

Taking into account that FOXA1 is upregulated under different ferroptotic conditions in 
different cell lines, we investigated whether a common transcription factor drives 
expression of FOXA1. To this end, we generated a list of potential FOXA1 driver genes by 

identifying transcription factor binding sites located in the FOXA1 promotor region 
obtained from the SwissRegulon database [58]. Next, a target list of each of the candidate 
drivers was constructed using three different databases, namely IFTP, TRRUSR, and 
Marbach2016, employed in the tftarget R package [59]. Finally, an overlap between 
candidate driver target genes and significant DEGs identified in the two RNAseq studies 
(cfr. Section 6.2.1) was performed. Our analysis showed that transcription factor Sp1 is the 
most probable driver in FOXA1 expression, both in MM1R cells and HEPG2 cells (Table 2).  

 
            Table 2: Top 5 candidate drivers of FOXA1 expression in ferroptotic cells. 

Candidate 
driver 

#  DEGs in RNAseq data 
regulated by candidate driver 

% DEGs in RNAseq regulated 
by candidate driver 

Sp1 46 82.14 

SPI1 36 64.29 

TFAP2A 33 58.93 

TFAP2C 31 55.36 

RREB1 30 55.57 
Abbreviations: Sp1, Sp1 transcription factor; SPI1, Spi-1 proto-oncogene; TFAP2A, Transcription factor AP-2 alpha; TFAP2C, 
Transcription factor AP-2 gamma; RREB1, Ras responsive element binding protein 1  

 
Although other studies have reported a ferroptosis-dependent increase in Sp1 expression 
[7, 60, 61], we did not find significant alterations in Sp1 mRNA levels in RSL3-treated MM1 
cells compared to untreated controls (Figure 6a). Nonetheless, preliminary experiments 
demonstrate that siRNA silencing of Sp1 abolishes ferroptosis-driven FOXA1 upregulation 
(Figure 2a, Figure 6b), suggesting that Sp1 (partly) drives FOXA1 upregulation in MM1 cells.  
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Possibly, ferroptotic triggers regulate Sp1 transcriptional activity through alternative 
mechanisms and subsequently promote downstream FOXA1 expression. In agreement 
with this hypothesis, a recent kinome screen has revealed that Sp-1 upstream ATR damage 
response serine/threonine kinase directly impacts ferroptosis sensitivity [62]. Sp1 
phosphorylation is known to directly impact Sp-1 dependent transcription [63] and might 
be increased in ferroptotic cells. Alternatively, ferroptosis signaling pathways could 
increase expression of Sp1 cofactors and promote Sp1 target site binding. NR4A1 is a 
cofactor of Sp1 that has recently been described in ferroptotic cell death [64] and was also 
found to be upregulated in this study. Through its interaction with Sp1, NR4A1 might recruit 
Sp1 more efficiently to its GC-ich gene targets and promote transcription [65]. Further 
research exploring the Sp1-FOXA1 signaling axis during ferroptosis are needed to fully 
confirm the role of Sp1 in RSL3-dependent FOXA1 expression.  
 

6.3. Discussion 

In the past decade, RCD and ferroptosis research has grown rapidly, especially in the field 
of neurological diseases and oncology [66]. Several morphological, biochemical, genetic, 
and protein hallmarks of ferroptotic cell death have been identified over the last years, but 
the exact executioner signals of ferroptosis remain largely unknown (reviewed in [29]). 
Identification of specific ferroptosis contributors may therefore provide novel 
opportunities for creating anti-cancer therapies. Consequently,  we compared RNAseq data 
of ferroptotic MM and HEPG2 cells to explore whether common expression signatures 
could be found in these different experimental setups. Our analysis revealed that genes 
involved in metal binding, DNA binding, protein ubiquitination, and protein 
phosphorylation were shared in both ferroptosis models. Of particular interest, we 
identified ATP-independent chromatin remodeler FOXA1 to be specifically upregulated 
upon RSL3 and erastin treatment. FOXA1 levels were also found to be upregulated in liver 
tissue obtained from liver-specific GPX4 inducible knock-out mice, suggesting that 
increased FOXA1 mRNA and protein expression might be a universal trigger in various 
ferroptosis disease models. Further in silico motif and TF enrichment analysis predicted 
that Sp1 is the most likely driver of ferroptosis-driven FOXA1 expression. Sp1 has previously 
been described in context of lipid peroxidation and ferroptotic cell death, and is 
hypothesized to play a dual role in the regulation of tissue injury [7, 60, 61]. However, our 
qPCR data demonstrate that Sp1 expression remains unaltered in RSL3-treated MM1 cells, 
implying that transcriptional activity of Sp1 is orchestrated through other upstream 
mechanisms. Post-translational modifications (PTMs), such as protein phosphorylation, are 
reported to directly influence Sp1 activity and might be altered in ferroptotic conditions 
[67]. Indeed, several upstream kinases responsible for Sp1 phosphorylation, including p38 
and ATM/ATR are known to be involved in ferroptosis signaling as well [62, 68-70]. 
Alternatively, transcription activity of Sp1 may be stimulated through improved 
recruitment to its DNA target binding sites by cofactor proteins that are differentially 
expressed in the presence of ferroptotic stimuli. NR4A1, for example, has recently been 
identified as a modulator of ferroptotic cell death and is also reported to act as a cofactor 
of Sp1 [64, 65]. Follow-up proteomics, Western blot, and immunoprecipitation 
experiments will undoubtedly reveal to which extend PTMs and cofactor-recruitment of 
Sp1 are crucial for FOXA1 expression. 
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Figure 4: (a) Circos plot displaying chromosome ideograms (outer ring) with centromeric regions marked in red. Blue 
markings on the inner ring show the differentially enriched FOXA1-bound DNA regions in untreated control cells 
compared to RSL3-treated cells. (b) Overview of genomic regions sequenced in each CUT&RUN treatment condition 
(upper panel). The hg19 panel represents the reference genome and displays known mapped genes. The lower panel 
represents a close-up visualization of chr10: 41,861 – 41,790 kb highlighting the loss of FOXA1 binding to perichromatin 
in RSL3-treated cells compared to controls. Figures were generated with Integrative Genomics Viewer (v2.9.4). 
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Figure 5: Relative FOXA1 protein expression of different cellular protein fractions in MM1R cells treated with 5 µM RSL3 
compared to untreated controls. Data are plotted as the mean ± s.d., n= 3 independent samples per treatment (indicated 
p-values are outcomes of unpaired, two-tailed t-test). 

 
Figure 6: (a) Relative mRNA Sp1 expression in MM1 cells after 3 hr treatment with 5 µM RSL3, with (FRSL3) or without 
pre-treatment with ferrostatin. Data are plotted as the mean ± s.d., n=3 biologically independent samples per cell line (ns 
= p > 0.05, ANOVA). (b) Relative mRNA SP1 (left) and FOXA1 (right) expression in MM1 cells transfected with siRNA 
targeting SP1. Data are plotted as the mean ± s.d., n=1 biological independent sample per cell line 
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Two independent studies have recently reported that nuclear hormone receptor activity is 
highly correlated with ferroptosis sensitivity [71, 72]. Presumably, cells with higher 
endocrine activity are subjected to hormone-dependent ROS production, which promotes 
lipid peroxidation through activation of Fenton reactions [73].  Because FOXA1 is a critical 
interacting partner of several nuclear receptors [74], we wondered whether ferroptosis 
induction in MM1 cells is associated with an increase in hormone receptor activity. A 
preliminary screening of hormone receptor expression mRNA changes in RSL3-treated 
MM1 cells showed that the expression of the majority of nuclear receptors remain 
unchanged. Only a subset of orphan nuclear receptors, NR4A1-3, are specifically 
upregulated upon RSL3 induction. Although FOXA1 has been reported to regulate NR4A2 
expression in immature midbrain dopaminergic neurons [45], the interplay between both 

proteins needs to be explored further. Possibly, NR4A receptors mediate ferroptotic cell 
death by influencing the cellular energy and lipid metabolism [64, 75]. On the other hand, 
these orphan receptors might orchestrate ferroptosis signaling pathways by recruiting 
other ferroptosis-dependent proteins to their target site, as previously explained. NR4A 
orphan receptors have also been associated with tumor suppressor functions, and 
mutations in NR4A1-3 have been linked with the formation of blood cancers, including 
leukemia and lymphoma [48, 49]. RSL3-driven upregulation of NR4A TFs might therefore 
drive elimination of MM cancer cells by regulating key cancer pathways (reviewed in [47]. 
Intriguingly, both ferroptosis and NR4A proteins are known to be regulated by the p53 
tumor suppressor [76, 77] and indicates that an GPX4-NR4A-p53 signaling network may 
drive MM cell death. Further research about the anti-cancer effects of NR4A TFs in 

ferroptotic cells could potentially offer new therapeutical insights for MM and other 
hematological malignancies. Regardless, based on assessing expression changes, FOXA1 
does not seem to primarily target (steroid) hormone receptors during ferroptosis. A direct 
measurement of hormone receptor activity, by evaluating nuclear translocation or by 
performing ChIP for example, might aid in fully characterizing the effects of FOXA1 in 
hormone signaling. Furthermore, evaluating FOXA1-dependent changes on nuclear 
receptors in more endocrine active cell systems, such as breast or pancreas cancer cell 

lines, might reveal cell type-dependent effects of FOXA1. 
Because both FOXA1 and ferroptosis have been associated with EMT [40, 43, 52], we also 
investigated whether RSL3 treatment triggers significant changes in EMT markers. 
Generally, (tumor) cells harboring a more mesenchymal profile are considered to portray 

an increased ferroptosis sensitivity because they heavily rely on GPX4 activity compared to 
their epithelial counterparts [78]. Mesenchymal-state cells also exhibit more dysregulated 
antioxidant programs, explaining why ferroptotic compounds are more potent in these 
cells [78, 79]. In this regard, ferroptosis-dependent reprogramming of the epithelial-
mesenchymal state through FOXA1 upregulation, might promote ferroptosis sensitivity. 
While our RNAseq data revealed a correlation of FOXA1 expression with several other 
drivers of EMT, including TRIB1, N-CAD, E-CAD, SLUG, and TWIST1 mRNA expression was 
not significantly altered upon RSL3 incubation. This suggests that MM1 cells do not shift 
toward a more epithelial – or mesenchymal-like state under ferroptotic conditions.  
Given that neither hormone signaling or EMT seem to be direct downstream targets of 
FOXA1 in ferroptotic MM1 cells, genome-wide transcription site profiling was performed  
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by CUT&RUN. Similar to ChIP-Seq, this technique combines ChIP with parallel DNA 
sequencing to identify binding sites of DNA-associated proteins, such as FOXA1. 
Unfortunately, signal-to-noise signals were quite low in our treatment setups, with signal 
intensities being similar to the negative IgG control. Further optimization of the 
experimental setup is therefore required before biologically relevant interpretations can 
be finalized. Increasing the starting amount of MM1 cells or addition of an extra cross-
linking step might improve experimental outcome, especially since FOXA1 has been 
reported to transiently bind to its DNA sites [80]. Taking this into account, we could still 
identify 43 genome regions wherein FOXA1 binding was significantly altered in RSL3-
treated MM1 cells compared to their untreated controls. Remarkably, all these regions 
were located in pericentromeric chromatin and FOXA1 binding was significantly lower in 

RSL3 conditions, despite the earlier observed transcriptional and translational FOXA1 
upregulation in MM1 cells. Pericentric (satellite) DNA is typically considered to be void of 
functional genes and transcriptionally silent since they are confined in transcriptionally 
inert heterochromatin [81]. However, mounting evidence suggests that pericentric 
transcripts are crucial in maintaining genome stability (reviewed in [82] and [83]). To this 
end, loss of FOXA1 binding in ferroptotic cells could potentially promote genome instability 
and DNA double strand breakage. Another possibility is that ferroptotic stress triggers 
defective pericentric transcription due to dramatic DNA decondensation, as is also 
observed when cells are exposed to UV (i.e. DNA damage), cadmium toxicity or cellular 
senescence [56, 84-86]. Given that FOXA1, as a pioneer TF, mainly binds to 
heterochromatin regions, genome-wide DNA decondensation might promote overall loss 

of FOXA1 pericentromeric DNA binding and uncontrolled pericentric transcription. Our 
previous work (see Chapter 5 of this PhD thesis) has indeed suggested that ferroptosis is 
associated with an epigenomic stress response linked to oxidative stress and cellular 
senescence, suggesting that DNA decondensation might occur in ferroptotic cells. 
Intriguingly, FOXA1 expression has been reported to increase with cellular senescence [87]. 
Possibly, loss binding to heterochromatin pericentromeric DNA promotes recruitment of 
FOXA1 to other target sites that trigger cellular senescence [87]. Repeating the CUT&RUN 

experiments under optimized experimental conditions should help in investigating this 
hypothesis further. Alternatively, “DNA-free” FOXA1 might localize to the cytoplasm and 
inhibit nuclear translocation of other TFs to promote cell death [88]. This seems to occur in 
our experimental setup as well, given that Western blot analysis revealed an RSL3-

dependent increase in FOXA1 expression in cytoplasmic protein fractions.  
Taken together, our data suggest that ferroptosis triggers a time-dependent upregulation 
of FOXA1 expression in different experimental models, which could be orchestrated by 
transcriptional activation of Sp1. The downstream effects of this FOXA1 expression surge 
in MM1 cells remain somewhat elusive but do not seem to include steroid hormone 
signaling or EMT. In contrast, preliminary data imply that ferroptotic stress might trigger 
uncontrolled pericentric transcription and genome instability, due to loss of FOXA1-binding 
to pericentromeric DNA. Moreover, relocalization of pericentric-free FOXA1 to secondary 
target sites or the cytoplasm might further promote cellular stress responses, such as 
cellular senescence or cell death. 
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6.4. Materials and Methods 

6.4.1. Cell Culture and Cell Viability Assays 
Human MM1S cells (CRL-2974) and MM1R cells (CRL-2975) were purchased from ATCC. 
RPMI-1640 medium, supplemented with 10% FBS (E.U Approved; South American 
Origin) and 1% Pen-Strep solution (Invitrogen, Carlsbad, CA, USA), was used to sustain the 
cells. The cells were cultivated at 37°C in 5% CO2 and 95% air atmosphere and 95-98% 
humidity. To assess cell viability, the colorimetric assay with 3-(4, 5-dimethylthiozol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT) was used (Sigma Aldrich, St. Louis, MO, US) as 
previously described [89]. 

6.4.2. Antibodies and Reagents 
RSL3 was purchased from Selleckchem (Houston, USA), dissolved in DMSO and stored as 
50 mM stocks at -20°C. siRNA targeting Sp1 (1299001) was purchased from ThermoFisher 
Scientific (Waltham, MA, USA)). Antibodies FOXA1 (ab23738) and GAPDH (2118S) were 
obtained from Abcam (Cambridge, UK) and Cell Signaling Technology (Danvers, MA, USA), 
respectively.  

6.4.3. RNA Extraction and Sequencing 
After cell harvest, total RNA from untreated or RSL3-treated (with or without 2 hr pre-
treatment with 2 µM Ferrostatin-1) MM1S and MM1R cells was extracted using the RNeasy 
Mini Kit (Qiagen, Venlo, the Netherlands) according to the manufacturer’s protocol. Once 

isolated, quantification was performed with the Qubit RNA BR Assay Kit (ThermoFisher, 
MA, USA) and RNA was stored at -80°C. Extracted RNA was used as input for RNA 
sequencing as previously described [90]. In brief, RNA was shipped to BGI (BGI Group, 
Bejing, China) where quality checks were performed using the 2100 Bioanalyzer system 
(Agilent Technologies, USA) and sequencing took place using the BGISE-500 platform (BGI 
Group, Beijing, China). Quality control, genome mapping and differential gene expression 
analysis was performed using the R- packages FastQC (v0.11.5) [91], STAR (v2.7.3a) [92], 
and DESeq2 (v3.12) [93]. DEGs were considered to be significant when FDR < 0.05 and 
│log2FC│> 1. Raw gene counts from the GSE104462 dataset  [94] were extracted from the 
Gene Expression Omnibus (GEO) database and used as input for the same RNAseq analysis 
pipeline as described above.  

6.4.4. cDNA Synthesis and Quantitative Real-time PCR  
Extracted RNA from RSL3-treated cells was converted into cDNA using the Go-
Script reverse transcription system (Promega, Madison, Wisconsin, USA) according to the 
manufacturer’s protocol. Subsequently, qPCR analysis was carried out using 
the GoTag qPCR Master Mix (Promega, Madison, Wisconsin, USA) as explained 
by manufacturer’s protocol. In short, 1µL cDNA was added to a master mix comprising 
SYBR green, nuclease-free water, and 0.4 µM forward and reverse primers. The following 
PCR program was applied on the Rotor-Gene Q qPCR machine (Qiagen, Venlo, the 
Netherlands): 95°C for 2 min, 40 cycli denaturation (95°C, 15 s) and annealing/extension 
(60°C, 30 s), and dissociation (60–95°C). Each sample was run in triplicate and the median  
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value was used to determine the ΔΔCt-values using β-actin (BACT) as the normalization 
gene. Primer sequences are listed in Supplementary Table S1.  

6.4.5. Protein Extraction and Western blot Analysis 
Cellular protein extraction occurred by resuspending cell pellets in 0.5 mL RIPA buffer (150 
mM NaCl, 0.1% Triton X-100, 1% SDS, 50 mM Tris-HCl pH 8) supplemented 
with PhosphataseArrest (G-Biosciences, Saint-Louis, MO, USA) and protease inhibitors 
(Complete Mini®, Roche). After 15 min incubation on ice with regular vortexing, 
samples were briefly sonicated (1 min, amplitude 30 kHz, pulse 1s) and centrifuged at 
13 200 rpm for 20 min at 4°C. Solubilized proteins were transferred to new Eppendorf 
tubes and stored at -20 °C. To extract proteins from mouse liver tissue, RIPA buffer 

containing 2% SDS was added to the tissue. Sample homogenisation was performed 
with the TissueRuptor, followed by 1 hour incubation at 4°C on a rotor. Sonication (5 min, 
low amplitude 1 kHz and 20 Hz burst rate) was used to shear DNA and debris was removed 
by centrifugation for 8 min at 13 000 g.  
Using standard protocols, all protein samples were separated using Bis-Tris SDS-PAGE with 
a high-MW MOPS running buffer, and transferred onto nitrocellulose membranes 
(Hybond C, Amersham) using the Power Blotter System (Thermofisher, MA, USA). Blocking 
the membranes for 1 hour with blocking buffer (20 mM Tris-HCl, 140 mM NaCl, 5% BSA, pH 
7,5) at RT was followed by overnight incubation with the primary antibody at 4°C. Blots 
were then incubated for 1 hr with the secondary, HRP dye-conjugated antibody (Dako, 
Glostrup, Denmark) after which chemiluminescent signals were detected with the 

Amersham Imager 680 (Cytiva, MA, USA) and quantified with the ImageJ software (v1.53j) 
[95].  

6.4.6. Liver Samples of Cre-lox Liver-Specific GPX4 Knockout Mice 
Liver samples from Cre-lox liver-specific inducible GPX4 kockout mice were kindly provided 
by Ines Goetschalckx and Prof. Dr. Tom Vanden Berghe (Laboratory of Pathophysiology, 
University of Antwerp). GPX4 knockout mice were generated by crossing homozygous 
GPX4-floxed mice with heterozygous GPX4 conditional knockout mice (Supplementary 
Figure S1). 

6.4.7. Nucleofection of MM cells 
MM1 cells were transfected using the Nucleofector IIb device (Lonza Amaxa, Switzerland) 
as described by the manufacturer’s protocol. Briefly, 1 million cells were resuspended in 
100 µL supplemented nucleofector solution. Next, 300 nM siSp1 was added to 
resuspended cells. To assess transfection efficiency, an additional pmaxGFP Vector (Lonza, 
Bazel, Switserland) was included in each nucleofection reaction (average transfection 
efficiency = 51.3 ± 2.4 %). Cell suspensions were transferred to a provided cuvettes and 
nucleofection was performed using the O-020 program. 48 hours after transfection, cells 
were harvested and used as input for qPCR analysis. 
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6.4.8. Motif Analysis and Transcription Factor Enrichment Analysis 
To search for a potential driver of FOXA1, a list of candidate drivers was composed using 
transcription factor binding sites from the SwissRegulon database located at 
the FOXA1 promoter [58, 96]. Using that list, a list of targets of these candidate drivers was 
composed using data from three different databases – IFTP, TRRUST and Marbach2016 – 
provided via the tftargets package in R [59]. Targets of each candidate driver were matched 
to DEGs common to both datasets and two metrics for overlap were calculated: 
the number of overlapping genes and the percentage of overlap with respect to the 
number of DEGs. As an additional control, the X2Kweb tool was further used to identify 
putative enriched transcription factors through Transcription factor enrichment analysis 
(TFEA) [97]. Results from TFEA were compared with results from IFTP, TRRUST and 

Marbach2016.  

6.4.9. CUTANA Cut&Run to Identify Chromatin-Associated Proteins 
Downstream targets of FOXA1 were identified using the EpiCypher CUTANA ChIC CUT&RUN 

Kit (23614-1048, EpiCypher, USA) as previously described [53, 98]. In short, 5 x 105 MM1R 

were plated into 6-well plates and either treated with 5 µM RSL3 (3 hours) or left untreated. 

For each treatment condition, 4 biological replicates were included. Cells were washed and 

bound to concanavalin A-coated magnetic beads and permeabilized with wash buffer (20 

mM HEPES pH 7.5, 150 mM NaCl, 0,5 mM spermidine and protease inhibitors) 

supplemented with 0,05% digitonin. After overnight incubation at 4°C with the primary 

FOXA1 antibody (13-2001, Epicypher), cell-bead slurry was washed twice more after which 

pA-MNase digestion was activated by placing samples on an ice-cold block and incubated 

with digitonin wash buffer containing 2 mM CaCl2. Each CUT&RUN experiment also 

featured a positive (anti-H3K4me3) and negative (anti-Rabbit IgG) antibody control. After 

2 hours, the cleavage reaction was stopped with stop buffer (340 mM NaCl, 20 mM EDTA, 

4 mM EGTA, 0.05% digitonin, 0.05 mg/mL glycogen, 5 µg/mL RNase A, 2 pg/mL E. coli spike-

in DNA) and fragments were released by 30 minute incubation at 37°C. Samples were 

centrifuged and DNA-containing supernatant was collected. DNA extraction was performed 

with a DNA extraction kit supplied with the CUTANA Kit. Resulting DNA was used as input 

for library preparation using the Kapa HyperPrep Kit (792363001, Roche) and barcoding 

using xGen UDI-UMI barcodes (10005903,IDT) following manufacturers protocols. 

Barcoded libraries of ten samples (4 treated, 4 untreated and two controls) were 

equimolarly pooled and sequenced on MiSeq (Illumina) using MiSeq v3 150 reagent kit 

(MS-102-3001, illumina) according to manufacturer’s protocol. The run ended in obtaining 

4.16 Gb, 56.66 million reads (Q30 92.09%, 3.86 Gb).  

Sequencing data were aligned to the UCSC h38 reference genome using the Burrows-

Wheeler Aligner [99] and peaks were called using SEARC[54]. Mapped reads were 

converted to paired-end BED files containing coordinates for the termini of each read pair, 

and then converted to bedgraph files. Differential analysis was performed using the DESeq2 

package (v3.12) [93], where gene counts were normalized to E.coli spike-in counts. 

Differentially enriched regions were visualized with the RCircos R package (v1.2.1) [100] 

and IGV (v2.9.4) (BroadInstitute, Cambridge, MA, USA).  
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6.4.10. Subcellular Protein Fractionation 
The subcellular protein fractionation kit (# 78840, Thermofisher, MA, USA) was used to 

fractionate proteins into nuclear and cytoplasmic fractions according to the manufacturer’s 

instructions. The yield of obtained chromatin-bound nuclear proteins and cytoplasmic 

proteins was determined by the BCA method. Finally, 20 µg of protein from each cellular 

fraction was used to perform SDS-PAGE and Western blot analysis, as described in section 

6.4.5. 

6.4.11. Statistical Analysis 
Statistical tests were performed in GraphPad Prism (v7.0) (GraphPad Software, San Diego, 

CA, USA) unless otherwise stated in the main text. Results were considered to be 

statistically significant when p-values < 0.05 were obtained.  
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6.5. Supplementary Material 

 

 

Figure S1: Generation of liver-specific, inducible GPX4 knockout mice. Heterozygous GPX4-floxed mice carrying the 
cre transgene are crossed with homozygous GPX4-floxed mice to obtain homozygous loxP-flanked GPX4 mice that 
are heterozygous for the cre transgene. Figure adapted from https://www.jax.org/news-and-insights/jax-
blog/2011/september/cre-lox-breeding# 

 

 . 
Figure S2: Word cloud displaying word associations with FOXA1 obtained from PubMed abstracts and free PubMed 
full-length articles. The strength of the association is represented by the word size. Word cloud was generated using 
the online webtools Textrous! and Jason Davies word cloud generator.    

        

                

    

           

      

    

     

     

    

      

         

      
             

                              

       

                

      

     

         
                

           

 

https://www.jax.org/news-and-insights/jax-blog/2011/september/cre-lox-breeding
https://www.jax.org/news-and-insights/jax-blog/2011/september/cre-lox-breeding


Results: Chapter 6 

 

— 
215 

 

Figure S3: Heatmap representation of expression changes (log2FC) of nuclear receptors in RSL3-treated cells (with 
or without Ferrostatin-1 pre-treatment (FRSL3)) and untreated controls. Heatmap was generated using Omics 
Playground Tool (v2.7.18). 

 

 

Figure S4: Relative NR4A2 protein expression in MM1S cells treated with 5 µM RSL3 (with or without Ferrostatin-1 
pre-treatment (FRSL3))  compared to untreated controls. Data are plotted as the mean ± s.d., n= 3 independent 
samples per treatment (ns p > 0.05, ****p < 0.0001), ANOVA). 

 

Log2FC 
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Figure S5: Relative mRNA expression of different EMT markers in MM1R and MM1S cells treated with 5 µM RSL3 
compared to untreated controls. Data are plotted as the mean ± s.d., n=1 or 2 (indicated by presence of error bar) 
biologically independent samples per cell line (ns p > 0.05), ANOVA). Abbreviations: N-CAD = N-cadherin, E-CAD = 
E-cadherin, SLUG = snail family transcriptional repressor 2, TWIST1 = twist family BHLH transcription factor 1. 
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                Table S1: Overview of primers used in this study 

Target  Primer Sequence Gene accession number 

qPCR primers 

FOXA1 
Forward AGG TGT GTA TTC CAG ACC CG 

ENSG00000129514 
Reverse TTG ACG GTT TGG TTT GTG TG 

Sp1 
Forward TTG AAA AAG GAG TTG GTG GC 

ENSG00000185591 
Reverse TGC TGG TTC TGT AAG TTG GG 

ACTB 
Forward CTG GAA CGG TGA AGG TGA CA 

ENSG00000075624 
Reverse AAG GGA CTTC CTG TAA CAA TGC A 

E-CAD 
Forward TGC CCA GAA AAT GAA AAA GG 

ENSG00000039068 
Reverse GTG TAT GTG GCA ATG CGT TC 

N-CAD 
Forward GAC AAT GCC CCT CAA GTG TT 

ENSG00000170558 
Reverse TCA CAC GCA GGA TGG AAA TA 

SLUG 
Forward CTT TTT CTT GCC CTC ACT GC 

ENSG00000019549 
Reverse GCT TCG GAG TGA AGA AAT GC 

TWIST1 
Forward AGT CCG CAG TCT TAC GAG GA 

ENSG00000122691 
Reverse CAT CTT GGA GTC CAG CTC GT 

 

Table S2: Overview of significantly enriched genome regions bound to FOXA1 in ferroptotic cells compared to 

untreated controls 
Chromosome Start End Width Log2FoldChange pvalue padj 

chr1 125177010 125184585 7576 -1,194 0,002 0,006 

chr1 143189543 143196164 6622 -1,163 0,003 0,006 

chr1 143211365 143224006 12642 -1,203 0,002 0,005 

chr1 143227041 143228185 1145 -1,166 0,003 0,006 

chr1 143249564 143250811 1248 -1,335 0,004 0,006 

chr1 143261455 143267803 6349 -1,206 0,002 0,005 

chr1_KI270709v1_random 3587 8994 5408 -1,167 0,002 0,005 

chr2 89830889 89834065 3177 -1,050 0,003 0,006 

chr2 89835550 89837865 2316 -1,337 0,009 0,012 

chr3 93470359 93470801 443 -1,328 0,001 0,005 

chr4 49091387 49093922 2536 -1,070 0,008 0,010 

chr4 49094532 49100149 5618 -1,232 0,002 0,005 

chr4 49143075 49146670 3596 -1,147 0,004 0,006 

chr4 49153138 49155368 2231 -1,050 0,003 0,006 

chr4 49632314 49635881 3568 -1,118 0,003 0,006 

chr4 49636565 49641731 5167 -1,097 0,012 0,015 

chr4 190177041 190180141 3101 -1,058 0,004 0,006 

chr5 49656292 49661874 5583 -1,208 0,002 0,005 

chr5 49666169 49667431 1263 -1,330 0,000 0,005 

chr10 41859110 41860822 1713 -1,227 0,003 0,006 

chr10 41879171 41879681 511 -1,230 0,001 0,005 

chr10 41881948 41884082 2135 -1,142 0,020 0,022 

chr10 133687126 133690435 3310 -1,141 0,004 0,006 

chr16 34571516 34576751 5236 -1,260 0,001 0,005 

chr16 34584655 34587633 2979 -1,291 0,002 0,005 

chr16 34587798 34589011 1214 -1,175 0,003 0,006 

chr16 34589077 34596197 7121 -1,233 0,002 0,005 
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chr16 46383894 46396853 12960 -1,226 0,002 0,005 

chr17 26603527 26604747 1221 -1,108 0,007 0,009 

chr17 26619202 26620327 1126 -1,278 0,005 0,006 

chr17_KI270729v1_random 2108 6136 4029 -1,141 0,004 0,006 

chr17_KI270729v1_random 20501 23628 3128 -1,133 0,004 0,006 

chr20 31056797 31070093 13297 -1,162 0,002 0,005 

chr21 8217544 8220689 3146 -0,890 0,047 0,050 

chr21 8224769 8232425 7657 -1,168 0,002 0,005 

chr21 8239285 8246018 6734 -1,199 0,002 0,005 

chr21 8450219 8456017 5799 -1,135 0,004 0,006 

chr21 8460222 8464400 4179 -1,001 0,017 0,020 

chr22_KI270733v1_random 133817 136973 3157 -0,827 0,026 0,028 

chrUn_GL000216v2 5261 7418 2158 -1,362 0,000 0,000 

chrUn_KI270333v1 93 2683 2591 -0,965 0,020 0,022 

chrUn_KI270337v1 0 1020 1021 -1,049 0,013 0,016 
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General Discussion and Future Perspectives  

The main focus of this thesis was to evaluate protein kinase (PK) and ferroptosis 
therapeutics for effective treatment of therapy-resistant multiple myeloma (MM). Which 
PKs are involved in regulating multi-drug resistance in MM? Can MM cells be eliminated 
when (a subset) of these kinases are targeted with chemical compounds? Can induction of 
ferroptotic cell death help in overcoming resistance to drug-induced apoptosis? To what 
extent are ferroptosis-dependent epigenetic changes involved in promoting cell death? 

Do Protein Kinase Inhibitors Hold Promise in Treating Drug-
Resistant Multiple Myeloma Cells? 

The importance of B cell receptor signaling in drug-resistant MM cells: BTK 
as therapeutic target 
The human immune system heavily relies on the humoral response system, which is 
responsible for the production of pathogen-specific antibodies. Antibody-secreting plasma 
cells (PCs) orchestrate antibody production in response to pathological triggers and are 
typically generated in secondary lymphoid organs either from naive B cells or memory B 
cells. In healthy individuals, the differentiation of B cells toward PCs is associated with the 
downregulation of proliferative signaling pathways, such as B cell receptor signaling (BCR), 
and the upregulation of genes required for antibody production [1, 2]. In MM, however, 
PCs regain their proliferative capacity and accumulate unlimitedly in the bone marrow. 

Previous studies have reported that this enhanced self-renewal is partly caused by elevated 
expression and activation of Bruton tyrosine kinase (BTK), a non-receptor tyrosine kinase 
involved in BCR signaling [3, 4]. BTK also promotes MM metastasis and survival, bone 
disease, and therapy resistance [4-6], indicating that BTK is a critical positive regulator of 
MM. In line with these findings, we demonstrated in chapter 3 that glucocorticoid (GC)-
resistant MM cells show significant hyperactivation of BTK and other non-receptor tyrosine 
kinases involved in BCR signaling compared to their therapy-sensitive counterparts. 
Although MM cells typically lack active BCRs, these results suggest that activation of 
downstream mediators of the BCR signaling pathway are involved in regulating therapy 
resistance, irrespective of BCR expression. To this end, pharmacological inhibition of BCR 
kinases, such as BTK and Syk (reviewed in [7]), has gained growing clinical interest. 
Preclinical data indicates that (combination) treatment with the irreversible covalent BTK 

inhibitor ibrutinib (IBR) is a promising therapeutic strategy for MM [5, 8-10]. This is 
supported by results obtained in clinical phase I/II trials investigating the anti-MM activity 
of IBR in combination treatments [11-13]. However, IBR is currently only FDA-approved in 
chronic lymphoid leukemia, mantle cell lymphoma, Waldenstrom macroglobulinemia, and 
marginal zone lymphoma, and has yet to be evaluated in MM phase III clinical trials. 
Unfortunately, phase III approval for protein kinase inhibitors (PKIs) in MM remains a major 
bottle neck as most trials are prematurely terminated due to issues with therapy efficacy 
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[7]. It is also important to note that, although preliminary clinical data has revealed that 
IBR displays an acceptable safety profile in MM, studies in other B cell malignancies have 
linked IBR use to an increased occurrence of ventricular arrhythmias and sudden cardiac 
death [14, 15]. Moreover, many patients harboring B cell malignancies display primary 
resistance against IBR therapy, while others often acquire resistance over time [16]. These 
concerns have prompted the development of second and third generation BTK inhibitors, 
which are also currently being explored in MM clinical trials [17]. However, as both first 
and later generations of BTK inhibitors target the conserved ATP-binding site of BTK, they 
typically share structural similarities. Exploring novel, structurally different BTK inhibitors 
could aid in achieving improved clinical benefits for MM patients.  
 

BTK inhibition by Withaferin A and other natural compounds 
Knowing that many FDA-approved drugs are natural products and derivatives, the 
extensive arsenal of plant compounds could be further explored to identify novel BTK 
inhibitors. A recent study in a murine model of collagen-induced arthritis, for instance, 
showed that decursin, a major active component of the purple parsnip (Angelica gigas), 
effectively and irreversibly targets BTK [18]. Likewise, curcuminoid extracts of turmeric (i.e. 
demethoxycurcumin, bisdemethoxycurcumin, and cyclocurcumin) are reported to 
indirectly inhibit BTK activity by targeting the histone acetyltransferase protein EP300, 
which orchestrates BTK activity and expression through histone acetylation of lysine 
residues located in the BTK promotor region [19, 20]. In chapter 3 of this dissertation, we 
explored whether another natural compound, namely the preclinical phytochemical 
Withaferin A (WA), also displays BTK inhibitory effects, since its broad spectrum anti-tumor 
activities have previously been attributed to covalent binding of target proteins, including 

protein kinases (PKs) [21-25].  Our data revealed that the tyrosine kinase inhibitor profiles 
of WA and IBR show a degree of similarity and that, analogous to IBR, WA inhibits BTK 
activity by covalently targeting the Cys481 residue located in its active site. Despite these 
similarities, WA is significantly more potent in killing GC-resistant MM cells compared to 
IBR, indicating that both MM-targeting agents harbor differences in their mechanisms of 
action. Indeed, we demonstrated that WA displays redundant kinase inhibitory effects and 
is able to target several Hinge-6 domain type (tyrosine) kinases. In line with other studies, 
kinome data presented in chapter 4 further suggests that several serine/threonine kinases 
(STKs) are inhibited by WA exposure as well [26]. As a result, the therapeutic efficacy of WA 
against different cancer cell types may strongly depend on its promiscuous nucleophilic 
cysteine reactivity towards the cellular repertoire of hyperactivated cell survival kinases. 

Moreover, chemoproteomics strategies have identified additional WA non-kinase target 
proteins as well, further explaining why the therapeutic efficacy of WA is much higher 
compared to IBR in GC-resistant MM cells [27, 28]. Does this polypharmacological drug 
profile of WA hamper its therapeutic applicability in MM? Compared to synthetic drugs, 
characterization of the molecular targets and pharmacokinetic and safety profiles of 
natural products, such as WA, remains much more challenging [29]. Additionally, low 
affinity and/or low specificity protein interactions of natural compounds are often 
responsible for adverse effects and can obscure experimental results. An extensive 
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pharmacological and toxicological characterization of these herbal agents is therefore 
required before their therapeutic use in a pre-clinical setting can be considered. This is 
especially important in the development of protein kinase inhibitors (PKIs), which is often 
plagued by issues with drug toxicity due to an inadequate understanding of PKI selectivity 
[30]. So far, preliminary (pre)clinical toxicology studies of WA in different cancer models 
revealed that WA administration is generally well tolerated with limited to no adverse 
toxicity reported [31-33]. However, no toxicology data of WA have been collected in B-cell 
malignancies, such as MM.  
A possible strategy to minimize potential WA-related side effects in MM might include 
optimization of drug formulation and drug delivery. (Non)-targeted nanoparticle drug 
delivery systems are currently widely explored in context of MM treatment and 
demonstrate promising results in both preclinical and clinical studies [34]. Similarly, 

nanoparticle and milk-derived exosome delivery of WA in neuroblastoma and lung cancer 
models greatly reduces adverse drugs reactions [35, 36]. Increasing evidence, however, 
suggest that improving drug selectivity can sometimes negatively impact the therapeutic 
efficacy of PKIs and that compounds targeting multiple kinase may even be less toxic 
compared to single-target drugs because of their low-affinity binding properties [37-40]. 
Moreover, PKIs with different substrates may even be more beneficial in overcoming 
therapy resistance in oncological settings [40-44]. IBR resistant cancers, for example, 
generally harbor Cys481Ser mutations that disrupt IBR binding and, by extension, WA 
covalent targeting [45]. Yet, we demonstrate that the anti-MM effects of WA only partially 
rely on Cys481 binding and that cells dominantly expressing the Cys481Ser mutation still 
undergo WA-induced cell death. In this regard, targeting the cancer kinome with 
promiscuous polypharmacological (natural) products might be the next paradigm in 

treating multi-drug resistant tumors. 
 

Target versus multi-target pharmacology: which way to go? 
Compared to other therapeutic areas, drug attrition rates in anti-cancer drug development 
is much higher, with over 95 % of tested phase I compounds not reaching market 
authorization [46]. Although this is a multifactorial issue with several causes, a possible 
explanation lies in the dominant concept in drug discovery that only maximally selective 
ligands acting on individual targets have acceptable therapeutic indices (i.e. ‘one gene’, 
‘one drug’, ‘one disease’ concept). Despite this target specificity paradigm, data mining 
studies have estimated the average drug compound interacts with 2-7 targets [47, 48]. This 
observation has prompted a drug-design paradigm shift from target-specific drugs to multi-

target drugs [48], especially in multifactorial diseases which often require a 
polypharmacological treatment, such as cancer. In practice, it remains challenging to design 
synthetic compound with the desired polypharmacological profile, explaining why 
primarily bioactive natural compounds are currently being explored as multi-target drugs 
[48] (Figure 1). However, our understanding of the molecular pharmacology of most natural 
drugs largely remains incomplete and negatively affects the rational design of compounds 
acting on multiple targets with optimal efficacy and minimal toxicity [49]. This is also 
reflected by the results presented in this dissertation, where WA treatment of MM impact 
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several (kinase) signaling pathways. Although we, and others, demonstrate that WA 
decreases BTK, proteasome [50], and NF-κB [21] activity – all crucial, pro-oncogenic 
pathways in (therapy-resistant) MM – new molecular substrates and promiscuous binding 
targets of WA in different cancer models and within different concentration ranges are still 
being identified to this day [51-53]. Further extensive pharmacological profiling of WA 
therefore remains pivotal before its multi-target profile can be optimized for clinical use in 
MM. 
In favor of multi-target pharmacology, large-scale functional genomic studies have shown 
that knockouts of single genes only sporadically exhibit phenotypic effects [54]. This 
robustness of phenotype is caused by underlying compensatory and redundant signaling 
pathways and protein interaction networks [55]. According to network biology analysis, 
impacting only one node or protein has a negligible effect on disease networks, while multi-

targeting promotes robust functional changes [56]. This is especially true for epigenetic 
heterogenic cancer cells, which can adopt different compensatory or resistance 
mechanisms to escape drug single-targeting. In case of PKIs, for example, tumor cells can 
easily upregulate the expression or activity of secondary PKs to substitute for the targeted 
PK (Figure 2). 
 

 
Figure 1: Multi-target approach for natural products. Figure copied from [49]. Abbreviations: DLM, designed multiple 
ligand. 
 

For this reason, simultaneous targeting of different nodes within a kinase signaling network 
is being explored in several cancer types [57]. Combination treatments of PI3K inhibitors 
together with EGFR or ERBB2 inhibitors have been shown to be effective in different models 
and are currently being tested in clinical settings [58-60]. Similarly, dual inhibition of PI3K 
and mTOR by one or more PKIs have demonstrated to be more effective in glioma 
treatment than inhibition of either target alone [43]. These data imply that broad spectrum 
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kinase inhibitors hold promise in certain oncological settings, and might improve response 
rates in therapy resistant tumors, such as MM. In chapter 4, we further explored the 
potential of targeted polypharmacology in MM by performing a phosphopeptidome based 
kinase activity screening of apoptotic and ferroptotic GC-resistant MM cells. Our results 
show that both cell death modalities display unique signatures in PK inhibition, which could 
be further exploited by multi-targeting drugs. Although this requires further experimental 
validation, inhibition of ferroptosis- or apoptosis-specific kinases with (promiscuous) PKIs 
could potentially shape the mode of therapy-induced cell death and could even promote 
induction of mixed cell death types to completely eradicate all cancer subclones.  
Although the biological rationale for considering polypharmacological drugs or 
promiscuous PKIs is compelling, multi-target compounds still face considerable challenges 
and still present a minority in the pharmaceutical industry [55]. The current lack of robust 

design tools that allow for efficient balancing of drug-like properties and unwanted adverse 
effects, make it extremely difficult to optimize the efficacy of multi-target drugs [55]. 
Moreover, even when polypharmaceutical agents of drug cocktails have been carefully 
designed, preclinical studies do not always predict their efficacy in humans. Failure of the 
preclinical model, misinterpretation of experimental data, or preexisting biases towards 
promising drug targets all limit the applicability of drug combinations [61]. For instance, 
preclinical studies supported the combination of cetuximab and bevacizumab in colorectal 
cancer [62], but failed in clinical trials and even reduced survival compared to single agents 
[63]. Another major obstacle is that it is often difficult to conduct clinical trials combining 
investigational (promiscuous) drugs if the two drugs originate from different 
pharmaceutical companies [61]. Because many companies fear about losing intellectual 
properties and the possibility of unforeseen off-target effects of the drug cocktails, they 

are often reluctant to participate in joint clinicals. Finally, investigating drug-drug 
interactions, drug toxicities, and pharmacokinetic properties of multi-target compounds is 
much more complex and labor-intensive, making the switch toward targeted 
polypharmacology considerably more demanding. 
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Figure 2 (previous page): Tumor cells can adopt several resistance or compensatory mechanisms to circumvent single 
protein kinase targeting by protein kinase inhibitors. First, treatment with single kinase inhibitors can result in the 
selection of a subpopulation of cancer cells that carry a mutation required for drug binding. Second, inhibition of a specific 
kinase can trigger the upregulation of second kinases that substitute for the drug target. Thirdly, cancer cells can respond 
to kinase inhibition by downregulating protein phosphatases responsible for dephosphorylating the substrates of that 
kinase. Alternatively, expression of multiple redundant oncogenic kinases can decrease the cellular potency of kinase 
inhibitors. Finally, mutational activation of downstream kinase pathway components can bypass the inhibitory effects of 
protein kinases. Figure copied from [61]. 

Can ferroptosis-induced epigenetic changes overcome therapy-
resistance in multiple myeloma? 

Differentiating between cell death modalities 
Most anti-cancer compounds are reported to promote (regulated) cell death (RCD) of 
malignant cells by hijacking apoptosis signaling pathways. However, the expanding cell 
death research field has emphasized the importance of other RCD modalities, such as 
necroptosis and ferroptosis, in cancer therapeutic as well (reviewed in [64] and [65]). What 
is the therapeutical relevance of these cell death modalities in cancer research? Why is it 
important to discriminate between different modes of cell death when the main goal 
essentially remains to eradicate all malignant cells, regardless of how this is achieved? From 
an investigational and drug developmental point of view, quantification and identification 
of cell death modes provides crucial information for important physiological questions, 
such as cytotoxicity, dose- and time-dependency, and efficacy of anti-cancer compounds 
[66]. Different cell death modalities can also have distinct therapeutical and functional 
consequences. For example, most human cancers are able to evade apoptosis through 

various molecular mechanisms, which not only promotes tumor formation and progression 
but also enhances therapy resistance. Inducing other modes of RCD can therefore aid in 
overcoming drug-induced apoptosis resistance. In chapter 5, we explored the sensitivity of 
(GC-resistant) MM cells to ferroptosis and found that several ferroptosis inducers proved 
to be effective in killing myeloma cells. These results demonstrate that even MM cells 

resistant to GC-induced apoptosis are prone to ferroptotic cell death. In line with these 
findings, ferroptosis induction in pancreas cancer [67], DLBCL [68], and head and neck 
cancer [69], could overcome apoptosis-resistance, highlighting the importance of choosing 
the most effective cell death modulators for specific oncological settings. Furthermore, 
growing evidence suggests that, unlike apoptosis, ferroptosis promotes immunogenic cell 
death in early stages and promotes immune system recognition [70]. Since malignant cells 
often develop strategies to escape immune surveillance, this additional pro-immunogenic 

feature of ferroptotic compounds may help in targeting cancer-induced immune 
dysfunction. The choice of desired cell death modality can also be important for the 
implementation of combination treatment strategies. Due to the heterogeneity of the 
disease, MM patients are mainly treated with drug cocktails that include compounds 
targeting different oncogenic pathways (e.g. proteasome inhibitors, GCs, 
immunomodulatory drugs, etc.). In this context, the addition of agents that promote non-
apoptotic cell death could increase the therapeutic efficacy of combination treatments. 
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Indeed, ferroptosis-mediated iron toxicity is reported to increase the therapeutic response 
of bortezomib-melphalan-prednisone regimens in MM [71]. A final aspect that can be 
considered when comparing different cell death inducers, is their tumor-targeting 
selectivity. Several apoptotic compounds, including imiquimod [72], leczyme [73], and 
KV10.1-targeting antibodies [74], have been described to primarily target cancer cells 
without affecting healthy cells. So far, the tumor selectivity of ferroptotic compounds has 
not sufficiently been studied. However, as most ferroptotic inducers either target 
glutathione peroxidase 4 (GPX4) or the system Xc- cystine/glutamate antiporter, two 
proteins that exhibit ubiquitous expression patterns, some adverse effects are to be 
expected. On the other hand, GPX4 and Xc- expression generally is significantly higher in 
tumor cells due to their increased oxidative stress levels [75, 76], and optimizing delivery 
methods and dosage might improve tumor selectivity. In the same line, malignant cells, 

including cancer stem cells, typically display higher intracellular iron levels because of their 
increased proliferation capacity, which likely increases their sensitivity to ferroptosis agents 
[76]. All these examples illustrate that a more thorough understanding of the various cell 
death routes can have far-reaching implications for the pharmacological management of 
cancer and other diseases 
 

Epigenetic changes of ferroptotic cancer cells: cause or consequence? 
The involvement of nuclear and epigenetic signaling events in RCD often remains poorly 
studied, especially in context of ferroptotic cell death. Some would argue that it is rather 
irrelevant to study epigenetic regulatory mechanisms in cells that are dying anyway: to 
what extend are these cell death-induced epigenetic changes biologically relevant? Firstly, 
characterization of ferroptosis-mediated epigenetic alterations could have significant 

therapeutical implications and may provide an additional rationale for the use of epigenetic 
drugs for ferroptosis chemosensitization strategies. Typically, tumor cells show high 
epigenetic heterogeneity-plasticity in their microenvironment, which triggers clonal 
selection for therapy resistant clones upon exposure to chemotherapeutic drugs. In 
chapter 5 of this PhD work, we demonstrated that early and late ferroptotic cells display 
broad spectrum changes in epigenetic marks and display decreased expression of H3K18ac, 
H3K27ac, and H3K79me3, which are all associated with chromatin instability and DNA 
damage. Epigenetic drugs, which are already widely used for treatment of hematological 
cancers [77, 78], could be employed to enhance or disrupt ferroptosis-dependent 
epigenetic changes. For example, treatment with histone acetyltransferase (HAT) inhibitors 
could further decrease acetylation of key ferroptosis-driven histone marks and facilitate 

ferroptotic cell death in malignant cells [79-81]. Alternatively, in clinical settings where 
inhibition of ferroptosis is preferred, such as Alzheimer’s disease or other 
neurodegenerative disorders, histone deacetylase inhibitors (HDACi) could possibly help in 
preventing ferroptosis-mediated loss of histone acetylation and genome instability. This 
hypothesis is in line with a recent study by Zille et al., which reported that class I HDACi 
selectively protect neurons while augmenting ferroptosis in cancer cells [82]. Thus, 
including HDACi in (combination) cancer and/or neurodegenerative treatment regimens 
could significantly impact ferroptosis sensitivity. 
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Characterization of ferroptotic-mediated epigenetic changes also helps in uncovering novel 
cell death signaling pathways. Western blot screening and chromatin immunoprecipitation 
(ChIP) experiments recently demonstrated that the tumor suppressor p53 negatively 
regulates H2B monoubiquitination, which leads to downregulation of the solute carrier 
family member 11 (SLC7A11), a key component of the Xc- system and regulator of 
ferroptosis sensitivity [83]. These observations further expand the idea that p53 is a critical 
chromatin regulator [84, 85] and that chromatin remodeling plays an essential role in 
ferroptosis. In chapter 6, we reported that another chromatin regulator, forkhead box a1 
(FOXA1), is significantly upregulated in ferroptotic cells and that its binding interactions 
with pericentromeric chromatin are disrupted upon RSL3 treatment. Therefore, the anti-
cancer effects of ferroptotic compounds seem to rely on chromatin destabilization and 
aberrant transcription of pericentromeric satellite regions. Indeed, two hallmarks of 

ferroptosis, namely lipid peroxidation and increased labile iron levels, have previously been 
associated with genome instability [86, 87]. In this context, we found in chapter 5 that 
histone proteins display iron-binding properties and are able to form complexes with labile, 
non-heme iron, providing another possible explanation for iron-mediated genotoxicity in 
ferroptotic cells. Overall, the role of key epigenetic players, such as histones, in cell death 
modalities deserves further investigation as their oxidative stress and (iron) metabolic 
sensor abilities might be considerably more prominent in preserving genome integrity.  
Despite these promising applications of epigenetic cell death research, it remains 
challenging to assess whether identified epigenetic alterations are a cause or consequence 
of ferroptosis induction. To this end, functional assays, animal studies, and longitudinal 
studies should be applied to independently prove the causality and functionality of specific 
epigenetic marks in ferroptotic cell death. Of particular interest, novel CRISPR/Cas9-based 

epigenetic editing techniques could help to investigate the causative relationship between 
ferroptosis induction and some of the epigenetic marks described in chapter 5 [88]. When 
these epigenetic marks prove to be non-causal, they could alternatively be used as 
predictive or prognostic markers for ferroptosis sensitivity as ferroptosis resistance has 
already been described in some cancer types [35, 89]. Given that cancer therapy-resistance 

is often orchestrated by epigenetic alterations, an epigenome comparison of ferroptosis-
resistant and -sensitive might help to identify novel ferroptosis biomarkers and predict 
efficacy of ferroptosis inducers.  

 
Ferrosenescence: eradicating MM tumor cells through premature aging? 
Cellular senescence is a phenomenon wherein proliferation-competent cells undergo 

permanent growth arrest in response to genotoxic stress [90, 91]. This senescent state is 
accompanied by an acquired resistance to mitogenic or oncogenic stimuli and is implicated 
in a wide spectrum of age-related diseases [92]. Throughout chapters 5 and 6, we observed 
that ferroptosis induction is associated with significant alterations in expression of cellular 
senescence markers and with epigenetic and chromatin landscape remodeling. For 
instance, our histone proteomics analysis showed that RSL3-treated myeloma cells are 
depleted of H3K18ac compared to untreated controls. This histone modification has 
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previously been reported to drive progression of many cancer types [93] and is linked to 
cellular senescence protection by regulating expression of pericentric transcripts [94]. 
Proper regulation of pericentric gene expression is crucial for preventing cellular 
senescence seeing that aberrant pericentric satellite DNA decondensation and subsequent 
defective pericentric silencing promote genome instability and genotoxic stress, key 
triggers of senescence [95, 96]. Notably, we described in chapter 6 that heterochromatin-
binding pioneer transcription factor (TF) FOXA1 is depleted in pericentromeric regions of 
ferroptotic MM cells despite its significant increase in mRNA and protein expression. This 
suggests that FOXA1 is no longer able to bind to pericentric DNA of ferroptotic cells, 
possibly due to increased DNA decondensation taking place in these repetitive regions, and 
indirectly indicates that ferroptosis inducers promote pericentric DNA decondensation in 
MM, similar as observed in senescent cells.  In support of this hypothesis, increased FOXA1 

expression [97], lipid peroxidation [98], iron [99], and ferroptotic cell death itself [99, 100] 
have been associated with the onset of senescent phenotypes.  
This potential ferroptosis-induced cellular senescence of MM cells can have both beneficial 
as harmful clinical implications. In response to anti-cancer interventions, cancer cells can 
adopt a senescent state (also known as ‘therapy induced senescence’) [101]. In early stages 
of the disease, this promotes tumor suppression by blocking the proliferation of 
damaged/malignant cells and by enhancing immune clearance through higher secretion of 
inflammatory cytokines, growth factors, and proteases [102-104]. Accordingly, 
doxorubicin- and melphalan-induced senescent MM cells triggered natural killer cell 
activation, proliferation, and maturation, thus enhancing tumor immune surveillance [105]. 
However, when senescent cells are not cleared timely, they can facilitate the development 
of therapy-resistant cancer cells  via upregulation of senescence-orchestrated upregulation 

of survival pathways [106, 107]. For example, several studies have reported that senescent 
MM cells can trigger a senescent phenotype in bone marrow mesenchymal stromal cells, 
which participate in disease progression and relapse by altering the tumor 
microenvironment [108-110]. To this end, ferroptosis-triggered senescence can have a dual 
impact on MM development. To circumvent the detrimental effects of cellular senescence, 

several research groups are currently investigating a ‘one-two punch approach’, wherein 
senescence-inducing cancer therapies are followed by treatments with senotherapeutics, 
which selectively targets senescent cells (reviewed in [111]). This combined regimen would 
allow for mitigation of unwanted effects of persistent senescent cells while optimally  
exploiting the senescence-dependent tumor suppressive effects. One of the senolytic 
therapies proposed for elimination of senescent myeloma cells includes chimeric antigen 
receptor T-cell (CAR-T) therapy targeting the urokinase-type plasminogen activator 

receptor, which is broadly induced during cellular senescence [112]. However, the lack of 
reliable senescence markers, especially in vivo, is one of the critical issues hampering the 
clinical implication of senolytic drugs in oncology [113].  

 

 
 



General Discussion & Future Perspectives 

 

— 
236 

Key Findings 

Do protein kinase inhibitors hold promise in treating drug-resistant multiple 
myeloma cells? 

• Glucocorticoid resistance in multiple myeloma is associated with 
hyperactivation of BTK-mediated B-cell receptor (BCR) signaling 

• Withaferin A inhibits BCR-BTK kinase activity by Cys481-mediated covalent 
targeting of BTK 

• Withaferin A is more potent in eliminating glucocorticoid-resistant multiple 
myeloma cells than FDA approved BTK inhibitor ibrutinib 

• Similar to Withaferin A, ferroptotic compounds are able to inhibit kinases 
involved in B-cell receptor signaling, including BTK 

• Different cell death mechanisms exhibit different kinase inhibitory profiles, 
highlighting that combination treatments of ferroptotic and apoptotic drugs 
may be beneficial for targeting multifactorial diseases, such as multiple 
myeloma 

• Promiscuous inhibition of (multiple) BTK family tyrosine kinases by 
Withaferin A or ferroptotic agents represents a promising strategy to 
overcome glucocorticoid-therapy resistance in multiple myeloma 
 

Can ferroptosis-induced epigenetic changes overcome therapy-resistance in 
multiple myeloma? 

• Multiple myeloma cells are sensitive to ferroptosis cell death induction, 
irrespective of their glucocorticoid-sensitivity status 

• Ferroptosis induction in multiple myeloma triggers a transcriptome stress 
response and promotes expression of several chromatin remodelers, 
including heterochromatin-binding pioneer transcription factor FOXA1 

• Despite its significant upregulation in ferroptotic multiple myeloma cells, 
FOXA1 binding to pericentric DNA is lost, suggesting that global DNA 
decondensation of pericentric regions is triggered under ferroptotic 
conditions 

• Ferroptotic stress signals propagate to the nuclei and initiate double-
stranded DNA breaks, formation or iron-histone complexes, DNA 
methylation changes, and histone post-translational modification changes 

• Ferroptosis-dependent remodeling of the epigenetic and chromatin 
landscape alters cellular senescence and DNA repair signaling pathways 

• Combining ferroptotic, epigenetic, and senolytic drugs might prove to be an 
attractive strategy to eliminate multiple myeloma cells 
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Conclusions and future perspectives 
The results presented in this dissertation highlight that, through interfering with therapy 
resistance pathways, remodeling of the epigenetic landscape, and promoting genomic 
instability, PKIs and ferroptosis agents demonstrate therapeutical potential in overcoming 
therapy resistance in MM. However, further validation studies are essential before 
compounds investigated in this study, including WA, IBR, and RSL3, can be applied in a 
clinical setting. In this PhD work, most experiments were performed on one cell model of 
GC-resistant MM cells. Follow-up studies will have to validate whether the research 
outcomes presented here are valid in other in vitro and in vivo models of MM therapy 
resistance, such as bortezomib-resistant or thalidomide-resistant MM models, as well.  
The disease heterogeneity observed in MM and other (hematological) cancers provide one 
explanation for the high drug attrition rates of anti-cancer drugs. The exploration of 

combinational or multi-pharmacological drug targeting approaches might aid in 
overcoming the challenges that single-target drugs and the overall target-specificity 
paradigm in drug design currently face. The implication of (natural) kinase inhibitors that 
can simultaneously target several resistance- or disease-causing PKs might limit MM 
relapse and improve median overall survival. Similarly, a combined regimen of epigenetic 
drugs, ferroptosis inducers or senolytic agents could prevent the development of therapy 
resistance and enhance drug response rates. Nonetheless, the wanted versus unwanted 
effects of each of these polypharmaceutical drug cocktails will have to be carefully 
considered and balanced, and will continue to remain one of the key challenges that the 
pharmacological industry has to face. Extensive fundamental and preclinical studies aiming 
to further characterize the broad spectrum effects of (natural) cytotoxic compounds and 

to identify (ferroptotic) cell death and senescence markers will, therefore, be extremely 
valuable in developing novel anti-MM agents. To this end, the combination and integration 
of transcriptomics, proteomics, kinomics, and epigenomics data, as carried out in this PhD 
work, will prove to be indispensable to fully understand and overcome MM therapy 
resistance mechanisms.   
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