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CHAPTER 1 
Summary 
Diffuse large B-cell lymphoma (DLBCL) is a highly heterogeneous disease and the 

most prevalent lymphoma in adulthood. Despite the existence of a first-line 

chemoimmunotherapy regime, approximately one-third of patients remain 

unresponsive and succumb to the disease, highlighting the need to find novel 

treatment strategies. In this regard, tumor cells frequently exhibit metabolic 

reprogramming and become addicted to glutamine, relying on this amino acid and its 

metabolism to fulfill their bioenergetic and biosynthetic demands, and to maintain 

homeostasis. This dependency on glutamine becomes a vulnerability that can be 

exploited therapeutically. Taking this into account, the aim of this study was to 

investigate the dependence of DLBCL cells on glutaminolysis, as well as exploring the 

effects and potential of targeting the enzyme glutaminase-1 (GLS1) for the treatment 

of DLBCL.  

 

In the present study, we could show that GLS1 is robustly expressed in multiple DLBCL 

cell lines. Accordingly, we demonstrated that both pharmacological inhibition and 

genetic knockdown of GLS1 induce cell death in DLBCL cells independent of their 

subtype classification and genetic characteristics. Conversely, primary human B-cells 

remained refractory to this treatment. Interestingly, GLS1 inhibition provoked a stark 

decrease in common tricarboxylic acid cycle (TCA) intermediaries and, most 

importantly, significantly increased the levels of cytosolic and mitochondrial reactive 

oxygen species (ROS). We noticed that the accumulation of ROS upon glutaminase 

inhibition in DLBCL cells can be partially attributed to the decrease in reduced 

glutathione (GSH) levels. In this context, we demonstrated that supplementation with 

a membrane-permeable form of ɑ-ketoglutarate or with the potent antioxidant 

ɑ-tocopherol recovered the pool of reduced GSH, attenuated oxidative stress and 

abrogated the cytotoxicity caused by GLS1 inhibition. Moreover, we examined the 

effects of combining the GLS1 inhibitor CB-839 with the Bcl-2 inhibitor ABT-199 and 

observed that this combination not only increases ROS production dramatically, but 

also induces DLBCL cytotoxicity in a synergistic manner. Collectively, our data defines 

the crucial role of glutaminolysis for the survival of DLBCL cells through the 
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maintenance of redox homeostasis and highlight the potential of targeting GLS1 and 

Bcl-2 simultaneously for the treatment of DLBCL patients.  
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Kapitel 1 
Zusammenfassung 
Das diffuse große B-Zell-Lymphom (DLBCL) ist eine hochgradig heterogene 

Erkrankung und das häufigste Lymphom in Erwachsenen. Trotz des Vorhandenseins 

einer Erstbehandlung in Form einer Chemotherapie-Immuntherapie, reagieren etwa 

ein Drittel der Patienten nicht darauf und erliegen der Krankheit. Dies unterstreicht die 

Notwendigkeit, neue Behandlungsstrategien zu finden. In diesem Zusammenhang 

zeigen Tumorzellen häufig eine Umstellung des Stoffwechsels und werden abhängig 

von Glutamin. Dadurch sind sie auf die Aminosäure und ihre Verstoffwechselung 

angewiesen, um ihre bioenergetischen und biosynthetischen Anforderungen zu 

erfüllen und die Homöostase aufrechtzuerhalten. Diese Abhängigkeit von Glutamin 

wird zu einer Schwachstelle, die therapeutisch genutzt werden kann. Vor diesem 

Hintergrund hatte die vorliegende Studie zum Ziel, die Abhängigkeit von DLBCL-Zellen 

von der Glutaminolyse zu untersuchen, sowie die Auswirkungen und das Potenzial der 

gezielten Hemmung des Enzyms Glutaminase-1 (GLS1) zur Behandlung von DLBCL 

zu erforschen. 

In der vorliegenden Studie konnten wir zeigen, dass GLS1 in mehreren 

DLBCL-Zelllinien stark exprimiert wird. Entsprechend konnten wir nachweisen, dass 

sowohl die pharmakologische Hemmung als auch die genetische Abschaltung von 

GLS1 den Zelltod in DLBCL-Zellen unabhängig von ihrer Subtyp-Klassifizierung oder 

ihren genetischen Merkmalen auslösen. Im Gegensatz dazu blieben primäre humane 

B-Zellen unempfindlich gegenüber dieser Behandlung. Interessanterweise führte die 

Hemmung von GLS1 zu einem deutlichen Rückgang der Tricarbonsäurezyklus- (TCA-) 

Zwischenprodukte und vor allem zu signifikant erhöhten Mengen an reaktiven 

Sauerstoffspezies (ROS) im Zytosol und in den Mitochondrien. Wir stellten fest, dass 

die Akkumulation von ROS durch die Hemmung der Glutaminase in DLBCL-Zellen 

teilweise auf den Rückgang der reduzierten Glutathion- (GSH-) Mengen 

zurückzuführen ist. In diesem Zusammenhang konnten wir nachweisen, dass eine 

membranpermeable Form von ɑ-Ketoglutarat oder das starke Antioxidans 

ɑ-Tocopherol den Pool an reduziertem GSH wiederherstellte, oxidativen Stress 

abschwächte und die durch die Hemmung von GLS1 verursachte Zytotoxizität aufhob. 



KAPITEL 1. Zusammenfassung 

X 
 

Darüber hinaus untersuchten wir die Auswirkungen der Kombination des 

GLS1-Inhibitors CB-839 mit dem Bcl-2-Inhibitor ABT-199 und stellten fest, dass diese 

Kombination nicht nur die ROS-Produktion dramatisch erhöht, sondern auch die 

DLBCL-Zytotoxizität in synergistischer Weise induziert.  

Zusammenfassend zeigen unsere Daten eine entscheidende Rolle der Glutaminolyse 

für das Überleben von DLBCL-Zellen durch die Aufrechterhaltung der 

Redox- Homöostase und unterstreicht das Potenzial, GLS1 und Bcl-2 gleichzeitig als 

Ziel für die Behandlung von DLBCL-Patienten anzustreben.  
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1 Introduction 
1.1 Non-Hodgkin lymphoma  

Non-Hodgkin lymphoma (NHL) is the most common hematological malignancy 

worldwide and comprises a heterogeneous group of cancers that originate from 

lymphocytes and manifest predominantly in the lymph nodes (Armitage et al., 2017; 

Bowzyk Al-Naeeb et al., 2018). The classification of NHL is complex, since each 

lymphoma subtype differs widely in terms of cell of origin, molecular characteristics, 

pathogenesis and prognosis. The great majority of NHLs arise from B lymphocytes, 

with only 10-15% deriving from NK and T lymphocytes. This diverse group of 

malignancies ranges from more indolent or low-grade subtypes, such as follicular 

lymphoma (FL), to the more aggressive diffuse large B-cell lymphoma (DLBCL) 

(Bowzyk Al-Naeeb et al., 2018; Shankland et al., 2012; Staudt & Dave, 2005). Studies 

have defined a series of risk factors that promote the development of NHL including 

immunosuppression, infection by human immunodeficiency virus (HIV), Epstein-Barr 

virus (EBV), human herpes virus (HPV)-8 or Helicobacter pylori, each of which is 

associated with the development of a specific lymphoma subtype (Armitage et al., 

2017; Singh et al., 2020; Staudt & Wilson, 2002). Lymphomagenesis occurs mainly 

due to defects during normal B-cell development in the germinal center. During the 

germinal center reaction, B cells undergo two DNA modifications: somatic 

hypermutation of their immunoglobulin variable region that alters their antigen affinity, 

and class-switch recombination of the immunoglobulin heavy-chain (IgH) (Y. Wang et 

al., 2020). These physiological modifications can alter the genome of B cells, giving 

rise to gene amplifications or deletions, mutations and chromosomal translocations 

(Lenz & Staudt, 2010; Staudt & Wilson, 2002). In fact, studies have determined the 

association of specific acquired chromosomal translocations with different lymphoma 

subtypes. For instance, the t(3;14) translocation, found in FL and DLBCL patients, 

causes the juxtaposition of the BCL6 gene on chromosome 3 to the transcriptionally 

active IgH locus on chromosome 14. Similarly, the t(14;18) translocation, also 

observed in FL and DLBCL patients, places the anti-apoptotic BCL2 gene under the 

control of IgH locus enhancers, thereby causing apoptosis resistance in these cells. In 

Burkitt lymphoma (BL) the translocation t(8;14) joins MYC with the IgH locus, thereby 

causing c-Myc overexpression that leads to unchecked cell proliferation, while in 
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mantle cell lymphomas (MCL) it is common to find cyclin D1 overexpression due to 

translocation of CCND1 in chromosome 11 to the IgH locus in chromosome 14 

(t(11;14)), leading to a deregulation of the cell cycle (Armitage et al., 2017; Lenz & 

Staudt, 2010; Nogai et al., 2011; Staudt & Dave, 2005; Zeppa & Cozzolino, 2017).  The 

survival rate for NHL has increased in the past years with the introduction of 

immunotherapies. However, since the incidence of NHL is on the rise and certain 

subtypes still exhibit high mortality rates, there is an impending need for novel 

treatment strategies (Singh et al., 2020; Thandra et al., 2021).  

 

1.2 Diffuse large B-cell lymphoma 

Diffuse large B-cell lymphoma is the most common and aggressive type of B-cell 

lymphoma in adults, accounting for 30-40% of all newly diagnosed NHL cases 

(Mamgain et al., 2022; Rosenwald et al., 2002; Schneider et al., 2011). The 

standard-of-care first-line treatment for DLBCL patients, known as R-CHOP, consists 

of an anthracycline-based chemotherapy regimen that includes cyclophosphamide, 

hydroxydaunorubicin, oncovin (vincristine sulfate) and prednisone (CHOP), combined 

with the anti-CD20 monoclonal antibody rituximab (Lenz & Staudt, 2010; Roschewski 

et al., 2014). More than half of DLBCL patients achieve complete remission following 

standard treatment. However, approximately 30% do not respond to initial treatment 

or relapse and eventually succumb to the disease, underlying the need to find novel 

treatment strategies (Roschewski et al., 2014). DLBCL is characterized by being a 

highly heterogeneous disease regarding its pathogenesis and clinical outcome 

(Martelli et al., 2013; Nogai et al., 2011; Rosenwald et al., 2002; Schneider et al., 2011; 

Staudt & Dave, 2005). In this context, gene-expression profiling allowed for the 

distinction of three molecular subtypes based on the cell of origin (COO): germinal 

center B-cell-like (GCB)-DLBCL, activated B-cell-like (ABC)-DLBCL and primary 

mediastinal B-cell lymphoma (PMBC), with the GCB and ABC subtypes accounting for 

80% of all DLBCL cases (Alizadeh et al., 2000; Küppers, 2005; Lenz & Staudt, 2010; 

Nogai et al., 2011; Schneider et al., 2011; G. Wright et al., 2003). These subtypes have 

distinctive gene expression signatures, exhibit different processes of malignant 

transformation, and differ in their prognosis, with the ABC subtype being more prone 

to remain unresponsive. Survival has been proved to be partially determined by the 
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gene expression signature, with those characteristic of germinal center B cells or with 

a stromal-1 signature being associated with better outcomes (Lenz, Wright, Dave, et 

al., 2008; Rosenwald et al., 2002). Other attempts at classifying DLBCL have relied on 

clustering methods, in which consensus clusters (CC) are defined by similar 

transcriptional profiles. In this case, DLBCLs were divided into three distinct 

subgroups, namely oxidative phosphorylation (OxPhos)-DLBCL, enriched in genes 

involved in oxidative phosphorylation, B-cell receptor (BCR)/proliferation 

(BCR)-DLBCL, characterized by enrichment in cell-cycle-related genes, and a third 

and final subgroup named host response (HR)-DLBCL, enriched in genes related with 

T-cell immune responses (Caro et al., 2012; Monti et al., 2005).  

Figure 1.1 Oncogenic pathways of the three DLBCL subtypes. Diffuse large B-cell 
lymphoma can be classified into three distinct molecular subtypes based on the cell of origin: 
the germinal center B-cell-like (GCB) subtype, the activated B-cell-like (ABC) subtype and 
primary mediastinal B-cell lymphoma (PMBL). These subtypes originate from different stages 
of B-cell differentiation and exhibit distinct genetic lesions that drive malignant transformation.  
AID, activation-induced cytidine deaminase; ITAM, immunoreceptor tyrosine-based activation 
motifs; mTOR, mammalian target of rapamycin; and NF-κB, nuclear factor-κB. Obtained from 
(Lenz & Staudt, 2010). 
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However, the most recent studies have focused on classifying DLBCL into distinct 

genetic subtypes based on shared genetic abnormalities, including recurrent 

mutations, somatic copy number alterations, structural variations, and characteristic 

gene signatures (Chapuy et al., 2018; Schmitz et al., 2018; G. W. Wright et al., 2020). 

Furthermore, these genetic subtypes of DLBCL underscore the existence of distinct 

immune microenvironments within each category and their vulnerabilities towards 

specific targeted therapies. The first attempts at classifying DLBCL in this manner 

resulted in the identification of four or five prominent genetic subsets or subtypes, 

depending on the clustering method and genomic analysis used. One research group 

identified four genetic subtypes based on common genetic aberrations, namely the 

MCD, BN2, N1 and EZB subtypes, whereas another study was able to identify five 

robust clusters (C1-C5) based on genetic driver alterations (Chapuy et al., 2018; 

Schmitz et al., 2018). Each one of these clusters resembles the distinct subtypes 

identified in the former study (Schmitz et al., 2018). For instance, the MCG subtype, 

characterized by the co-occurrence of MyD88L265P and CD79B mutations, is closely 

related to the C5 subset, also exhibiting frequent mutations in MyD88 and CD79B.  

Based on the latter genetic classification, there are two genetically distinct GCB 

DLBCL-related clusters (C3 and C4), two ABC DLBCL clusters (C1 and C5), and an 

ABC/GCB DLBCL cluster (C2). The DLBCLs classified as C3 or C4 (characteristic of 

GCB DLBCLs) harbor mutations affecting BCL2 and chromatin modifiers, as well as 

mutations leading to PTEN downregulation or loss. DLBCLs identified as belonging to 

the C1 or C5 subset (ABC DLBCL-related clusters) sustain mutations that affect BCL2, 

MALT1, MYD88, CD79B, PRMD1, as well as NOTCH2 or BCL6 signaling, and 

generally, any NF-κB pathway member which is frequently mutated in ABC DLBCL, 

such as BCL10 and TNFAIP3. Finally, the fifth cluster, C2, corresponds to DLBCLs 

which harbor frequent inactivation of TP53, and often exhibit loss of CDKN2A and RB1 

(Chapuy et al., 2018). 

The most recent attempt at genetic subclassification allowed for the identification of 

seven subtypes based on genetic features that differ with respect to activated 

oncogenic pathways, gene expression profile, immune microenvironment, survival 

rates and best therapeutic options (G. W. Wright et al., 2020). The characteristics of 

these seven genetic subtypes are schematically presented in Figure 1.2. 
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Figure 1.2. Genetic DLBCL subtypes and their characteristic genetic features and 
potential therapeutic targets. DLBCL can be genetically classified into seven different 
subtypes based on frequent genetic aberrations and gene expression signatures, namely 
MCD, N1, A53, BN2, ST2, EZB-MYC+ and EZB-MYC-. This schematic representation 
underlines the link between the DLBCL subgroups as defined by COO to the corresponding 
genetic subtypes. The table on the left exhibits the specific characteristics of each genetic 
subtype, including prevalence, overall survival, genetic themes, related lymphomas, gene 
expression signatures and potential therapeutic targets. Dep, dependent; FDC, follicular 
dendritic cell; LZ, light zone; IZ, intermediate zone. Obtained from (G. W. Wright et al., 2020). 

1.2.1  Pathogenesis of germinal center B-cell-like DLBCL 

Molecular analyses have permitted the characterization and definition of DLBCL 

subtypes, each with distinct driver mutations (Reddy et al., 2017). In this regard, GCB 

DLBCLs are thought to arise from normal germinal center B cells, considering they 

exhibit a gene-expression profile typical of non-malignant germinal center B cells, 

continue to undergo somatic hypermutation and frequently show IgH class switch 

(Lenz & Staudt, 2010; Nogai et al., 2011). It is believed that this expression profile is 

associated with favorable prognosis and survival rates, with 70-80% of patients 

achieving complete remission. Even though there are certain genetic abnormalities 

that are common in more than one DLBCL subset, some are particular to each subtype. 

In the case of GCB DLBCL, it is frequent to observe translocation events involving 

BCL2 and/or MYC genes, which lead to malignant transformation through unchecked 

proliferation and apoptosis evasion (Lenz & Staudt, 2010; Nogai et al., 2011; 
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Rosenwald et al., 2002; Schneider et al., 2011).  Furthermore, it is common to find 

tumor suppressor genes such as PTEN and TP53 deleted, mutated or repressed, 

thereby upregulating the phosphatidylinositol-3-kinase (PI3K) pathway (Abubaker et 

al., 2007; Lenz & Staudt, 2010; Olive et al., 2009). Dysregulated activation of the PI3K 

pathway further promotes cell survival, proliferation and growth through constitutive 

activation of AKT and mTORC1 signaling (Olive et al., 2009; Shaffer et al., 2012). 

Conversely, mutations occurring in genes encoding for epigenetic modifiers such as 

E1A-binding protein p300 (EP300) or CREB-binding protein (CREBBP) are observed 

both in ABC and GCB DLBCL (Nogai et al., 2011; Pasqualucci et al., 2011; Shaffer et 

al., 2012). GCB DLBCL can also be distinguished from the ABC subtype by the lack of 

chronic active BCR signaling and the independence from the NF-κB pathway to thrive. 

Furthermore, GCB lymphomas have generally undergone class switch recombination 

and preferentially express an IgG BCR (Lenz et al., 2007). This IgG isotype has been 

characterized by producing strong ERK, MAPK and calcium responses that rather 

promote differentiation, which could render this subtype less aggresive than its ABC 

DLBCL counterpart, which is characterized by expressing IgM BCR, known to promote 

proliferation rather than terminal differentiation (Lenz et al., 2007; Ruminy et al., 2011; 

Shaffer et al., 2012).  

1.2.2 Pathogenesis of activated B-cell-like DLBCL  

ABC DLBCLs have an expression profile very similar to that of plasma cells, with 

constitutive activation of NF-κB that increases the expression of the transcription factor 

interferon regulatory factor 4 (IRF4), typical of end stage memory B cells (Davis et al., 

2001; Lam et al., 2005; Lenz & Staudt, 2010). Expression of IRF4 is essential not only 

for B-cell proliferation, but also to drive B cells towards plasma B-cell differentiation 

(Klein et al., 2006). However, in the context of ABC DLBCL, acquired mutations impede 

proper expression of BLIMP1, which blocks full differentiation into plasma cells (Iqbal 

et al., 2007; Mandelbaum et al., 2010; Pasqualucci et al., 2006; Shaffer et al., 2000). 

In contrast to the GCB subtype, ABC DLBCLs do not usually undergo class switch 

recombination; however, they do exhibit high amounts of the enzyme 

activation-induced cytidine deaminase (AID), which ultimately leads to their IgH genes 

being heavily mutated (Lenz & Staudt, 2010). Contrary to GCB DLBCL, BCL2 tends to 

be overexpressed by amplification of its locus rather than by a translocation event in 

ABC DLBCLs (Lenz, Wright, Emre, et al., 2008), and the tumor suppressors p16 and 
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p14ARF are deleted in 30% of the cases, thus leading to cell death resistance (Lenz 

& Staudt, 2010; Shaffer et al., 2012). Furthermore, they exhibit the highest expression 

of MYC, consistent with their origin from a post-germinal center B-cell and likely partly 

owing to the constitutive NF-κB activity (Amandine David et al., 2017; Y. Xia & Zhang, 

2020). Importantly, 30% of ABC DLBCLs present a dysregulated BCL6 activity due to 

the t(3;14) translocation (Schneider et al., 2011). Constitutive expression of BCL6 

causes the repression or transactivation of a wide array of genes that ultimately lead 

to an increase in survival and proliferation, genomic instability and block in B-cell 

differentiation (Shaffer et al., 2012).  Nonetheless, the pathogenic hallmark of ABC 

DLBCL is the constitutive activation of the NF-κB pathway, which in 20% of the cases 

is caused by mutations in the B-cell receptor subunits CD79A and CD79B, while in 

10% of the cases is originated by activating mutations in the BCR downstream target 

caspase recruitment domain-containing protein 11 (CARD11) (Davis et al., 2001, 2010; 

Grondona et al., 2018; Lenz, Davis, et al., 2008; Lenz & Staudt, 2010). Both frequently 

occurring mutations lead to constitutively active BCR signaling. Gain-of-function 

mutations in myeloid differentiation primary response gene (88) (MyD88) are also 

frequent in the ABC DLBCL subtype, as well as inactivating mutations in the negative 

NF-κB regulator A20, which typically coexist with other genetic alterations affecting the 

NF-κB pathway (Compagno et al., 2009; Knittel et al., 2016; Ngo et al., 2011; Shaffer 

et al., 2012). Chronic activation of NF-κB not only leads to apoptosis evasion through 

transcriptional activation of a set of antiapoptotic Bcl2 members, but also promotes 

survival (Davis et al., 2001). One of the most important mechanisms through which 

constitutive NF-κB can lead to pro-survival signaling pathways is through the induction 

of interleukin (IL)-6 and IL-10 expression (Gupta et al., 2012; Hashwah et al., 2019; 

Lam et al., 2008; Ngo et al., 2011).The secreted cytokines then act in an autocrine and 

paracrine manner activating Janus kinases in the surface of B cells. JAK1 activation 

leads to phosphorylation, and thus dimerization, of STAT3 that ultimately induces the 

activation of a set of genes required for the survival of ABC DLBCL cells (Ding et al., 

2008; Lam et al., 2008; J. Yang et al., 2007). The broad genetic lesions observed in 

ABC DLBCL that converge in constitutive NF-κB activation likely explain the 

aggressiveness of this DLBCL subtype, due to the induction of antiapoptotic, 

pro-survival and pro-proliferative genes.    
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1.3 Antiapoptotic Bcl-2 protein in DLBCL 

The Bcl-2 family of proteins, key regulators of the mitochondrial apoptotic pathway, is 

comprised of three functionally and structurally different subfamilies: (1) the 

pro-apoptotic executioner proteins Bax and Bak, that directly mediate the mitochondrial 

outer membrane permeabilization (MOMP) for the release of cytochrome c, (2) the 

pro-apoptotic BH3-only proteins, which aid in the induction of the MOMP by binding 

and oligomerizing Bax and Bak or by neutralizing anti-apoptotic family members, and 

(3) the anti-apoptotic members Bcl-2, Bcl-xL, Mcl-1, Bcl-w and A1, that sequester the 

effector proteins (Correia et al., 2015; Shamas-Din et al., 2013). Evading apoptosis is 

a hallmark of cancer cells, which tend to exhibit an imbalance of pro-apoptotic and 

anti-apoptotic proteins (Czabotar et al., 2014; Delbridge et al., 2016). The 

anti-apoptotic member Bcl-2 is frequently dysregulated in DLBCL (Shaffer et al., 2012). 

For instance, the amplification of the BCL2 genomic locus is a recurrent lesion in ABC 

DLBCL patients, causing its overexpression at protein level. Additionally, constitutive 

NF-κB activation in this lymphoma subtype also leads to BCL2 upregulation, while 

more than 30% of GCB DLBCL cases exhibit the previously discussed t(8;14) 

translocation (Dunleavy & Wilson, 2011; Shaffer et al., 2012). In both scenarios, BCL2 

overexpression is correlated with a poor prognosis and therapy resistance, especially 

when occurring concurrently with a MYC translocation, as observed in double hit 

lymphomas (Dunleavy, 2014; Hermine et al., 1996; Johnson et al., 2012). However, 

BH3-mimmetics provide a promising avenue of treatment for DLBCL patients with 

BCL2 lesions. Venetoclax (ABT-199), which specifically targets the Bcl-2-BAX or -BAK 

axis, is among the most promising BH3-mimmetics, owing to the encouraging results 

observed in multiple clinical trials performed in Bcl-2-driven cancers, including a 

phase I trial performed in NHL patients (Davids et al., 2014; Kuo et al., 2017; Pan et 

al., 2014; Peirs et al., 2014; Roberts et al., 2015; Souers et al., 2013).   

 

1.4 Therapeutic strategies targeting DLBCL 

As mentioned previously, the introduction of the anti-CD20 monoclonal antibody 

rituximab to the anthracycline-based chemotherapy regime (CHOP) has managed to 

greatly increase overall survival (OS) of DLBCL patients and has remained the 

standard-of-care for more than one decade (Coiffier et al., 2010; Fu et al., 2008; 
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Pfreundschuh et al., 2011). Subsequent studies investigating the efficacy of modified 

chemotherapy regimens, such as R-ACVBP or DA-EPOCH-R, showed superiority in 

terms of event-free survival (EFS), progression-free survival (PFS) and OS, but 

exhibited high toxicity in older patients or were efficient only in certain DLBCL subtypes, 

respectively (Récher et al., 2011; Wyndham H. Wilson et al., 2012). Thanks to 

gene-expression profiling analyses and the discovery of specific genetic lesions driving 

lymphomagenesis, it is now possible to target these oncogenic pathways for more 

precise treatment approaches.  For instance, targeting of the antiapoptotic protein 

Bcl-2 could be a promising approach for all DLBCL subsets. In fact, the Bcl-2 inhibitor 

venetoclax (ABT-199) has proved to be effective in a variety of B-cell lymphomas and 

is currently being tested in a phase II clinical trial (Davids et al., 2014; Souers et al., 

2013; US National Library of Medicine, 2012). On the other hand, the use of the 

immunomodulator lenalidomide, which causes DNA synthesis arrest, inhibition of 

inflammatory cytokine production, a decrease in NF-κB signaling and enhanced 

antibody-dependent cell-mediated cytotoxicity, led to striking improvements in 

objective response rate (ORR) and complete responses (CR) when combined with 

R-CHOP both in GCB and non-GCB DLBCL patients (Camicia et al., 2015). In the case 

of ABC DLBCLs, an interesting approach is the targeting of specific activating 

mutations responsible for the constitutive activation of the NF-κB pathway.  In this 

context, the use of proteasome inhibitors such as bortezomib, which blocks the 

degradation of the NF-κB inhibitory member IκBα, showed impressive results in 

non-GCB-DLBCL cases when combined with DA-EPOCH (Dunleavy et al., 2009; 

Roschewski et al., 2014; Ruan et al., 2010). Another possibility is to target essential 

effector molecules downstream of the BCR. In this regard, ibrutinib, a small-molecule 

inhibitor that targets Bruton tyrosine kinase (BTK), was shown to induce encouraging 

clinical responses in ABC DLBCL patients with wild-type and mutated CD79B (Advani 

et al., 2012; Wilson et al., 2012, 2021; Younes et al., 2013). However, BTK inhibitors 

show no toxicity for cells with CARD11 mutations. In these cases, inhibitors of MALT1 

– an essential component of the CARD11-BCL10-MALT1 signaling hub that is required 

for NF-κB activation – make promising targeted agents for the treatment of 

ABC DLBCLs (Camicia et al., 2015; Fontan et al., 2012; Fontán & Melnick, 2013; 

Hailfinger et al., 2009, 2011).  Protein kinase C β-type (PKC-β), a serine/threonine 

kinase essential in propagating BCR signaling, is of relevance in B-cell malignancies 

and is highly expressed in refractory DLBCL (Camicia et al., 2015). In this regard, 
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Enzastaurin, a selective inhibitor of PKC-β, has shown promising results in DLBCL 

patients, achieving a 1-year PFS of 71% (Riihijärvi et al., 2010; Robertson et al., 2007; 

Roschewski et al., 2014). In the case of GCB DLBCLs, the frequent loss of PTEN 

correlates with the constitutive activation of the PI3K pathway, making targeting of this 

kinase or of downstream effectors very attractive (Roschewski et al., 2014). 

Consequently, development of inhibitors targeting downstream effectors of this 

pathway are currently underway. However, preliminary studies with the mTOR 

inhibitors everolimus and temsirolimus demonstrated modest activity across several 

DLBCL subtypes (Smith et al., 2010; Witzig et al., 2011). Other potentially effective 

inhibitors targeting the frequently deregulated c-Myc and Bcl-6 are being examined at 

present (Roschewski et al., 2014). However, the significant molecular heterogeneity of 

DLBCL makes it complicated to design and develop drugs that could be beneficial for 

several DLBCL subtypes at once, and thus, for a high number of patients. This makes 

targeting of metabolic pathways, that are likely altered in multiple lymphoma subtypes, 

attractive in terms of novel treatment strategies. On this matter, targeting of the enzyme 

glutaminase (GLS) has been proved effective in several different hematological and 

solid tumors, making it a potential candidate for DLBCL treatment.   

Figure 1.3. Key deregulated intracellular signaling pathways in ABC DLBCL and novel 
targeted agents. Constitutive activation of the NF-κB pathway is a hallmark of ABC DLBCL 
and can be achieved by several oncogenic mechanisms. Inhibitors such as ibrutinib, 
enzastaurin, SYK inhibitors and PI3K inhibitors target tyrosine kinases crucial in chronic active 
BCR signaling. Targeting of downstream effectors with bortezomib, a proteasome inhibitor, or 
lenalidomide, which downregulates IRF4, have also shown efficacy against ABC DLBCL. 
Abbreviations: Bcl-10, B-cell lymphoma/leukemia 10; BTK, Bruton’s tyrosine kinase; CARD11, 
caspase recruitment domain-containing protein 11; IFNβ, interferon β; IRAK-4, interleukin-1 
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receptor-associated kinase 4; IRF-4, interferon regulatory factor 4; JAK, Janus activating 
kinase; mTOR, mammalian target of rapamycin; PKCβ, protein kinase C β; SFK, Src family 
kinase; STAT, signal transducer and activator of transcription; SYK, spleen tyrosine kinase; 
TRAF6, TNF receptor associated factor 6; TYK2, tyrosine kinase 2. Obtained from 
(Roschewski et al., 2014). 

 

1.5 Glutamine metabolism and its role in cancer 

Glutamine is the most abundant amino acid in the blood and it is indispensable for the 

survival of highly proliferative cells (Curi R. et al., 2007; Yoo et al., 2020).  It belongs 

to a group of amino acids that are considered conditionally essential, meaning that in 

physiological conditions it can be readily synthesized de novo by the action of 

glutamine synthetase. However, under pathological conditions, glutamine 

consumption increases dramatically, to the point where the rate at which it can be 

synthesized cannot fulfill the energy requirements of the cells (Lacey & Wilmore, 1990; 

Lukey et al., 2013; Yoo et al., 2020). In fact, fast-proliferating cancer cells tend to 

become addicted to glutamine, relying on this amino acid to support the biosynthetic, 

bioenergetic and homeostatic needs for cell growth and division (Masisi et al., 2020; 

Zhang et al., 2017). Many tumor types have been reported to undergo apoptosis upon 

depletion of this amino acid, owing to its key role in a wide range of cellular functions 

and pathways (T. Nguyen & Durán, 2018).   

1.5.1 Role of glutamine as a carbon and nitrogen donor 

Glutamine is an indispensable donor of reduced nitrogen required for de novo 

synthesis of purine and pyrimidine bases, the building blocks of nucleic acids, thereby 

directly supporting cell growth and division (T. Nguyen & Durán, 2018; Zhang et al., 

2017). Apart from being utilized for the synthesis of nucleotides, the γ-nitrogen of 

glutamine is used to produce other non-essential amino (NEAA) acids via the action of 

aminotransferases. Similarly, glutamine-derived carbons are essential for the 

synthesis and maintenance of amino acid pools in the cells, generating up to 50% of 

the intracellular NEAAs and being one of the most important molecules for cellular 

biogenesis (Altman et al., 2016; Hosios et al., 2016; Yoo et al., 2020). More importantly, 

glutamine-derived glutamate is catabolized either by glutamate dehydrogenase 

(GLUD) or transaminases to produce α-ketoglutarate (α-KG), an essential metabolic 
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intermediary that fuels the tricarboxylic acid (TCA) cycle for the generation of ATP via 

generation of NADH and FADH2 equivalents (DeBerardinis et al., 2007; van der Heiden 

et al., 2009). Cancer cells can thus exploit glutamine-derived α-KG for anaplerosis of 

the TCA cycle, and thus, cover for the increased bioenergetic demands (T. Nguyen & 

Durán, 2018; Zhang et al., 2017).  Glutamine-derived α-KG can also be reduced by a 

process termed reductive carboxylation in hypoxic conditions through consumption of 

NADPH to generate citrate, which is required for the synthesis of fatty-acids (Metallo 

et al., 2012; R. C. Sun & Denko, 2014; L. Yang et al., 2017). Altogether, many cancer 

cells rely heavily on glutamine consumption not only for energy generation, but also for 

biomass accumulation through the synthesis of the building blocks required for 

macromolecule production.  

1.5.2 Role of glutamine in gene expression regulation 

Albeit in an indirect manner, intermediaries derived from glutamine metabolism can 

alter gene expression through the regulation of chromatin organization. In this context, 

glutamine-derived α-KG serves as a co-substrate for dioxygenase enzymes from the 

TET and Jumonji-C domain-containing family, which catalyze histone and DNA 

demethylation (Abla et al., 2020; T. Nguyen & Durán, 2018; Tsukada et al., 2006). On 

the other hand, glutamine-derived metabolites can be a substrate for acetyl-CoA 

generation through the process of reductive carboxylation. Considering histone 

acetylation depends on intermediary metabolism to supply acetyl-CoA, glutamine can 

ultimately play a role in global histone acetylation and alteration of gene expression 

(Teperino et al., 2010; C. Yang et al., 2014). In summary, cancer cells might exploit 

glutamine metabolism for chromatin structure modification, which could lead to histone 

hypermethylation and repression of tumor suppressor and differentiation-related 

genes.   
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Figure 1.4. Roles of glutamine in the cell. After import into the cells through the SLC1A5 
transporter, glutamine is converted to glutamate by glutaminase, thereby aiding in the 
synthesis of glutathione. It is further converted into α-ketoglutarate, which enters the TCA cycle 
to produce energy for the cell or participates in fatty acid synthesis via reductive carboxylation. 
Glutamine-derived α-ketoglutarate also regulates DNA and histone methylation serving a 
co-substrate of dioxygenase enzymes. Moreover, glutamine metabolism also contributes in 
nucleotide and amino acid synthesis.  CAD: carbamoyl-phosphate synthetase 2 aspartate 
transcarbamylase, and dihydroorotase; CTP: CTP synthetase; GCL: glutamate-cysteine 
ligase; GDH: glutamate dehydrogenase; GOT: glutamate-oxaloacetate transaminase; JHMD: 
Jumonji C histone demethylases; TED: TET DNA demethylases. Obtained from (T. Nguyen & 
Durán, 2018).   

1.5.3 Role of glutamine in the induction of signaling pathways 

Apart from its anaplerotic functions and influence in gene expression via epigenetic 

modifications, glutamine can orchestrate growth promoting intracellular signaling 

events. The mTOR kinase complex, for instance, can sense amino acid availability, 

including glutamine, thereby becoming activated. Once active, mTOR will promote 

protein translation, autophagy regulation, fatty acid synthesis and cell growth (Nicklin 

et al., 2009). In this context, glutamine is exported out of the cytoplasm by the antiporter 

LAT1/SLC7A5 allowing for the influx of leucine, an amino acid capable of activating 

mTOR (Lukey et al., 2013; T. Nguyen & Durán, 2018). Furthermore, recent studies 

have demonstrated that glutamine can directly activate mTOR in a Rag 

GTPase-independent manner (Meng et al., 2020). Additionally, a recent study provided 

evidence that glutamine can directly activate STAT3, a transcription factor particularly 

important in the mediation of ABC DLBCL proliferation and survival (Cacace et al., 

2017). Other transcription factors whose activity can be regulated by glutamine include 
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hypoxia-inducible factor-1 (HIF-1) and c-Myc, which also regulate metabolism and 

promote cell growth and proliferation (Dejure et al., 2017; Yoo et al., 2020).         

1.5.4 Glutamine metabolism and redox homeostasis  

Tumor cells rely on moderate levels of reactive oxygen species (ROS) to support 

pro-tumorigenic signaling. However, cancer cells tend to generate excessive levels of 

ROS that can damage macromolecules such as proteins, lipids and nucleotides, 

ultimately triggering apoptosis (Nakamura & Takada, 2021; Panieri & Santoro, 2016). 

Glutamine can mitigate ROS levels through synthesis of the antioxidant molecule 

glutathione (GSH) (Altman et al., 2016; Lukey et al., 2013; T. Nguyen & Durán, 2018; 

Yoo et al., 2020; Zhang et al., 2017). Glutathione is a tripeptide comprised of 

glutamate, cysteine and glycine, that can scavenge peroxide free radicals (Franco & 

Cidlowski, 2009; Roth et al., 2002). As a matter of fact, glutamine availability is the 

rate-limiting step for glutathione synthesis, since its catabolism is required for the 

provision of the amino acid components comprising GSH (Gong et al., 2022; Masisi et 

al., 2020). Furthermore, glutamine aids in the production of the reducing equivalent 

NADPH, which essential for the restoration of reduced GSH via at least two different 

metabolic pathways (Masisi et al., 2020; T. Nguyen & Durán, 2018). One of these 

pathways depends on the glutaminase-driven conversion of glutamine into glutamate, 

which is subsequently metabolized into α-ketoglutarate via the action of GLUD while 

concomitantly reducing NADP+ to NADPH (Botman et al., 2014). On the other hand, 

the other pathway involves the action of aspartate aminotransferase (GOT1), which 

metabolizes glutamine-derived aspartate into oxaloacetate (OAA). OAA is thereafter 

reduced to malate by malate dehydrogenase 1 (MDH1), which is then converted into 

pyruvate through the action of malic enzyme 1 (ME1), generating NADPH in the 

process (Son et al., 2013; Ying et al., 2021). All in all, glutamine metabolism contributes 

to the maintenance of redox homeostasis by providing the intermediaries required for 

the synthesis of antioxidant molecules to scavenge free radicals.  

 

1.6 Glutaminase 

Glutamine plays a role in a wide range of cellular functions, many of which require its 

catabolism in order to provide for metabolic precursors. Glutaminase is the key enzyme 
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in glutamine metabolism and hydrolyzes its conversion to glutamate and ammonia 

(Masisi et al., 2020; L. Yang et al., 2017).  Glutamate is subsequently catabolized into 

α-KG, which can fuel the TCA cycle and generate further metabolic intermediaries. 

Glutaminase exists as two different isozymes: kidney-type glutaminase (GLS), which 

has been extensively studied, and liver-type glutaminase (GLS2 or LGA). Even though 

both glutaminase isoforms are encoded by different genes localized in different 

chromosomes, their catalytic domains align nearly identically (Katt et al., 2017).  

Kidney-type glutaminase is encoded by the GLS gene and can be expressed as three 

different splice variants: a longer form called kidney glutaminase (KGA), a shorter 

version called glutaminase C (GAC) and a significantly shorter catalytically inactive 

version known as GAM.  KGA and GAC are practically identical except for their 

C-terminal region, which is shorter in GAC, while their N-terminal region is conserved 

and is responsible for their localization to the mitochondria (Katt et al., 2017; Márquez 

et al., 2016). The liver-type glutaminase, encoded by the GLS2 gene, also exists as 

three transcriptional variants that differ at their N-terminus. GLS exists either as a dimer 

or as a tetramer, but its oligomerization is not required for full catalytic activity. Rather, 

they require phosphate for their activation and to increase their catalytic activity (Katt 

et al., 2017). These enzymes have a key role particularly in highly proliferative cells to 

enable the use of glutamine as a biosynthetic precursor and energy source (Marquez 

et al., 2015).  

While GLS is widely accepted as a tumor promoter, the role of GLS2 is unclear, having 

been suggested to act as a tumor suppressor or a tumor promoter depending on the 

cancer type (Katt et al., 2017; Marquez et al., 2015; Márquez et al., 2016; Matés et al., 

2018; Saha et al., 2019). Regarding its role as a tumor suppressor, GLS2 expression 

is almost completely abolished in several tumor types, including glioblastoma, gastric 

cancer and hepatocellular carcinoma (Lukey et al., 2013; Suzuki et al., 2022; Szeliga 

M. et al., 2009; L. Xu et al., 2020). Further findings showed that its expression is 

regulated by a group of tumor suppressors and stress-related proteins including p53, 

p63 and p73 (Márquez et al., 2016). Additionally, owing to the observed role of GLS2 

in protecting from oxidative-stress-induced apoptosis and DNA damage, its 

overexpression in the T98G glioblastoma or H1299 non-small cell lung carcinoma cell 

lines induced significant reductions in cell growth and survival, further supporting that 

GLS2 repression is a trait associated with tumorigenesis (W. Hu et al., 2010; Suzuki 
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et al., 2010, 2022). Finally, a study demonstrated that ectopic expression of GLS2 in a 

HCC xenograft model significantly reduced tumor size by promoting ferroptosis, a form 

of cell-death that relies on an iron-dependent accumulation of lipid peroxides (Suzuki 

et al., 2022). Nevertheless, despite these findings, it is important to point out that in 

some instances GLS2 has been observed to function as a tumor promoter (Lukey et 

al., 2019). Considering the dual roles of GLS2, pharmacological targeting of GLS1 

seems the more promising option for cancer treatment (X. Xu et al., 2019). 

1.6.1 The role of glutaminase in cancer 

Glutaminase has emerged as a critical player in the progression of several cancer 

types, and its expression and activity have been observed to be increased in several 

tumors through different mechanisms (Márquez et al., 2016; Matés et al., 2018; 

L. Yang et al., 2017). For instance, NF-κB and c-Myc, both of which are frequently 

deregulated in tumor cells including DLBCL, can indirectly prompt GLS upregulation 

through repression of the microRNA (miRNA)-23 (Gao et al., 2009; Rathore et al., 

2012).  On the other hand, c-Jun can directly bind the GLS promoter thereby enhancing 

its expression (Lukey et al., 2016). Overexpression of GLS in tumor cells can be a sign 

of metabolic reprogramming and can be indicative of glutamine addiction. In this 

context, a study reported that both GLS1 as well as the glutamine transporter ASCT2 

are found upregulated in multiple myeloma (MM) cases. In this setting, targeting of 

GLS1 with the inhibitor GLS-IN-968 induced growth inhibition and apoptosis of MM 

cells, as well as MYC loss through proteasomal degradation, thereby impeding 

pathogenesis of a pre-malignant cell line in vivo (Effenberger et al., 2017). Similarly, 

Myc-induced HCC tumors in mice exhibited GLS overexpression (B. Li et al., 2019). 

Strikingly, loss of only one copy of GLS was enough to decrease cell proliferation, 

tumor burden and increase survival (B. Li et al., 2019). Likewise, treatment of the B-cell 

lymphoma cell line P493 with the GLS inhibitor BPTES (bis-2-(5-phenylacetamido-

1,2,4-thiadiazol-2-yl) ethyl sulfide) led to DNA replication arrest, cell death and 

fragmentation, and was enough to diminish tumorigenesis in a B-cell lymphoma 

xenograft (Xiang et al., 2015). Additionally, c-Myc has been shown to be deregulated 

both in colorectal cancer (CRC), due to alterations in the WNT pathway, as well as in 

ovarian carcinoma. A study on CRC showed that glutamine deprivation caused a 

reversible cell cycle arrest, decreased the levels of ATP and caused stalling of RNA 

polymerase II on multiple genes (Dejure et al., 2017). Interestingly, supplementation 
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with a membrane permeable form of α-KG (DM-KG) or adenosine was enough to 

rescue cell proliferation and survival. Comparably, in ovarian carcinoma cell lines, MYC 

overexpression positively correlated with high GLS expression and increased GSH 

levels. Glutaminase inhibition in this context provoked an increase in ROS that could 

be abrogated with supplementation of DM-KG and the antioxidant N-acetylcysteine 

(NAC) (Shen et al., 2020). Excessive ROS were also observed in acute myeloid 

leukemia and pancreatic adenocarcinoma (PDAC) cell lines after treatment with the 

GLS inhibition CB-839 or glutamine deprivation, respectively (Gregory et al., 2019; 

Zhang et al., 2019). Altogether, the role of glutamine in providing intermediaries for the 

replenishment of the TCA cycle, nucleic acid synthesis, ATP generation and redox 

homeostasis seems to be essential for the survival of multiple tumor entities, making 

GLS1 inhibition an attractive treatment strategy.  

 

1.7 c-Myc in DLBCL and glutamine metabolism 

MYC is an oncogene found frequently deregulated in several malignancies including 

DLBCL (L. Nguyen et al., 2017; Schaub et al., 2018). It encodes for a transcription 

factor that forms heterodimers with the related protein MAX. These heterodimers bind 

to promoters of already transcriptionally active genes, thus acting as an activator of 

pre-existent transcriptional programs. MYC modulates the expression of genes related 

with cell growth and proliferation, DNA replication, protein biosynthesis, metabolism, 

angiogenesis and stem-cell self-renewal (Meyer & Penn, 2008). A paradoxical function 

of c-Myc is the induction of apoptosis. Owing to this role, alterations in the expression 

of MYC alone are not enough to induce tumorigenesis. Hence, MYC lesions require 

the presence of other oncogenic alterations to induce malignant transformation 

(L. Nguyen et al., 2017). In this regard, 7-14% of DLBCL patients exhibit MYC 

translocations usually in the context of complex karyotypes accompanied by BCL2 

and/or BCL6 translocations (Dunleavy, 2014; Ladanyi et al., 1991). These double or 

triple hit lymphomas carry dismal prognoses (Nowakowski & Czuczman, 2015).  An 

interesting function of c-Myc in human malignancies is its role as a regulator of 

metabolism. Tumor cells undergo a metabolic shift in order to fulfill their bioenergetic 

and biosynthetic needs by performing aerobic glycolysis (a phenomenon known as the 

Warburg effect), and/or becoming addicted to glutamine (vander Heiden et al., 2009). 
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Myc plays an important role in the latter through distinct mechanisms. On the one hand, 

Myc has been shown to promote the expression of the glutamine transporters SLC1A5 

(ASCT2), SN2 and SLC38A5, thereby enhancing its uptake (Wise et al., 2008; Zhao 

et al., 2019). Furthermore, studies on the B-cell lymphoma line P493 and on prostate 

cancer (PCa) cell lines proved that c-Myc can directly affect GLS1 protein levels by 

post-transcriptional regulation. This is mediated by direct repression of miR-23a and 

miR-23b, thereby increasing the expression of GLS1 protein and enhancing 

glutaminolysis (Gao et al., 2009). Interestingly, glutamine itself can alter c-Myc 

expression. A recent study provided evidence indicating that glutamine deprivation 

suppresses translation of endogenous c-Myc by provoking a reduction in 

adenosine-nucleotide levels in the CRC cell line HCT116 (Dejure et al., 2017). 

Furthermore, a study on multiple myeloma showed that loss of GLS1 expression was 

related with decrased c-Myc protein levels via proteasomal degradation (Effenberger 

et al., 2017). All in all, the current state of findings suggests that MYC-driven 

malignancies exhibit a glutamine-addicted phenotype through the upregulation of 

glutamine uptake and catabolism. Knowing that MYC is one of the most prevalently 

altered genes in NHL and that it is correlated with a poor prognosis, the question arises 

whether DLBCL require exogenous glutamine for survival and whether targeting of 

glutamine metabolism could be a potential therapeutic strategy in this context. 
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1.8 Aims of the study 

DLBCL, the most common B-cell lymphoma in adulthood, represents a highly 

heterogeneous disease that can be classified into multiple subtypes depending on the 

genetic characteristics and gene expression profiles. Some DLBCL subtypes are 

characteristically aggressive and tend to remain refractory to the existing 

standard-of-care, known as R-CHOP, thus highlighting the need for novel therapeutic 

strategies. Multiple tumors reprogram their metabolism during malignant 

transformation and become addicted to glutamine, relying on it to maintain 

homeostasis. Glutaminase, the enzyme responsible for the conversion of glutamine to 

glutamate, is overexpressed in a variety of tumors and is associated with poor 

prognosis, thereby identifying it as a promising therapeutic target. Accordingly, 

investigating the expression of GLS1 in several DLBCL subtypes and the effects of 

targeting this enzyme in this tumor entity, is pivotal to uncover its therapeutic potential 

in DLBCL patients.        

Therefore, the aims of the study were to: 

§ Investigate the expression of GLS in DLBCL cells to determine whether it is a 

potential druggable target.  

§ Determine whether c-Myc expression in DLBCL cells correlates with GLS1 

expression and expose any underlying dependences between the two.  

§ Elucidate the effects of inhibiting GLS1 in DLBCL and the therapeutic potential 

of glutaminolysis inhibitors for lymphoma treatment, as well as their 

mechanisms of action. 

§ Uncover synergistic therapeutic combinations between GLS1 inhibitors and 

other approved or experimental substances that have previously shown efficacy 

in lymphoma.  
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2 Results 
2.1 Effects of glutaminase-1 inhibition in DLBCL  

Previous studies have demonstrated that GLS1 plays a pro-tumorigenic role and is 

upregulated in multiple tumors, while GLS2 expression is correlated with differentiated 

cell states and can act as a tumor suppressor (Katt et al., 2017; Márquez et al., 2016).  

To address the question whether GLS1 inhibitors could potentially be used as 

therapeutic agents for the treatment of DLBCL, we first analyzed the expression of 

both GLS1 and GLS2 in different DLBCL cell lines and explored the effects of inhibiting 

glutaminase-1. 

2.1.1 GLS1 and GLS2 expression in DLBCL cell lines 

To determine whether GLS1 could be a potential target in the treatment of diffuse large 

B-cell lymphoma, we first examined the protein expression of GLS1 and GLS2 by 

immunoblotting in a variety of cell lines spanning various DLBCL subtypes. Both 

isoforms were detected at protein level in all cell lines tested independent of their 

classification as ABC or GCB DLBCL (Fig. 2A). However, while we did not detect any 

distinctive pattern regarding GLS2 expression, ABC DLBCL cell lines exhibited an 

increase in GLS1 expression when compared to their GCB DLBCL counterparts. 

Studies have reported that c-Myc levels are associated with GLS1 expression, 

suggesting the existence of a feedback regulatory mechanism between the two (Dejure 

et al., 2017; Effenberger et al., 2017). However, despite the increase in GLS1 

expression observed in ABC DLBCL cell lines, this did not correlate with an increase 

in c-Myc protein levels (Fig. 2A). These findings suggest that DLBCLs could potentially 

be sensitive to GLS1 inhibition and that glutaminase does not influence c-Myc 

expression in these cell lines.  

2.1.2 Glutaminolysis regulation via c-Myc in DLBCL cell lines 

c-Myc is known to increase not only glutamine uptake, but also its metabolism via 

induction of glutaminase-1 expression (Gao et al., 2009; Zhao et al., 2019). To evaluate 

whether c-Myc controls GLS1 expression in DLBCL, both ABC and GCB DLBCL cells 

were treated with the Brd4 inhibitor JQ1, known to downregulate MYC expression (Otto 

et al., 2019; Pang et al., 2022; Zuber et al., 2011). Even though JQ1 treatment led to 
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a decrease in c-Myc protein levels in all cell lines tested, GLS1 levels remained 

unaltered (Fig. 2B), indicating that glutaminase-1 expression is not controlled by c-Myc 

in DLBCL cell lines.  

Figure 2. GLS1 and GLS2 expression in human DLBCL cell lines. (A) GLS1, GLS2 and 
c-Myc protein expression in various ABC and GCB DLBCL cell lines was analyzed by 
immunoblotting. GAPDH served as loading control. (B) GLS1 and c-Myc protein expression 
was analyzed by immunoblotting in various ABC and GCB DLBCL cell lines treated with 
solvent or 1 μM JQ1 for 24 h. Tubulin served as loading control. 
 
2.1.3 DLBCL cell survival depends on GLS1 activity 

Knowing that GLS1 is expressed in multiple DLBCL cell lines, we investigated whether 

inhibition of this enzyme could affect the survival of lymphoma cells. For this purpose, 

ABC and GCB DLBCL cell lines were treated with the selective GLS1 inhibitor CB-839 

(Telaglenastat) for six consecutive days. Interestingly, the survival of all cell lines 

tested was markedly reduced in the presence of CB-839 (Fig. 3). To further validate 

the cytotoxicity of GLS1 inhibition and exclude potential CB-839 side effects, cells were 

treated with a different selective glutaminase-1 inhibitor known as BPTES (bis-2-(5-

phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide). Similar to CB-839, BPTES 

managed to reduce the survival of ABC DLBCL and GCB DLBCL cell lines (Fig. 4A). 

To investigate the cause of the CB-839-mediated reduction in cell numbers, we 

performed a cell-cycle analysis and assessed apoptosis induction via flow cytometry. 

Interestingly, treatment with CB-839 did not provoke a cell-cycle arrest in DLBCL cells, 

A 

B 
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albeit a modest increase in the percentage of cells in the G0/G1 phase could be 

detected (Fig. 4B). However, CB-839 treatment for 24 h was enough to significantly 

increase the number of 7-AAD/AnnexinV-double positive cells, thus indicating that 

glutaminase-1 inhibition induces apoptotic cell death in DLBCL cell lines (Fig. 4C). 

These results suggest that DLBCL cells are dependent on the activity of glutaminase-1 

for survival. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. CB-839 induces cytotoxicity in DLBCL. Various ABC DLBCL and GCB DLBCL 
cell lines were treated daily with solvent or 400 nM CB-839 and incubated for the indicated 
time. Cell numbers were determined daily and normalized to the solvent control. Error bars 
correspond to the mean ± SD. Data is representative of at least three independent 
experiments.  
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A 

 
Figure 4. GLS1 inhibition triggers apoptosis in DLBCL cells. (A) ABC and GCB DLBCL 
cell lines were treated daily with solvent or 1 μM BPTES. Cell numbers were determined as 
indicated and normalized to the solvent control. (B) ABC and GCB DLBCL cell lines were 
treated with solvent or 400 nM CB-839 for 24 or 48 h. Graphs show the relative distribution of 
cells in the different phases of the cell cycle. Solvent-treated cells were used as controls.  (C) 
ABC and GCB DLBCL cells were treated with solvent or 400 nM CB-839 for 24 or 48h. The 
relative percentage of apoptotic cells was analyzed by flow cytometry using Annexin-V/7-AAD 
staining. Solvent-treated cells were used as control for normalization. Error bars correspond 
to the mean ± SD. Data is representative of at least three (A-C) independent experiments. p 
values were calculated by t test (unpaired, two tailed), *p < 0.05, **p < 0.01, ***p < 0.001, 
****p<0.0001. 
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2.1.4 GLS1 silencing and glutamine deprivation affect DLBCL 
survival 

To exclude possible side effects from the GLS1 inhibitors, we investigated whether 

glutaminase-1 silencing via small hairpin RNA (shRNA) mediated knock-down also 

impacted DLBCL survival. As expected, GLS1 silencing decreased cell numbers 

independent of the DLBCL subtype (Fig. 5A-B). Similarly, deprivation of glutamine from 

the culture medium led to cytotoxicity both in ABC and GCB DLBCL cells (Fig. 5C). 

These results indicate that the cytotoxic effects observed are specifically dependent 

on the inhibition of glutamine metabolism and are not caused by side effects derived 

from the use of GLS inhibitors.  

  

 

 

 

 

 

 

Figure 5. Glutaminolysis inhibition and glutamine deprivation abrogate DLBCL survival. 
(A) DOHH2 and HBL-1 cells were transduced with either a non-targeting vector control or an 
shRNA targeting GLS. After transduction, cell numbers were determined as indicated and 
normalized to the non-targeting control. (B) The efficacy of the shRNA-mediated knockdown 
of GLS1 in DOHH2 and HBL-1 cells was controlled by immunoblotting. Tubulin served as a 
loading control. (C) ABC and GCB DLBCL cell lines were cultured in standard or 
glutamine-deprived medium. Cell numbers were determined and normalized to the standard 
medium control. Error bars correspond to the mean ± SD. Data is representative of three two 
(A, C) independent experiments.  
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2.1.5 Primary non-transformed B cells are refractory to GLS1 
inhibition 

When it comes to cancer treatment, it is essential to exploit targets that render tumor 

cells susceptible to cell death while keeping non-malignant cells unaffected. For this 

reason, we next evaluated the effects of GLS1 inhibition on primary non-transformed B 

cells isolated from peripheral blood mononuclear cells (PBMCs). Strikingly, CB-839 

treatment did not impair the survival of primary B cells (PBCs) (Fig. 6). Furthermore, 

phytohemagglutinin (PHA) or IL-4/CD40L-stimulated PBCs remained refractory to 

CB-839, exhibiting only a slight decrease in cell numbers by day six, thus indicating 

that only transformed DLBCL cells are sensitive to glutaminase inhibition and rely on 

glutamine metabolism for survival. 

 

 

 

 

 

Figure 6. Primary B cells are refractory to CB-839 treatment. Human primary B cells were 
treated daily with solvent or 400 nM CB-839. Cell numbers were determined daily and 
normalized to the solvent control. Error bars correspond to the mean ± SD. Data is 
representative of at least two independent experiments.  

 

2.2 Molecular mechanism of GLS1 inhibition in DLBCL 

Glutamine plays a key role in multiple cellular processes and is essential for redox 

homeostasis, DNA replication, fatty acid and amino acid synthesis, proliferation, 

metabolism and survival (Z. Wang et al., 2020; L. Yang et al., 2017; Yoo et al., 2020). 

Hence, the inhibition of glutaminolysis blunts several intracellular pathways and 

diminishes the abundance of TCA cycle intermediaries that are crucial to fulfill the 

biosynthetic and bioenergetic needs of cancer cells. Nevertheless, the molecular 

mechanisms that account for the cytotoxicity observed after glutaminase-1 inhibition in 

DLBCL cells remain to be elucidated.  
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2.2.1 Effects of GLS1 inhibition on intracellular signaling pathways 
and post-translational modifications 

To gain insights into the molecular mechanism of CB-839-mediated cytotoxicity, we 

first explored the protein levels of different kinases known to be activated and important 

for the survival of DLBCL cells and their phosphorylation state. Immunoblotting 

revealed that GLS1 inhibition or silencing via shRNA in DLBCLs did not hamper the 

phosphorylation of ERK, AKT, IκBα or c-Jun (Fig. 7A). 

Glutamine has also been shown to regulate signal transduction and act as a signaling 

molecule to activate intracellular signaling pathways, such as the mTORC pathway (L. 

Yang et al., 2017). The kinase mTORC1, critical for cell growth and proliferation, has 

been shown to become activated by directly sensing the presence of glutamine (Meng 

et al., 2020). Furthermore, glutaminolysis inhibition has been observed to impair 

mTORC1 activation due to the drop in non-essential amino acid pool (Altman et al., 

2016; Hosios et al., 2016). Hence, we next examined the protein levels and 

phosphorylation of well-known mTORC1 targets after CB-839 treatment in DLBCL cell 

lines. While rapamycin, a specific mTOR inhibitor, managed to reduce the levels of 

phosphorylated 4E-BP1 and S6, CB-839 failed to do so (Fig. 7B). All in all, our data 

confirmed that CB-839 treatment does not impair the activation of multiple kinases 

important for the proliferation, growth and survival of DLBCLs. 

On a different note, glutamine metabolism influences global histone acetylation and 

methylation in an indirect manner through the supply of essential metabolic 

intermediaries. One such example is glutamine-derived ɑ-ketoglutarate, which not only 

regulates the synthesis of TCA cycle substrates but can also act as an epigenetic 

regulator serving as a cofactor for Jumonji-C containing histone lysine demethylases 

(Teperino et al., 2010; Tsukada et al., 2006b; W.-H. Yang et al., 2021). On the other 

hand, glutamine can produce acetyl-CoA via reductive carboxylation, a metabolite that 

serves as a substrate of histone acetyltransferases (Bradshaw, 2021; C. Yang et al., 

2014). Hence, glutamine metabolism could ultimately lead to alterations in the gene 

expression pattern of cells. Taking this into consideration, we next assessed the 

capacity of glutaminase to induce changes in the methylation status of two well-known 

H3 lysine residues. We found that knockdown of GLS1 in ABC DLBCL and GCB 

DLBCL cell lines did not lower the repressive histone methyl marks in H3K9 and H3K27 
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that could have explained potential changes in gene expression related with DLBCL 

survival (Fig. 7C).  

 

Figure 7. CB-839 does not affect signaling pathways important for DLBCL survival. (A-B) 
ABC and GCB DLBCL cell lines were treated with solvent or 500 nM CB-839 for 24 h and the 
phosphorylation of (A) central regulators of the NF-kB, MAPK, AP-1 and PI3K signaling 
pathways and (B) mTORC1 downstream targets were analyzed by immunoblotting. Cells were 
treated with 1 μM rapamycin as a positive control. (C) ABC and GCB DLBCL cell lines were 
transduced either with a non-targeting vector control or an shRNA targeting GLS. The 
methylation status of H3K9 and H3K27 was analyzed by immunoblotting. (A) GAPDH served 
as a loading control. (B, C) Tubulin served as loading control.  
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Characteristically, ABC DLBCL cells exhibit constitutive NF-κB activation which 

eventually leads to STAT3 phosphorylation via the production and secretion of IL-6 

and IL-10, which act in an autocrine and paracrine manner activating Janus kinases 

(JAKs) (Ding et al., 2008). Interestingly, when examining the activation of STAT3 in 

CB-839-treated ABC DLBCL cells, it was noted that GLS1 inhibition led to a decrease 

in STAT3 phosphorylation that could be rescued via addition of exogenous IL-6 and 

IL-10 (Fig. 8A). ELISAs performed for IL-6 and IL-10 detection revealed a significant 

decrease in the secretion of both cytokines after 48 h treatment of ABC DLBCL cells 

with CB-839 (Fig. 8B). All in all, this suggested that the observed decrease in STAT3 

activity was a consequence of the lack of autocrine/paracrine stimuli necessary to 

activate the Janus kinases responsible for the phosphorylation of STAT3, rather than 

the direct inhibition of STAT3 by CB-839. Knowing that sustained STAT3 activity is 

essential for the proliferation and survival of ABC DLBCL cells, we questioned whether 

the observed impairment in survival after glutaminase-1 inhibition was due to the 

decrease in STAT3 activation after CB-839 treatment. To answer this, we analyzed the 

viability of ABC DLBCL cells after CB-839 treatment and supplementation of 

exogenous IL-6 and IL-10, which recover the levels of STAT3 phosphorylation. 

Notably, ABC DLBCL cell lines remained sensitive to the GLS1 inhibitor despite STAT3 

activation (Fig. 8C). For further validation, HBL-1 and U2932 cells were transduced to 

express a hyperactive STAT3 mutant (STAT3C) and treated with CB-839. These cells, 

however, continued to undergo cell death in response to GLS1 inhibition (Fig. 8D). 

Altogether, our data confirmed that the CB-839-mediated inhibition of STAT3 is not 

responsible for the observed cytotoxicity in ABC DLBCL. 
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Figure 8. CB-839 reduces IL-6/IL-10 secretion and impairs STAT3 activation. (A) ABC 
DLBCL cell lines were treated with solvent, 500 nM CB-839 and/or 5 ng/ml rhIL-6 and rhIL-10 
as indicated, and the phosphorylation of STAT3 was assessed by immunoblot analysis. (B) 
ABC DLBCL cell lines were treated with solvent or 500 nM CB-839 for 48 h. Secreted IL-6 and 
IL-10 was quantified by ELISA and normalized to the solvent control. (C) HBL-1 and U2932 
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cells were treated with solvent, 500 nM CB-839 and/or 5 ng/ml rhIL-6 and rhIL-10 as indicated. 
Cell numbers were determined and normalized to the solvent control. (D-E) HBL-1 and U2932 
cells expressing control vector or FLAG-STAT3C were treated daily with 1 μg/ml doxycycline. 
(D) The vector control and STAT3C-expressing cells were then treated with solvent or 500 nM 
CB-839 as indicated. Cell numbers were quantified and normalized to the respective solvent 
controls. (E) The efficacy of the retroviral transduction of STAT3C in HBL-1 and U2932 cells 
was controlled by immunoblotting. (A, E) Tubulin served as loading control. Error bars 
correspond to the mean ± SD. Data is representative of at least three (B-C) or two (A, D-E) 
independent experiments. p values were calculated by t test (unpaired, two tailed), *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p<0.0001. 
* Retroviral transduction of STAT3C ABC DLBCL cells was kindly performed by Wendan Xu.  

2.2.2 Nucleotide supplementation does not rescue cell viability after 
GLS1 inhibition 

Glutamine is an indispensable donor of reduced nitrogen, required for the synthesis of 

both purine and pyrimidine bases. The former constitute the building blocks of nucleic 

acids, and an abundance of these are especially important for highly proliferative cells 

(L. Yang et al., 2017). Therefore, we investigated whether adenosine supplementation 

was enough to decrease the toxicity of the GLS1 inhibitor in DLBCL cells. In all cell 

lines examined, addition of adenosine did not salvage viability (Fig. 9), likely indicating 

that the role of glutamine as a nitrogen donor is dispensable for the survival of DLBCL 

cells.  

 

 

 

 
 
Figure 9. Adenosine fails to protect against CB-839-mediated cell death. ABC and GCB 
DLBCL cells were treated with solvent or 500 nM CB-839, or in combination with 150 μM 
adenosine daily. Cell numbers were determined as indicated and normalized to the solvent 
control. Data is representative of at least three independent experiments. Error bars 
correspond to the mean ± SD. Data is representative of at least three independent 
experiments. 
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2.2.3 The abundance of metabolic intermediaries is diminished 
upon CB-839 treatment 

Highly proliferative cells require continuous replenishing of the TCA cycle and mainly 

rely on glutamine metabolism to serve as the source of carbons. To verify metabolic 

alterations after GLS1 inhibition, we analyzed the metabolome of CB-839 treated and 

control cells. As expected, most of the major TCA cycle intermediaries commonly 

derived from glutamine metabolism were markedly reduced in DOHH2 and 

WSU-DLCL2 cells after 24 h CB-839 treatment, while glutamine levels were enriched 

(Fig. 10A). Glutamate and α-ketoglutarate, two of the main metabolites derived from 

glutamine, showed reductions of up to 70% when compared to the solvent control 

(Fig. 10A). Surprisingly, we also noticed a clear decrease in the concentrations of 

well-characterized intracellular antioxidant molecules such as α-tocopherol, 

glutathione (GSH) and the reduced form of NADP+ (NADPH) (Fig. 10B). Carbons 

derived from glutamine metabolism also contribute to ATP production through their 

oxidation in the TCA cycle, as well as by supporting the oxidative phosphorylation 

pathway via the electron transport chain (ETC) (DeBerardinis et al., 2007). 

Accordingly, CB-839 treatment of ABC DLBCL and GCB DLBCL cells provoked a 

significant decrease in ATP levels, especially after 48 h of glutaminase inhibition 

(Fig. 10C).  

Considering the substantial deprivation of key metabolic intermediaries as a result of 

GLS1 inhibition, we investigated whether this played a role in the cytotoxic effects 

observed with CB-839. Supplementation with DM-KG, a membrane permeable form of 

α-ketoglutarate, resulted in a complete rescue of DOHH2, SU-DHL-2 and SU-DHL-4 

cells from the CB-839-mediated cytotoxicity; while achieving a partial rescue in HBL-1, 

OCI-Ly3, SU-DHL-4 and WSU-DLCL cells (Fig. 11D). Furthermore, addition of DM-KG 

in glutamine-free medium managed to fully recover the viability of U2932 cells, while 

partially rescuing DOHH2 and HBL-1 cells (Fig. 11E). The TCA cycle intermediary 

α-ketoglutarate plays various roles in the cell, from serving as a cofactor for 

demethylating enzymes, to acting as a precursor for the synthesis of other amino-acids 

and antioxidant molecules (Abla et al., 2020). Hence, the rescue potential of DM-KG 

cannot be fully ascribed to its role in the refueling of the TCA cycle. Taking into 

consideration the previous findings, DM-KG is presumably capable of rescuing DLBCL 
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Figure 10. TCA cycle metabolites and antioxidant molecules are reduced upon CB-839 
treatment. (A-B) DOHH2 and WSU-DLCL2 cells were treated with solvent or 500 nM CB-839 
for 24 h. Metabolites were quantified by mass spectrometry and normalized to the solvent 
control. (C) ABC and GCB DLBCL cell lines were treated with solvent or 500 nM CB-839 for 
24 h and 48 h. ATP levels were quantified and normalized to the respective solvent-treated 
controls. Error bars correspond to the mean ± SD. Data is representative of at least three 
independent experiments. p values were calculated by t test (unpaired, two tailed), *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p<0.0001, n.s. not significant. 
* Mass spectrometry was kindly performed by Dr. Mattia Zmpieri and Laurentz Schuhknecht 
(ETH Zürich, Switzerland).   
 
 
 
 
 
 
 
 
 
 
 

As
pa

rta
te

α-
Ke

ot
glu

ta
ra

te
L-

Gl
ut

am
at

e
(S

)-M
ala

te
Fu

m
ar

at
e

Ci
tra

te
Su

cc
ina

te

Ph
os

ph
oe

no
lpy

ru
va

te
Su

cc
iny

l-C
oA

Py
ru

va
te

Co
en

zy
m

e 
A

Ox
alo

ac
et

at
e

Ad
en

os
ine

 tr
iph

os
ph

at
e

L-
Gl

ut
am

ine
0.0
0.2
0.4
0.6
0.8
1.0
1.5
2.0
2.5
3.0

DOHH2

R
el

at
iv

e 
am

ou
nt

****

****
********

********

* ** ** **
* *

α-
Ke

ot
glu

ta
ra

te
As

pa
rta

te
(S

)-M
ala

te
Fu

m
ar

at
e

L-
Gl

ut
am

at
e

Su
cc

ina
te

Ph
os

ph
oe

no
lpy

ru
va

te
Ci

tra
te

Su
cc

iny
l-C

oA
Py

ru
va

te
L-

Gl
ut

am
ine

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.5
2.0
2.5
3.0
3.5

WSU-DLCL2

R
el

at
iv

e 
am

ou
nt

*** **** *** *** ***
**

**

****

C 

A B 

0 . 0

0 . 5

0 . 6

0 . 7

0 . 8

0 . 9

1 . 0
DOHH2

R
el

at
iv

e 
am

ou
nt

* ** *** **

α-
To

co
ph

er
ol

γ-
To

co
ph

er
ol

GS
H

NA
DP

NA
DP

H

0.0

0.8
0.9
1.0
1.1
1.2

WSU-DLCL2

R
el

at
iv

e 
am

ou
nt



CHAPTER 1. Results  

33 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. DM-KG protects against CB-839-mediated cell death. (A-D) ABC and GCB 
DLBCL cells were treated with solvent or 500 nM CB-839 alone or in combination with 0.5 mM 
DM-KG daily. (B) ABC and GCB DLBCL cell lines were cultured in standard or 
glutamine-deprived medium with or without 0.5 mM DM-KG. (A-B) Cell numbers were 
determined as indicated and normalized to the solvent control. Error bars correspond to the 
mean ± SD. Data is representative of at least two (B) or three (A) independent experiments. 
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2.2.4 GLS1 inhibition provokes oxidative stress in DLBCL 

Cells rely on glutamine metabolism to maintain the pool of intracellular antioxidant 

molecules, such as NADPH and GSH, by providing a source of intermediaries required 

for their synthesis (T. Nguyen & Durán, 2018; Roth et al., 2002). Knowing that CB-839 

treatment caused a stark reduction not only of metabolites such as glutamate, but also 

of intracellular antioxidants, we investigated the capacity of CB-839 to deplete reduced 

glutathione. Interestingly, we noticed that GLS1 inhibition effectively reduced the GSH 

pool, especially in GCB DLBCL cell lines (Fig. 12A). Strikingly, addition of DM-KG 

reestablished the levels of GSH after CB-839 treatment in all cell lines tested 

(Fig. 12A). NADPH levels were also analyzed, but results were not consistent amongst 

the DLBCL cell lines (Fig. 12B). While many of the cells examined exhibited decreases 

in the pool of reduced NADPH that could be efficiently recovered by DM-KG 

supplementation, this reduction was only modest (Fig. 12B). 

Depletion of GSH typically leads to an accumulation of reactive oxygen species (ROS) 

due to the inability of the cells to clear these radicals fast enough via other 

mechanisms. We therefore quantified cytosolic and mitochondrial ROS, as well as lipid 

peroxidation, by flow cytometry in multiple DLBCL cell lines after treatment with 

CB-839. Interestingly, treatment for 48 h with a low dose of CB-839 was enough to 

induce significant increases in ROS, especially those derived from and accumulating 

in mitochondria (Fig. 12C). Strikingly, GLS1 inhibition also induced lipid peroxidation. 

However, the increase observed was weak when compared to the effects achieved by 

DMF treatment, which is a well-known ferroptosis inducer (Fig. 13A). To further assess 

the correlation between glutamine metabolism and redox homeostasis, we quantified 

ROS after glutamine deprivation. As expected, the lack of glutamine led to a strong 

increase in both mitochondrial and cytosolic ROS (Fig. 13B).  Collectively, this data 

confirms that GLS1 inhibition leads to the accumulation of cytosolic and mitochondrial 

ROS likely through the depletion of the antioxidant GSH.     
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Figure 12. CB-839 induces ROS and reduces GSH levels in DLBCL. (A-B) The indicated 
DLBCL cell lines were treated with the GSH-depleter dimethyl fumarate (DMF, 20 μM) or 500 
nM CB-839 for 24 hours alone or in combination with 0.5 mM of DM-KG. The ratio of reduced 
to oxidized (A) glutathione, or (B) NADPH was determined and normalized to the respective 
solvent-treated controls. (C) DLBCL cells were treated for 48 h with solvent or 500 nM CB-839 
alone before quantifying the mitochondrial (left panel) or cytosolic (right panel) ROS by flow 
cytometry. The percentage of MitoROS-positive cells or H2DCFDA-positive cells in CB-839 
treated samples were normalized to the percentage of the solvent control. Error bars 
correspond to the mean ± SD. Data is representative of at least three independent experiments 
(A-C). p values were calculated by t test (unpaired, two tailed), *p < 0.05, **p < 0.01, 
***p < 0.001, ****p<0.0001. 
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2.2.5 GLS1 inhibition does not affect mitochondrial integrity 

The lack of indispensable TCA cycle metabolites post-GLS1 inhibition could potentially 

provoke alterations in the electron transport chain (ETC) that could compromise the 

mitochondrial membrane potential. Taking this into consideration, we next investigated 

whether CB-839 had a detrimental effect on mitochondria that could lead to an 

excessive leakage of ROS.  For this, we used tetramethylrhodamine, ethyl ester 

(TMRE), a positively charged dye that accumulates in active mitochondria, to assay 

mitochondrial integrity after GLS1 inhibition. DLBCL cells did not exhibit any alterations 

in the mitochondrial membrane potential (MMP) after CB-839 treatment (data not 

shown). Interestingly, there seemed to be a modest correlation between the number 

of active mitochondria and the sensitivity of each specific cell line to accumulate ROS 

in response to CB-839 treatment (Fig. 13C). However, whether these two are related 

or not remains to be determined.  

Because of the potential alterations that the complexes that constitute the ETC could 

suffer after GLS1 inhibition, we next evaluated the effects of using complex I and 

complex III inhibitors (rotenone and antimycin A respectively) on the accumulation of 

mitochondrial ROS (mito-ROS). As expected, rotenone markedly increased 

mitochondrial ROS and cotreatment with CB-839 further increased the amount of 

mito-ROS (Fig. 13D, lower panel).  However, although antimycin A alone increased 

mito-ROS, its addition to CB-839 treatment did not increment the ROS levels any 

further than the ones observed with CB-839 alone (Fig. 13D, upper panel). 

Nevertheless, it is important to note that complex III directly depends on the proper 

functioning of complex II, which delivers electrons directly from succinate. Succinate is 

a TCA cycle metabolite that can derive from glutamine metabolism. Hence, the 

observation that antimycin A does not further increase ROS levels after co-treatment 

with CB-839 could be indicative of the fact that CB-839 indirectly affects complex II, 

and thus, complex III due to the lack of succinate caused by glutaminase-1 inhibition. 

All in all, this suggests that GLS1 inhibition does not have a detrimental effect on the 

overall function of the ETC and that the increase in ROS observed after CB-839 

treatment is independent of the ETC.  
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Figure 13. CB-839 treatment does not compromise mitochondrial integrity. (A) DLBCL 
cell lines were treated with solvent, 500 nM CB-839 or 20 μM DMF for 48 hours. Lipid 
peroxidation was quantified by flow cytometry using the oxidation-sensitive fluorescent probe 
BODIPY C11. (B) 1x106 DLBCL cells were stained with TMRE. The percentage of 
TMRE-positive cells were quantified via flow cytometry. (D) DOHH2 and U2932 cells were 
treated with 500 nM CB-839 alone or in combination with 1 μM antimycin A (upper panels) or 
1 μM rotenone (lower panels). The mitochondrial ROS levels were quantified by flow 
cytometry. The percentage of MitoSOX-positive cells in CB-839 treated samples was 
normalized to the solvent control. Error bars correspond to the mean ± SD. Data is 
representative of at least two (B) or three (A, C-D). independent experiments. p values were 
calculated by t test (unpaired, two tailed), *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 
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2.2.6 α-Tocopherol abrogates the effects of GLS1 inhibition 

Because excessive ROS levels cause damage to multiple macromolecules (proteins, 

lipids, nucleic acids, etc) thereby leading to cell death, we assessed the effect of 

hydrophilic (N-Ac, Trolox, ascorbic acid) and lipophilic antioxidants (α-tocopherol, 

mitoTEMPO) on CB-839-induced ROS accumulation and apoptosis. The hydrophilic 

antioxidants N-Ac and ascorbic acid, as well as the mitochondrial-targeted antioxidant 

mitoTEMPO, failed to protect cells from CB-839-dependent cytotoxicity (Fig. 14A, 

B and D). Trolox, a hydrophilic analog of α-tocopherol, also failed to rescue the cells 

after GLS1 inhibition (Fig. 14C). Conversely, and similar to α-ketoglutarate, 

α-tocopherol prevented the CB-839-mediated cytotoxicity (Fig. 15A). Viability rescue 

was especially prominent in the OxPhos DLBCL cell lines, indicating that this DLBCL 

subtype might be particularly sensitive to CB-839-induced ROS accumulation. The 

rescue observed after treatment with α-tocopherol directly correlated with its capacity 

to reduce the levels of intracellular and mitochondrial ROS (Fig. 15B-C). Interestingly, 

the use of the ferroptosis inhibitor ferrostatin-1 could only partially rescue viability of 

DOHH2, OCI-Ly3 and Toledo cells (data not shown), indicating that the 

CB-839-dependent cytotoxicity is likely not ferroptosis-mediated.  
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Figure 14. Hydrophilic antioxidants fail to salvage DLBCL cells from CB-839-mediated 
cytotoxicity. (A-D) ABC and GCB DLBCL cells were treated with solvent or 500 nM CB-839 
alone or in combination with (A) 5-10 μM N-Acetylcysteine, (B) 50 μM ascorbic acid and (C) 
10 μM Trolox for 5 days, or (D) 500 nM mitoTEMPO for 4 days. Cell numbers were determined 
as indicated and normalized to the solvent control. Error bars correspond to the mean ± SD. 
Data is representative of at least three (A-D) independent experiments. 
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Figure 15. α-Tocopherol abrogates CB-839-induced ROS accumulation. (A) ABC and 
GCB DLBCL cells were treated with solvent or 500 nM CB-839 alone or in combination with 
100 μM α-tocopherol for 6 d. Graphs depict cell numbers determined at day 6 normalized to 
the solvent control. (B-C) DLBCL cells were treated with solvent or 500 nM CB-839 alone or 
in combination with 100 μM α-tocopherol for 48 to quantify (B) mitochondrial ROS and (C) 
cytosolic ROS by flow cytometry. The percentage of (B) MitoSOX-positive cells and (C) 
cellROX-positive cells in CB-839 treated samples was normalized to the percentage of the 
solvent control. Error bars correspond to the mean ± SD. Data is representative of at least 
three independent experiments (A-C). p values were calculated by t test (unpaired, two tailed), 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. * Were used to indicate significance between 
solvent and CB-839-treated samples; # were used to indicate significance between CB-839 
and CB-389 + α-tocopherol-treated samples.  
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2.3 Synergistic approaches for the treatment of DLBCL 
2.3.1 GLS1 inhibition acts synergistically with the Bcl-2 inhibitor 

ABT-199  

To investigate promising synergistic approaches with CB-839, we sought out a drug 

previously described to be effective in B-cell lymphoma patients, but that would also 

have the potential to disrupt redox homeostasis in the cells. The Bcl-2 inhibitor 

ABT-199 has been described to induce mitochondrial ROS generation in T cells 

through respiratory chain supercomplex inhibition (Peirs et al., 2014). Hence, we first 

evaluated its capacity to increase ROS accumulation in DLBCL cell lines. Strikingly, 

ABT-199 alone was enough to significantly increase mitochondrial ROS both in 

ABC DLBCL and GCB DLBCL cell lines in a dose dependent manner (Fig. 16A). 

Accordingly, and as anticipated, the combination of both ABT-199 and CB-839 resulted 

in a drastic increase in both cytosolic and mitochondrial ROS accumulation in all cell 

lines tested (Fig. 16B-C). Notably, this effect was significantly diminished by the 

addition of the antioxidant α-tocopherol (Fig. 16B-C). 
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Figure 16. Synergistic ROS induction in DLBCL cell lines by the combined inhibition of 
GLS1 and BCL2. (A) ABC and GCB DLBCL cell lines were treated with ABT-199 for 48 h as 
indicated. Mitochondrial ROS levels were quantified by flow cytometry. The percentage of 
MitoSOX-positive cells in ABT-199 treated samples was normalized to the percentage of the 
solvent control. (B-C) DLBCL cells were treated for 48 h with solvent, 0.5 μM ABT-199 or 
250 nM CB-839 alone or in combination, with or without 100 μM α-tocopherol. Mitochondrial 
ROS levels were quantified by flow cytometry. The percentage of (B) MitoSOX-positive cells 
or (C) cellROX-positive cells in CB-839 treated samples was normalized to the percentage of 
the solvent control. (A-C) Error bars correspond to the mean ± SD. Data is representative of 
at least three independent experiments. p values were calculated by t test (unpaired, two 
tailed), *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, n.s. not significant. * Were used to 
indicate significance between solvent and CB-839-treated samples; # were used to indicate 
significance between CB-839 and CB-389 + α-tocopherol-treated samples.  
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Next, we examined the combinatorial effects of both drugs in terms of viability and 

found that, whereas low doses of CB-839 only modestly affect survival of ABC DLBCL 

and GCB DLBCL cells, addition ABT-199 strongly sensitizes the cells to CB-839 

inhibition (Fig. 17A). Hence, as determined by the Loewe additivity model, ABT-199 

and CB-839 act in a synergistic manner to induce cytotoxicity in DLBCL cells over 

various concentrations, indicating the predisposition of DLBCL cell lines to undergo 

ROS-mediated cell death (Fig. 17B). Altogether, these results suggest that this 

combinatorial regime could be of interest for the treatment of DLBCL.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Synergistic killing of DLBCL cell lines by the combined inhibition of GLS1 
and BCL2. (A) DLBCL cells were treated with CB-839 alone or in combination with ABT-199. 
Cell survival was quantified by MTS assay after 48 h and combination treatment was 
normalized to the CB-839 single treatment. (B) The Loewe additivity model was used to identify 
synergism between the CB-839 and ABT-199 doses assayed. Error bars correspond to the 
mean ± SD. Data is representative of at least three independent experiments. 
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3 Discussion 

With more than 500,000 cases per year, NHL remains one of the most prevalent cancer 

types worldwide, with approximately 50% of the patients succumbing to the disease 

(Sung et al., 2021). Diffuse large B-cell lymphoma, being the most common lymphoid 

malignancy in adults, accounts for more than 30% of all diagnosed NHLs (Lenz & 

Staudt, 2010). Despite the existence of a well-established standard of treatment known 

as R-CHOP, approximately 30% of patients will still develop relapsed disease (Camicia 

et al., 2015). This is attributable to the pronounced heterogeneity observed amongst 

DLBCL cases and their vast complexity at a molecular level, which limits the 

therapeutic options (Cheson et al., 2021; M. Y. He & Kridel, 2021; Lenz & Staudt, 2010; 

Martelli et al., 2013). ABC DLBCLs are especially aggressive, owing to their 

constitutive NF-κB activation, which drives the expression of anti-apoptotic and 

proliferation-related genes (Davis et al., 2001, 2001; Grondona et al., 2018; Lam et al., 

2008). A current avenue of treatment aims at exploiting metabolic deregulations that 

are a common feature in cancer cells. This strategy could be potentially effective in all 

DLBCL subtypes and, thus, could benefit a high number of patients. 

 

3.1 Importance of glutamine metabolism for DLBCL survival 

The reprogramming of energy metabolism is a hallmark of cancer. Rapidly proliferating 

tumor cells have a heightened demand for metabolic intermediaries to fulfil their 

intracellular biomass requirements, thereby providing them with a growth advantage 

(Van der Heiden et al., 2009; Wise & Thompson, 2010; Yoo et al., 2020). In this 

context, the phenomenon known as the Warburg effect or aerobic glycolysis, whereby 

cells preferentially convert glucose into lactate even in the presence of oxygen, is a 

characteristic feature of tumor cells. Even in the presence of intact mitochondria, 

cancer cells undergo this metabolic shift that yields less energy but produces glycolytic 

intermediaries at a higher rate, at the same time as supporting a faster ATP generation 

(DeBerardinis et al., 2007; Liberti & Locasale, 2016; vander Heiden et al., 2009). 

Similarly, cancer cells frequently undergo another metabolic rewiring by which they 

become addicted to glutamine (Franchina et al., 2018; Marquez et al., 2015; L. Yang 

et al., 2017; Yoo et al., 2020). Studies have emphasized the reliance of numerous 
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tumors on glutamine to replenish the TCA cycle and to supply the necessary building 

blocks for de novo synthesis of amino acids, nucleotides and fatty acids essential for 

cell survival (Altman et al., 2016; Yoo et al., 2020; Zhang et al., 2017). However, the 

dependence of tumor cells on these alternative pathways becomes a vulnerability that 

can be targeted (Gong et al., 2022; Gregory et al., 2019; Lukey et al., 2013; Shen et 

al., 2020).  

One such strategy of considerable interest is to inhibit the enzyme glutaminase – 

responsible for the deamination of glutamine into glutamate – in glutamine addicted 

cancers (Katt et al., 2017; Márquez et al., 2016). Previous studies have revealed 

frequent upregulation of glutamine transporters as well as glutaminase in multiple 

hematological and solid tumors (Masisi et al., 2020; Wise et al., 2008; Zhao et al., 

2019). These showed dependence on glutamine metabolism for proliferation and 

survival and were susceptible to GLS inhibition and/or glutamine deprivation 

(Effenberger et al., 2017; Gross et al., 2014; B. Li et al., 2019; Shen et al., 2020; Xiang 

et al., 2015). Therefore, to elucidate whether glutaminase is targetable in DLBCL, we 

first focused on analyzing the expression levels of both GLS isoforms in distinct DLBCL 

subtypes. Accordingly, GLS1 was found to be expressed in all lymphoma cell lines 

investigated, albeit ABC DLBCL cells exhibiting higher GLS1 protein levels (Fig. 2A). 

Interestingly, GLS2 was expressed in all cell lines independent of their subtype 

classification (Fig. 2A), even though GLS2 expression has previously been described 

to be restricted to liver, pancreas and brain (null et al., 2015; Saha et al., 2019; Z. 

Wang et al., 2020). Hence, liver-type glutaminase expression in lymphoma cell lines 

could be an indicative of the metabolic rewiring occurring during malignant 

transformation.  

c-Myc has been identified as the main post-transcriptional regulator of glutaminase 

expression by directly repressing miR-23a and miR-23b, known to target GLS’ 3’ UTR 

(Gao et al., 2009). Considering that MYC is frequently overexpressed in DLBCLs either 

through genomic translocation or amplification (Ladanyi et al., 1991; Y. Xia & Zhang, 

2020), we hypothesized that c-Myc might control the expression of GLS1 in lymphoma 

cells. However, GLS1 expression was not impaired by the JQ1-mediated 

downregulation of c-Myc at protein level (Fig. 2B). Conversely, glutamine deprivation 

has been shown to directly suppress c-Myc translation, while loss of GLS1 expression 
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has been associated with a faster c-Myc degradation via proteasome (Dejure et al., 

2017; Effenberger et al., 2017). However, we could not detect a correlation between 

the expression of GLS1 and c-Myc in this context (Fig. 2A) and GLS1 inhibition did not 

lead to c-Myc downregulation (data not shown). Collectively, these observations 

suggest that c-Myc is not responsible for the regulation of GLS1 expression in DLBCL. 

Consequently, other transcription factors are likely to participate in the regulation of 

glutaminase and, thus, play a role in the cancer-related glutamine addiction. In 

aggressive ABC DLBCL, MALT1 protease activity was reported to be required for GLS 

expression (X. Xia et al., 2018). However, MALT1-mediated constitutive NF-κB 

activation in this DLBCL subtype is not a characteristic feature of GCB DLBCLs. Since 

GLS1 expression was observed in all DLBCL cell lines, this speaks against a 

MALT1-dependent regulation of glutaminase-1 expression in this setting. c-Jun, on the 

other hand, has been identified as a key regulator of mitochondrial glutaminase levels 

in human breast cancer cells (Lukey et al., 2016). However, we failed to find evidence 

to support a c-Jun-mediated regulation of GLS1 in ABC DLBCL cell lines (data not 

shown), which likely indicates the implication of an alternative transcription factor.  

When assessing the susceptibility of DLBCL cells to glutaminase inhibition, we found 

that exposure of ABC and GCB DLBCL cells to two different selective GLS1 inhibitors, 

namely CB-839 and BPTES, was enough to induce cytotoxicity in a time-dependent 

manner (Fig. 3, Fig. 4A). Moreover, silencing of GLS1 via small hairpin RNA or 

glutamine deprivation significantly reduced cell viability in a timely manner in all cell 

lines tested (Fig. 5A, C). GLS1 inhibition has prompted much interest as a therapeutic 

strategy against cancer, owing to its detrimental effect on tumor cell survival while 

sparing non-tumorigenic cells (Masisi et al., 2020; Matés et al., 2018; X. Xu et al., 

2019). To this effect, we observed that non-malignant primary B cells remained 

unaffected to the treatment with CB-839 (Fig. 6).  Nevertheless, these results must be 

taken with caution, since some studies point out to glutamine addiction being an artifact 

of in vitro culture due to the supraphysiological levels of glutamine in culture media 

(Quek et al., 2022; vande Voorde et al., 2023; Wise & Thompson, 2010). Indeed, GLS1 

expression could only be detected in around 50% of DLBCL biopsies (data not shown). 

Thus, evaluation of GLS1 expression in DLBCL patient specimens becomes a 

requirement previous to treatment with a GLS1 inhibitor.  
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3.2 Mechanisms of action of GLS inhibitors in DLBCL 

As mentioned previously, glutamine has proven to be of extreme importance for TCA 

cycle anaplerosis, as a carbon and nitrogen donor for nucleotide, fatty acid and amino 

acid synthesis, for the induction of growth and survival-related signaling pathways and 

for redox homeostasis (Curi R. et al., 2007; Yoo et al., 2020; Zhang et al., 2017). 

Cancer cells display an increased demand for amino acids, nucleotides and fatty acids 

in order to maintain their biomass requirements. Furthermore, tumor cells require 

constant TCA cycle replenishment to support their bioenergetic needs. Hence, most 

cancers end up relying on glutamine uptake and metabolism for growth and survival 

(Masisi et al., 2020; Z. Wang et al., 2020; L. Yang et al., 2017) . Accordingly, we 

observed that glutaminase inhibition via the GLS1-specific inhibitor CB-839 selectively 

induced DLBCL cell death while having low toxicity toward primary B cells. We thus 

hypothesized that GLS1 inhibition can provoke cytotoxicity through four different 

mechanisms: 1) by impairing the activation of well-known pro-survival signaling 

pathways in B cells, 2) by reducing the nucleotide supply, 3) by depleting the reservoir 

of metabolic intermediaries and/or 4) by compromising redox homeostasis.  

Several studies have underlined the role of glutamine in the activation of the 

growth-promoting mTOR pathway (L. Yang et al., 2017). Glutamine not only can 

stimulate this kinase directly, but also participates in the import of other amino acids 

such as leucine, that can be sensed by and activate mTOR (Meng et al., 2020; Nicklin 

et al., 2009). Despite the evidence reported, the phosphorylation status of common 

mTOR downstream targets remained unaffected after CB-839 treatment. Furthermore, 

glutamine-derived α-ketoglutarate has been found to indirectly alter gene transcription 

through modifications of the chromatin methylation and acetylation status (Abla et al., 

2020; T. Nguyen & Durán, 2018; Teperino et al., 2010).   However, immunoblotting 

assays revealed that the try-methylation marks in H3K9 and H3K27 remained 

unaltered in DLBCL cells after CB-839 treatment (Fig. 7B-C). Conversely, STAT3 

phosphorylation was decreased upon GLS1 inhibition (Fig. 8A), which is in accordance 

with published data showing that glutamine can directly activate STAT3, whereas 

glutaminolysis inhibition leads to a downregulation of STAT3 phosphorylation (Cacace 

et al., 2017; X. Xia et al., 2018). Nevertheless, in contradiction with these findings, in 

DLBCL cells STAT3 abrogation was caused by a significant reduction in the secretion 
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of IL-6 and IL-10 after CB-839 treatment (Fig. 8B). These cytokines, which are 

commonly produced by ABC DLBCL cells owing to the constitutive NF-κB activation, 

act in an autocrine and paracrine manner to stimulate JAKs and thus activate STAT3. 

Accordingly, when we supplemented the medium with exogenous recombinant human 

IL-6 and IL-10, the levels of phosphorylated STAT3 increased (Fig. 8A). Knowing the 

crucial role of the STAT3 pathway for the survival of B cells (Ding et al., 2008), we 

questioned whether recovery of STAT3 phosphorylation would abrogate the 

CB-839-mediated cytotoxicity. However, neither the supplementation with exogenous 

IL-6/IL-10, nor the inducible expression of a hyperactive STAT3 (STAT3C) mutant 

were able to mitigate the cytotoxicity caused by CB-839 (Fig. 8C-D). Given these 

results, we suggest that the reduction in cytokine production and secretion observed 

after glutaminase inhibition is rather a consequence of the decrease in biomass 

available for peptide and protein biosynthesis, as has also been observed for T cells 

(Sener et al., 2016).   

We next evaluated our second hypothesis, in which we speculated that the notable 

reduction in cell viability after GLS1 inhibition was caused by glutamine-dependent 

alterations in nucleotide levels. Previous findings have shown that upon glutamine 

deprivation the intracellular pools of nucleotides decrease significantly owing to the 

role of glutamine as a donor of amino groups for the synthesis of purines and 

pyrimidines (T. Nguyen & Durán, 2018; Zhang et al., 2017). On the contrary, other 

studies reported that nucleotide biosynthesis does not require the action of 

glutaminase (Cory & Cory, 2006; Thangadurai et al., 2022; Zhang et al., 2017). 

Furthermore, a research group demonstrated that glutamine-dependent availability of 

adenosine in the CRC cell line HCT116 could be sensed specifically by the 3’UTR of 

MYC mRNA to drive its translation, thereby inducing cell growth and proliferation 

(Dejure et al., 2017). However, in DLBCL cells we failed to identify a regulatory 

pathway involving GLS1 and c-Myc, thus making this scenario improbable in 

lymphoma cells. Taking this evidence into consideration, we speculated that the 

CB-839-mediated cytotoxicity would likely not be due to alterations in the nucleotide 

pools of DLBCL cells. As expected, supplementing the media of CB-839-treated 

DLBCL cells with adenosine did not restore cell viability (Fig. 9).  
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A major function of glutamine is to supply intermediaries to fuel the TCA cycle after its 

conversion to glutamate and α-ketoglutarate, and thereby provide the required 

equivalents for ATP generation (Wise & Thompson, 2010; Yoo et al., 2020). 

Consequently, treatment of DLBCL cells with CB-839 led to a decrease in ATP levels, 

particularly after 48 h treatment (Fig. 10C), that correlated with the decrease in cell 

viability. However, we could not determine whether this decrease was due to a 

deprivation of necessary TCA cycle metabolites for ATP production or as a result of 

the cytotoxicity caused by the inhibitor. Consistent with the role of glutamine as an 

anaplerotic substrate, CB-839 treatment in DLBCL cells led to a rapid decrease in 

steady-state levels of common TCA cycle intermediaries including aspartate, 

α-ketoglutarate, glutamate, fumarate and succinate amongst others, which was 

accompanied by an enrichment of glutamine (Fig. 10A). This is in accordance with 

multiple studies that have evaluated the impact of glutamine deprivation and 

glutaminase inhibition on the metabolome (Ruiz-Rodado et al., 2020; C. Yang et al., 

2014; W.-H. Yang et al., 2021). These results fueled the idea of the crucial role of 

glutamine metabolism in supporting the survival and proliferation of lymphoma cells 

via its anaplerotic functions. Hence, we initially hypothesized that CB-839 treatment 

induced cell death in DLBCL cells as a result of the depleted state of essential 

metabolites required for amino acid synthesis and energy production. However, we 

also noticed a significant decrease in the relative abundance of well-known antioxidant 

molecules, such as α-tocopherol, glutathione (GSH) and reduced NADPH in 

CB-839-treated DLBCL cells (Fig. 10B). In agreement with these findings, the ratio of 

reduced to oxidized glutathione decreased after GLS1 blockade in multiple DLBCL cell 

lines but was restored after addition of a membrane permeable form of α-ketoglutarate 

(DM-KG) (Fig. 12A). These results can be explained on at least two levels. First, 

glutamine-derived glutamate, which can also be generated from α-ketoglutarate, is one 

of the three amino acids comprising the antioxidant molecule glutathione (Franco & 

Cidlowski, 2009; Masisi et al., 2020; Roth et al., 2002). Furthermore, glutamate can be 

exported in exchange for cystine by the system xc- antiporter. Cystine is then reduced 

to cysteine, which is an essential substrate for the synthesis of GSH (Lewerenz et al., 

2012).  Second, α-ketoglutarate has been shown to protect against oxidative stress 

effectively by stimulating endogenous antioxidant defense and restoring the pool of 

reducing equivalents (Abla et al., 2020; L. He et al., 2018). Accordingly, DM-KG not 

only restored the ratio of reduced/oxidized glutathione after CB-839 treatment to basal 
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levels but was also capable of rescuing cells from the CB-839-mediated cell death 

(Fig. 11A).  

Consequently, we next assessed whether CB-839 treatment could provoke the 

accumulation of reactive oxygen species in DLBCL cell lines. To this effect, flow 

cytometry analyses were performed in multiple DLBCL cell lines that had been either 

cultured in absence of glutamine or exposed to CB-839 for 48 h and revealed a 

significant increase both in mitochondrial and cytosolic ROS (Fig. 12C, 13B). Overall, 

these results indicate that, even though glutamine is the primary source of carbons for 

the TCA cycle in some tumors, we suggest that in DLBCL the anaplerotic role of 

glutamine providing energy supply for the cell, or its role as a nitrogen donor for amino 

acid and nucleotide biosynthesis, are not primarily essential for DLBCL survival. Thus, 

we propose that the CB-839-mediated cytotoxicity is mainly driven by ROS induction.  

Basal levels of ROS have been proved to be necessary and beneficial for cancer cell 

proliferation. In fact, hyperproliferation of tumor cells is usually concomitant to 

increased ROS production, but these cells are adapted to sustain aberrant redox 

homeostasis, usually by increasing their antioxidant status (Hayes et al., 2020).  

Moreover, ABC DLBCL cell lines have been shown to have a predisposition for 

increased basal levels of ROS, likely owing to their constitutive BCR pathway 

activation, which is associated with alterations in respiration and metabolism leading 

to increased ROS (Zhu et al., 2019). Increased ROS in this setting augments cytokine 

signaling, thus leading to increased proliferation, activation and survival. However, it 

has been well-established that excessive ROS accumulation causes irreversible 

damage that triggers cell death (Hayes et al., 2020). Paradoxically, glutamine itself can 

indirectly lead to ROS production through its anaplerotic entry into the TCA cycle, 

which is subsequently coupled with the electron transport chain (ETC). Electrons 

continuously leak from the ETC and react with oxygen, resulting in the generation of 

ROS (Raimondi et al., 2020). Conversely, glutaminolysis is crucial for the maintenance 

of redox homeostasis, mainly by supplying the intermediaries and amino acids required 

for the synthesis of antioxidant entities such as glutathione, as well as other reducing 

equivalents, like NADPH (Gong et al., 2022). As mentioned previously, upon GLS1 

inhibition, increased ROS levels were detected in all DLBCL cells analyzed. This 

increase is not only observed in DLBCL, but also in many other tumor entities such as 
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AML, CRC and ovarian cancer (Pan et al., 2014; Shen et al., 2020). To prove that the 

CB-839-dependent cytotoxicity was derived from ROS accumulation, we investigated 

the effect of several different antioxidants for their ability to rescue cell viability 

post-CB-839 treatment. Interestingly, from all the screened antioxidants, α-tocopherol 

could effectively abrogate the CB-839-mediated cell death (Fig. 15A).  In addition, 

α-tocopherol was capable of significantly reducing both mitochondrial and cytosolic 

ROS induced by CB-839 treatment in lymphoma cells (Fig. 15B-C). Taken together, 

we suggest that glutamine metabolism plays a key role in the maintenance of redox 

homeostasis by increasing the antioxidant potential of lymphoma cells. In this regard, 

high levels of reduced GSH have been correlated with tumorigenesis and therapy 

resistance in cancer (Godwin et al., 1992; Masamha & LaFontaine, 2018). Indeed, 

inactivating GLS1 in DLBCL cells compromised redox homeostasis, reduced GSH and 

increased ROS accumulation, which contributed substantially to the observed CB-839 

anti-lymphoma effect. 

α-Tocopherol is a lipophilic antioxidant known to be a ferroptosis inhibitor (Q. Hu et al., 

2021). Ferroptosis is a programmed form of cell death dependent on iron and 

characterized by the accumulation of lipid peroxides (Jiang et al., 2021). Our research 

group has previously reported a broad antitumor effect by dimethyl fumarate (DMF) on 

both DLBCL subtypes mediated by the induction of ferroptosis (A. Schmitt et al., 2021). 

In this scenario, GCB DLBCL cells, which generally exhibited lower GSH levels, were 

particularly sensitive to this treatment. Based on our observation that GLS1 inhibition 

diminished the GSH pool in DLBCL cells and that α-tocopherol was the only antioxidant 

able to abrogate CB-839-mediated ROS-induced cell death, we initially hypothesized 

that DLBCL cells were undergoing ferroptosis after GLS1 blockade. To investigate this, 

we quantified lipid peroxidation after GLS1 inhibition and observed that, while DMF 

strongly induced lipid peroxidation after just a 4 h exposure, CB-839 failed to provoke 

such a stark increase (Fig. 13A), suggesting that the CB-839-mediated oxidative cell 

death cannot be characterized as ferroptosis.   

Next, we wanted to further investigate the mechanism of action of CB-839 in DLBCL 

cells. We suspected that GLS1 inhibition provokes the accumulation of ROS due to 

redox imbalance. It is known that glutamine undergoes catabolism to fuel the TCA 

cycle, which subsequently supplies the ETC with NADH and FADH2 required for the 
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proper functioning of the complex I and II of the ETC (DeBerardinis et al., 2007; vander 

Heiden et al., 2009). Theoretically, the inhibition of glutaminolysis and the subsequent 

deprivation of TCA cycle metabolites would lead to a lack of crucial reductive 

equivalents to feed the ETC, hence impairing its normal function. With an ETC 

impairment, one would expect a reduction in electron leakage from the mitochondria, 

thus diminishing ROS generation. However, this is not what we observed in lymphoma 

cells after GLS1 inhibition. Contrary to the aforementioned theory, we speculated that 

the lack of equivalents necessary to supply the ETC could lead to a disruption in the 

mitochondrial membrane potential, which would provoke an excessive electron 

leakage for ROS production. Evidence has shown that impairment of the mitochondrial 

electron transport chain leads to an increase in intracellular oxidative stress, disruption 

of the proton gradient, insufficient ATP production and even cell death (Indo et al., 

2007). In fact, inhibitors of complex I and III, such as rotenone and antimycin A (AMA) 

respectively, have been used as ROS generators in biological systems.  AMA-treated 

cells exhibited a loss of mitochondrial membrane potential, Bcl-2 downregulation, Bax 

upregulation, GSH depletion and marked ROS increase (W. H. Park et al., 2007). 

Rotenone induces cell death in a similar fashion (N. Li et al., 2003). Consequently, 

considering the observed increase in mitochondrial reactive oxygen species we 

observed after GLS1 inhibition, we next investigated the relationship between 

CB-839-induced cytotoxicity and mitochondrial membrane potential. Contrary to what 

we hypothesized, we could not observe any alterations in the mitochondrial membrane 

potential via TMRE staining. However, an interesting finding demonstrated that those 

DLBCL cell lines with higher amounts of active mitochondria (as determined by TMRE), 

exhibited higher cytosolic ROS levels after GLS1 blockade, likely indicating the source 

of CB-839-derived ROS. Strikingly, addition of rotenone to CB-839 increased the levels 

of mitochondrial ROS observed in DLBCL cells (Fig. 13D). On the contrary, addition of 

antimycin A to CB-839 could not further enhance ROS generation in lymphoma cells 

(Fig. 13D). In this context, further analyses are required in order to examine in detail 

the effects of CB-839 on the ETC to investigate whether CB-839 can provoke an 

excess in ROS production through alterations of the ETC. 

Collectively, these observations suggest a crucial role for glutaminase in the 

maintenance of redox homeostasis in DLBCL by supplying sufficient intermediaries to 

fulfil the increased demand of reductive equivalents and antioxidant molecules. DLBCL 
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cells undergo cell death after GLS1 blockade owing to the lack of glutamine-derived 

glutamate required for glutathione synthesis. Furthermore, the data imply that GLS1 

inhibition might affect the upkeep of the ETC which can further enhance ROS 

generation.  

 

3.3 Synergistic approaches for the treatment of DLBCL  

Current treatment schemes for NHL aim at combining agents that target different 

dysregulated pathways or cooperating mutations in order to achieve higher response 

rates (Roschewski et al., 2014). Combination strategies with different targeted agents 

have yielded promising results both in DLBCL cell lines and in phase I and II clinical 

trials. For instance, the PKC-β inhibitor enzastaurin has been tested in combination 

with the standard therapy R-CHOP in a phase II study and demonstrated an 

encouraging increase in 1-year progression free survival (PFS) of 71% versus 52% of 

those patients treated only with R-CHOP (Hainsworth et al., 2016). Furthermore, the 

Bruton tyrosine kinase inhibitor ibrutinib entered a phase Ib clinical trial where it was 

tested in combination with R-CHOP and has shown promising results (Younes et al., 

2014). This combination is currently being tested in a phase III clinical trial with patients 

diagnosed with non-GCB DLBCL. The current challenge is to properly identify rational 

combination therapies and define mechanism-based synergistic approaches that avoid 

at all costs possible side effects.  

To this effect, we proposed the combination between the Bcl-2 selective inhibitor 

venetoclax (ABT-199) and CB-839. We opted for this drug combination based on the 

observed mechanistic functions of ABT-199. On the one hand, venetoclax is a drug 

that has already been described to be effective in B-cell lymphoma patients and is 

undergoing phase I and II clinical trials (Davids et al., 2014; Kuo et al., 2017; Souers 

et al., 2013). Furthermore, since lesions causing Bcl-2 overexpression are frequent in 

both DLBCL subtypes, ABT-199 treatment would directly aim at the pro-survival 

mechanisms of DLBCL cells and tilt the balance in favor of apoptosis (Dunleavy & 

Wilson, 2011; Johnson et al., 2012). On the other hand, ABT-199 has been shown to 

enhance ROS production in T cells by reducing the formation of respiratory chain 

supercomplexes, while GSH levels remained unaffected (Peirs et al., 2014). Thus, we 

proposed that since CB-839 provokes ROS accumulation in a different manner than 
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ABT-199, the combination of both would likely synergistically enhance ROS levels in 

DLBCL cells. Furthermore, we could further exploit the fact that ABT-199 inhibits the 

anti-apoptotic protein Bcl-2, which would lower the threshold by which DLBCL cells 

undergo apoptosis in these conditions. For this, we first assessed the ability of 

ABT-199 to induce ROS in multiple DLBCL cell lines and demonstrated a 

dose-dependent increase in mitochondrial and cytosolic ROS induction upon Bcl-2 

blockade (Fig. 16A). As expected, while single ABT-199 and CB-839 treatment led to 

moderate ROS accumulation, the combination of both agents resulted in a dramatic 

increase in ROS formation that could be almost fully abrogated by addition of 

α-tocopherol (Fig. 16B-C). This excessive ROS induction upon CB-839 and ABT-199 

combination treatment subsequently provoked cytotoxicity in a synergistic manner 

independent of the DLBCL cell line (Fig. 17A-B).  

In conclusion, considering that this drug combination has previously been shown to 

exhibit encouraging results in AML (Pan et al., 2014), and taking into account our 

observation that ABT-199 further sensitizes cells to ROS-mediated cell death when 

combined with CB-839, we propose that this drug combination might represent a 

promising novel strategy for the treatment of all DLBCL subtypes. However, GLS1 and 

Bcl2 expression should first be confirmed in DLBLC biopsies before considering the 

combinatorial GLS1/Bcl2 inhibitor treatment.       
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CHAPTER 2 
The importance of IκBζ in liver disease 
 
4 Introduction 
4.1 Hepatocellular carcinoma  

Hepatocellular carcinoma (HCC) accounts for ~90% of all newly diagnosed primary 

liver cancers and is the fourth leading cause of cancer-related death worldwide, with 

its incidence on the rise (Llovet, Kelley, et al., 2021; Sung et al., 2021). The prognosis 

of HCC patients remains dismal, owing to the severity of this tumor and a lack of 

effective treatment strategies. The molecular pathogenesis of HCC is complex, since 

it varies depending on the etiology and genotoxic insults that lead to 

hepatocarcinogenesis (Forner et al., 2018; J. D. Yang et al., 2019). Furthermore, 

targeting of the most frequent oncogenic drivers remains a challenge, considering 

some of the most frequently mutated genes, such as TP53, CTNNB1, CCND1 and 

TERT, are considered undruggable (Llovet, Kelley, et al., 2021).  Currently, the 

standard treatment consists in hepatic resection, transplantation and ablation for early 

diagnosed patients, and systemic treatment with the multi-kinase inhibitor sorafenib for 

cases of advanced hepatocellular carcinoma (Llovet, Kelley, et al., 2021).  However, 

70% of HCC patients relapse before 5 years and succumb to the disease (Forner et 

al., 2018; Villanueva, 2019).  

4.1.1 Current HCC treatment options  

Effective treatment strategies for the management of HCC are limited, owing to the 

scarcity of druggable targets. The most desirable treatment option is surgical resection 

of the tumor. However, only patients diagnosed at early stages with no dissemination 

are electable for resection and 70% will still develop recurrent HCC (Llovet, Kelley, et 

al., 2021). The most promising treatment for early diagnosed patients is liver 

transplantation, which not only gets rid of the tumor tissue, but also of the partial 

dysfunctional liver (Llovet, Kelley, et al., 2021; J. D. Yang et al., 2019). However, 

scarcity in organ donations limits this treatment (J. D. Yang et al., 2017). Another 

potentially curative treatment is local ablation using radiofrequency or microwave 
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ablation, which causes tumor necrosis not only of the tumor cells but also of the 

surrounding blood vessels (Llovet, De Baere, et al., 2021; Llovet, Kelley, et al., 2021). 

Survival after ablation ranges between 50-70%, making it one of the most effective 

treatment strategies for early diagnosed patients (Llovet, De Baere, et al., 2021; Shiina 

et al., 2018; J. Yu et al., 2017). Transarterial chemoembolization (TACE), whereby 

cytotoxic agents and embolization particles are infused directly into the tumor, is the 

treatment of choice for patients with large or multifocal tumors, but survival rates 

remain low (Lencioni et al., 2016; Llovet et al., 2002; Yin et al., 2014). Finally, sorafenib 

has remained the first-line systemic treatment option for patients with advanced-stage 

HCC for more than a decade (Llovet et al., 2008; Llovet, Kelley, et al., 2021). However, 

recently the combination of the anti-PDL1 antibody atezolizumab with the anti-VEGF 

antibody bevacizumab has proved to be more effective than sorafenib in improving 

overall survival (Cheng et al., 2022; Finn et al., 2020). Current treatment strategies are 

focusing on exploiting the inflammatory nature of this tumor and high immune presence 

in HCC to achieve better response rates. In this regard, immune checkpoint inhibitors 

combined with anti-angiogenic agents have shown promising results (Llovet, Kelley, et 

al., 2021; US National Library of Medicine, 2019).          

4.1.2 Risk factors involved in hepatocarcinogenesis 

In 90% of the cases, HCC occurs in a setting of chronic inflammation and cirrhosis, 

owing to a pre-existing liver disease (J. D. Yang et al., 2019; YM. Yang et al., 2019). 

There are several well-known risk factors for the development of HCC and their 

incidence reflects geographical variations (J. D. Yang & Roberts, 2010).  For instance, 

chronic infection with hepatitis B virus (HBV) accounts for approximately 60% of HCC 

cases in eastern Asia and sub-Saharan Africa, while it only accounts for 20% of cases 

in the West (Global Burden of Disease Liver Cancer Collaboration et al., 2017; Llovet, 

Kelley, et al., 2021). HBV is a DNA virus that can integrate into the host genome, 

thereby inducing genetic mutations that cause oncogene activation and 

hepatocarcinogenesis (Levrero & Zucman-Rossi, 2016; Trépo et al., 2014; Yuen et al., 

2018). Additionally, the early-onset cases of HCC observed in Africa are due to 

exposure to the mycotoxin aflatoxin B1, which acts synergistically with HBV increasing 

the risk of hepatocellular carcinoma (Gouas et al., 2009; TURNER et al., 2002; J. D. 

Yang et al., 2019). Conversely, hepatitis C virus (HCV) is the most common 

virus-related cause of HCC in North America, Europe, Japan and northern Africa (J. D. 
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Yang et al., 2019). In these cases, considering the inability of HCV to integrate in the 

genome, the development of HCC is limited to the patients that develop chronic liver 

damage and cirrhosis (Khatun et al., 2021; Llovet, Kelley, et al., 2021; J. D. Yang & 

Roberts, 2010). Notably, in developed countries, non-alcoholic fatty liver disease 

(NAFLD) and non-alcoholic steatohepatitis (NASH) have become one of the major 

attributors of HCC development and account for roughly 20% of the cases due to the 

rising prevalence of metabolic disorders such as diabetes mellitus and obesity (Welzel 

et al., 2013; J. D. Yang et al., 2019; Younossi et al., 2015). Interestingly, approximately 

30% of NASH-associated HCCs occur in the absence of cirrhosis, making it hard to 

surveille these patients for the onset of liver cancer (Welzel et al., 2013). Furthermore, 

excessive alcohol intake leads to alcoholic liver disease (ALD), which increases the 

hepatocarcinogenic potential threefold (El-Serag & Mason, 2000; Ganne-Carrié & 

Nahon, 2019). Currently, alcohol abuse is the second most common risk factor in the 

USA and Europe and is accountable for 15-30% of HCC cases (J.-W. Park et al., 

2015). Moreover, alcohol consumption increases the risk of HCC development when 

combined with other risk factors. For instance, HBV carriers who consume alcohol 

have increased risk of developing liver cancer (Donato et al., 2002; Hassan et al., 

2002). In summary, HCC is a typical inflammation-related cancer, where the great 

majority of the associated risk factors pose a hepatocarcinogenic burden due to the 

prolonged inflammation and fibrosis arising from HBV/HCV infection, chronic alcohol 

intake, NAFLD and NASH and/or cirrhosis.   

4.1.3 The role of inflammation in HCC development 

The pathogenesis of HCC frequently involves inflammatory signaling pathways, 

immune cell infiltration and the tolerogenic environment characteristic of the liver. In 

fact, more than 80% of HCC cases are driven by an underlying cirrhosis caused by 

chronic inflammation (YM. Yang et al., 2019). The sequence leading to 

hepatocarcinogenesis consists of a multi-step process by which an initial insult, 

stemming from a viral infection, metabolic disorder, excessive alcohol consumption or 

exposure to toxins, ultimately results in hepatic epithelial cell damage (Villanueva, 

2019; J. D. Yang & Roberts, 2010; YM. Yang et al., 2019). The damage induced to 

hepatocytes not only leads to inflammation, excessive ROS production and DNA 

damage, but also prompts compensatory proliferation in the hopes of resolving the 

injury. However, the coupling of increased hepatocyte proliferation with the elevated 
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susceptibility of suffering DNA mutations rises the likelihood of developing 

hepatocellular carcinoma (YM. Yang et al., 2019). Studies performed in HCC mouse 

models have uncovered several inflammation-related pathways that are critical 

mediators in hepatocarcinogenesis, including the IL-6/STAT3 signaling axis, as well as 

the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), the c-Jun 

N-terminal kinase (JNK) and the tumor necrosis factor (TNF)-α pathways (Refolo et 

al., 2020; YM. Yang et al., 2019).  

4.1.3.1 IL-6/STAT3 signaling pathway in the development of HCC 

The signaling axis involving IL-6/STAT3 is a well-characterized signaling pathway 

involved in the promotion of hepatocellular carcinogenesis, owing to its function in 

hepatocyte repair and replication (Svinka et al., 2013; YM. Yang et al., 2019). In fact, 

the disparity observed between men and women regarding HCC incidence is partly 

due to the differences observed in IL-6 levels due to sex hormones (Nakagawa et al., 

2009; Naugler et al., 2007). 

IL-6 levels have been shown to be increased in the serum of viral and alcoholic 

hepatitis patients, steatohepatitis patients, as well as in liver cirrhosis and HCC patients 

(Aleksandrova et al., 2014; Fontes-Cal et al., 2021; Nakagawa et al., 2009; Shakiba et 

al., 2018; Sheron et al., 1991; Wong et al., 2009).  Studies in the murine 

diethylnitrosamine (DEN) model of HCC demonstrated that impairment of both the 

classical and trans-signaling IL-6 pathways protect from HCC development, generally 

by abrogating STAT3-dependent compensatory proliferation, DNA damage 

accumulation, hepatic injury, necrosis, macrophage infiltration and angiogenesis 

(Bergmann et al., 2017). In this context, Kupffer cells (KCs), which are liver specific 

macrophages, were the major source of soluble IL-6 receptor (sIL-6R) upon DNA 

damage and hepatocyte necrosis through MyD88 activation downstream of Toll-like 

receptors (TLRs). Furthermore, a study performed on a mouse model of obesity and 

hepatosteatosis, where HCCs were induced via administration of DEN at different time 

points, further demonstrated the implications of chronic IL-6-STAT3 axis activation on 

proliferation and progression of transformed hepatocytes (E. J. Park et al., 2010). 

Notably, obesity and lipid accumulation led to low-grade inflammation as demonstrated 

by elevated production of TNF and IL-6. In this setting, IL-6 signaling through STAT3 

and ERK was observed to subsequently reduce apoptosis while stimulating cell 
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proliferation of transformed hepatocytes. In this scenario, knocking-out either STAT3, 

IL-6 or TNFR1 all abrogated the tumor-promoting effect of obesity, as observed by the 

reduction in HCC formation in this mouse model. Moreover, in a different 

obesity-associated HCC murine model, hepatocarcinogenesis was shown to be 

significantly reduced after IL-1β ablation, owing to the subsequent blockage in the 

senescence-associated secretory phenotype (SASP), which includes IL-6 and IL-8 

secretion (Yoshimoto et al., 2013).  

STAT3 phosphorylation was also shown to be enhanced in the livers of obese mice 

that had been fed a high fat diet (HFD) (Grohmann et al., 2018). In this context, the 

inactivation of the STAT3 phosphatase T-cell protein tyrosine phosphatase (TCPTP) 

increased IL-6 expression and STAT3 activity and promoted the development of 

hepatocellular carcinoma. Additionally, another study in the MUP-uPA mouse model 

of liver damage provided evidence of the requirement of the IL6-STAT3 autocrine loop 

for the malignant progression of HCC progenitor cells (HcPCs) (G. He et al., 2013). 

Silencing of IL-6 either in HcPCs or in hepatocytes reduced DEN-induced 

tumorigenesis in the liver in this specific setting.  

Finally, retrospective studies in chronically infected HBV and HCV patients have 

revealed a correlation between high IL-6 levels in serum and the increased risk in 

developing HCC (Nakagawa et al., 2009; Shakiba et al., 2018; Wong et al., 2009). In 

fact, 16% of biopsies obtained from human HCV-infected livers exhibited IL-6 

expression and STAT3 activation (G. He et al., 2013). Altogether, these studies 

highlight the crucial role of the IL-6-STAT3 signaling axis in the development and 

progression of hepatocellular carcinoma.  

4.1.3.2 Role of NF-κB in HCC development 

NF-κB is known as a master regulator of inflammation, that not only coordinates the 

initiation of inflammatory responses, but also regulates the intensity and duration of the 

response (Luedde & Schwabe, 2011). NF-κB is one of the most important pathways 

involved in the typical injury-inflammation-regeneration cycle observed during HCC 

development. However, the role of NF-κB in hepatocarcinogenesis remains 

controversial and can be contradictory. In this regard, the cytokines lymphotoxin (LT)-α 

and -β, known to induce both classical and alternative NF-κB signaling, have been 

shown to be upregulated in livers of HBV and HCV-induced hepatitis patients 
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(Haybaeck et al., 2009). In fact, heightened liver-specific LT-α and -β expression in a 

transgenic mouse line were shown to lead to an upregulation in the expression of 

chemokines and cytokines, as well as cell-growth-related genes, and led to an increase 

in hepatocyte proliferation and to a pronounced influx of lymphocytes and 

macrophages, all of which ultimately induced the development of hepatitis and HCC. 

Interestingly, ablation of either lymphocytic infiltration or liver-specific IKKβ expression 

in this context was shown to abrogate the development of hepatitis and HCC, thus 

underlining the tumor-promoting function of NF-κB in hepatocytes (Haybaeck et al., 

2009). Additionally, an Mdr2-/- mouse model of cholestatic hepatitis that progresses to 

HCC over time showed that carcinogenesis in this setting is majorly dependent on the 

TNFα-induced NF-κB activity in hepatocytes (Pikarsky et al., 2004). Mdr2-/- mice 

expressing a liver-specific IκBα-supper-repressor, which sequesters NF-κB dimers in 

the cytoplasm, dramatically decreased HCC progression but not tumor initiation. This 

study provided evidence that NF-κB becomes essential for tumor promotion by 

protecting transformed hepatocytes against apoptosis via upregulation of the 

anti-apoptotic proteins GADD45β, A1 and c-IAP1 (Pikarsky et al., 2004).  

In contrast, the IKK subunit NF-κB essential modulator (NEMO), which is essential for 

NF-κB activation, has been identified as a tumor suppressor in the liver. Liver-specific 

ablation of the NEMO/IKKγ subunit in mice was shown to cause spontaneous 

development of chronic steatohepatitis followed by HCC, owing to an increase in 

hepatocyte apoptosis and subsequent reactive proliferation prompted by 

FAS-associated death domain protein (FADD)-mediated and oxidative-stress-related 

liver injury (Luedde et al., 2007). Similarly, in a mouse model of DEN-induced 

hepatocarcinogenesis, hepatocyte-specific deletion of IKKβ resulted in a three-fold 

increase in tumor load and size, due to the JNK-mediated increase in ROS 

accumulation, hepatocyte death and compensatory proliferation (Maeda et al., 2005). 

These studies reinforce the observation that in some instances, especially in the 

absence of chronic inflammation, NF-κB can protect against HCC development. 

4.1.3.3 NF-κB function in the tumor microenvironment 

Constitutive activation of NF-κB not only occurs in tumor cells, but also in the cells 

comprising the tumor microenvironment. Furthermore, NF-κB activation in 

premalignant or malignant hepatocytes can be induced by cytokines and inflammatory 
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factors emanating from surrounding nonparenchymal liver cells. To this effect, 

hepatocarcinogenesis could be partially attributed to the activation of NF-κB in 

intrahepatic lymphocytes in the transgenic mouse model of liver-specific LT-α and LT-β 

overexpression. In this scenario, liver-infiltrating lymphocytes were responsible for the 

release of pro-inflammatory cytokines and chemokines that led to the recruitment and 

activation of myeloid cells, which subsequently caused tissue destruction and 

hepatocyte proliferation. Hence, lymphocyte depletion in this context abrogated HCC 

development in these mice (Haybaeck et al., 2009). Additionally, the observed NF-κB 

activation in hepatocytes of Mdr2-/- mice was shown to depend on paracrine TNFα 

stimulation derived from non-parenchymal cells, such as Kupffer cells (Mauad et al., 

1994; Pikarsky et al., 2004). In this setting, the sustained inflammatory process 

observed was dependent on NF-κB activation in infiltrating immune cells. Similarly, in 

Mdr2-/- mice ablation of IL-6 in monocytes suppressed the expression of common 

NF-κB target genes, such as IL-6, TNFα, INF-γ and IL-1α, and thus decreased 

macrophage infiltration, spontaneous liver damage and HCC formation (Kong et al., 

2016). Moreover, as described previously, in the DEN-induced mouse model of HCC 

ablation of IKKβ led to compensatory proliferation of hepatocytes, which prompted 

tumor initiation. In this context, the liver damage caused by DEN was shown to activate 

NF-κB in liver resident Kupffer cells, which in turn produced and secreted mitogenic 

factors and cytokines that promoted compensatory proliferation (Maeda et al., 2005). 

In fact, deletion of IKKβ both in hepatocytes as well as in Kupffer and B cells reduced 

4-fold the HCC load, thus highlighting the role of NF-κB in lymphoid and myeloid cells 

to aid in HCC development. Finally, the presence of ectopic lymphoid structures 

(ELSs), which are leukocyte aggregates that direct B- and T-cell responses, have been 

shown to be an indicative of poor prognosis in HCC patients (Patman, 2015). 

Interestingly, NF-κB signaling has been found essential for the generation of hepatic 

ELSs, since enforced hepatocyte-specific IKKβ expression in a transgenic mouse 

model increased the presence of ELSs in the liver. This, in turn, correlated with liver 

damage, increased hepatocyte proliferation and HCC development (Finkin et al., 

2015). These hepatocarcinogenic effects were attributed to the supportive 

inflammatory microniche created by ELSs for malignant hepatocytes, considering that 

ablation of lymphocytes resulted in a significant attenuation of HCC formation. In this 

scenario, LT-β, a well-known activator of the non-canonical NF-κB pathway, was 

identified as an important regulator of ELS assembly (Finkin et al., 2015). All in all, the 
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evidence highlights the crucial role of the NF-κB pathway in hepatocarcinogenesis also 

when activated in immune cells.  

 

4.2 The transcription factor NF-κB 

The NF-κB family of inducible transcription factors (TFs) is comprised of five members, 

namely NF-κB1 (p105/p50), NF-κB2 (p100/p52), RelA (p65), RelB and c-Rel. While 

RelA, RelB and c-Rel are produced as mature proteins and contain a transactivation 

domain (TAD), NF-κB1 and NF-κB2 are synthesized as inactive precursors that need 

to be proteolytically processed to produce mature TFs. The five members form homo- 

or heterodimers that bind to κB elements in promoter or enhancer regions in the DNA 

to induce or repress gene transcription. All NF-κB proteins contain at their N-terminal 

a conserved Rel-homology domain (RHD) which mediates dimerization, DNA binding, 

IκB interaction and nuclear localization. Whereas RelA, RelB and c-Rel all have TAD 

domains in their C-terminus, both p105 and p100 contain ankyrin repeats at their 

C-terminal region, allowing them to function in a similar fashion to inhibitor of κB (IκB) 

proteins (Ghosh & Hayden, 2008; Gilmore, 2006; Oeckinghaus & Ghosh, 2009; Shih 

et al., 2011). Once processed, p50 and p52 are capable of translocating to the nucleus 

and perform TF functions (Savinova et al., 2009).   

Under physiological conditions, NF-κB members are commonly found sequestered in 

the cytoplasm through interaction with the ankyrin-rich regions of cytoplasmic IκB 

proteins IκBα, IκBβ and IκBε. These inhibitory proteins function by masking the nucleus 

localization signal (NLS) found in the RHD of the NF-κB subunits, thus remaining 

inactive (Ghosh & Hayden, 2008; Huxford & Ghosh, 2009). NF-κB can become 

activated through two different pathways: the canonical or classical pathway, and the 

non-canonical or alternative pathway (Hoesel & Schmid, 2013; Shih et al., 2011).  Both 

have in common an upstream regulatory step that involves activation of the IKK 

complex, which consists of two catalytic subunits, IKKα and IKKβ, and a regulatory 

subunit, IKKγ, also known as NEMO. Activation of the classical pathway occurs upon 

reception of stimuli including cytokines (IL-1α, IL-1β, IL-17, etc.), TNFR ligands, pattern 

recognition receptor (PRR) ligands, such as lipopolysaccharide (LPS) and DNA 

fragments, or upon TCR and BCR stimulation. In brief, stimulation of these membrane 

receptors leads to activation of TGFβ-activated kinase 1 (TAK1), which forms a 
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complex with the regulatory subunits TAK1-binding protein (TAB)-1 and TAB2. TAB2 

then facilitates recruitment of the IKK complex to TAK1 via the poly-ubiquitin chains of 

NEMO. Subsequently, TAK1-dependent phosphorylation activates IKKβ, which in turn 

phosphorylates IκBα at serines 32 and 36, thus leading to its ubiquitination and 

degradation in proteasome. Degradation of IκBα releases the NF-κB dimers (mainly 

p50/RelA and p50/c-Rel heterodimers), allowing them to translocate to the nucleus, 

where they initiate gene transcription (Brown et al., 2008; Hoesel & Schmid, 2013; Shih 

et al., 2011). Conversely, the non-canonical NF-κB pathway is only activated by a 

specific group of stimuli that include ligands of LTβR, BAFFR, CD40 and RANK. It is 

considered a supplementary signaling axis that cooperates with functions of the 

adaptive immune system. In this scenario, downstream signaling through NF-κB 

inducing kinase (NIK) activates IKKα. Together they induce p100 phosphorylation and 

ubiquitination for the degradation of its C-terminal domain, which contains the ankyrin 

repeats. Processing of p100 leads to the generation of p52, which is released in the 

cytoplasm and will translocate into the nucleus as p52/RelB heterodimers (Shih et al., 

2011; Sun, 2017).   

 
Figure 18.1. Canonical and non-canonical NF-κB pathways. The canonical NF-κB pathway 
responds to a variety of stimuli activating PRRs, cytokine receptors and antigen receptors. 
Upon receptor engagement, these activate TAK1, which ultimately leads to the 
phosphorylation and activation of IKKβ for the subsequent phosphorylation of IκBα. IκBα is 
then targeted for ubiquitin-dependent degradation in the proteasome, thus allowing for the 
translocation of the p50/RelA and p50/c-Rel heterodimers into the nucleus to initiate target 
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gene transcription. In contrast, the non-canonical NF-κB pathway is selectively activated by a 
subset of tumor necrosis factor receptor (TNFR) superfamily members that activate the 
downstream effector NIK. NIK subsequently phosphorylates and activates IKKα, which in turn 
phosphorylates p100 thus inducing its processing in proteasome, leading to the generation of 
p52. The non-canonical pathway ultimately leads to the translocation of p52/RelB heterodimers 
into the nucleus. Ub, ubiquitin. Obtained from (Sun, 2017).  

Once in the nucleus, the NF-κB dimers bind κB elements in the DNA to initiate 

transcription. In some instances, target gene activation requires assistance from other 

TFs including activator protein 1 (AP1) members, STAT and interferon regulatory 

factors (IRFs) (Grivennikov & Karin, 2010; Oeckinghaus et al., 2011; Taniguchi & 

Karin, 2018). Common NF-κB target genes include genes encoding for 

pro-inflammatory cytokines (TNF, IL-1, IL-6, etc.), chemokines (IL-8, CCL2, CCL3, 

CCL5, CXCL1 and CXCL2) and enzymes (like cyclooxygenase 2 and inducible nitric 

oxide synthase), growth factors, proliferation-related genes (such as MYC and cyclin 

D1), anti-apoptotic proteins (Bcl-XL, Bcl-2, FLIP), angiogenic factors, adhesion 

molecules and matrix metalloproteinases (Liu et al., 2017). Owing to this wide range 

of target genes, constitutive NF-κB activation has incredibly detrimental effects, and 

can lead to chronic inflammation and tumorigenesis. Interestingly, pathogenic NF-κB 

activation is rarely due to genetic alterations directly on NF-κB family members, but 

rather due to defects affecting upstream regulators (Taniguchi & Karin, 2018).  

 

4.3 Atypical IκB members 

While classical IκB proteins are ubiquitously expressed and exert their functions in the 

cytoplasm, where they bind to NF-κB dimers impeding their nuclear translocation, 

atypical IκB members, namely Bcl-3, IκBNS, IκBζ, IκBη and IκBL, are expressed 

predominantly in the nucleus in response to a broad variety of stimuli (Hinz et al., 

2012). Under physiological conditions, atypical IκBs display low expression levels, 

except for IκBη, which is found constitutively expressed at basal levels in multiple 

tissues (Yamauchi et al., 2010). Upon activation of the NF-κB signaling pathway in 

response to a variety of inflammatory stimuli, the expression of atypical IκBs is greatly 

upregulated in the nucleus, where they will perform their functions (Hayden & Ghosh, 

2008; Hinz et al., 2012). Atypical IκBs can function as transcriptional co-activators or 

co-repressors, either by stabilizing p50 homodimers on κB sites and facilitating NF-κB 

interaction with other factors, or by removing DNA-bound hetero- or homodimers, 
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respectively. Thus, their main role is to provide fine-tuning for late NF-κB-dependent 

gene regulation (Hinz et al., 2012; Willems et al., 2016).  

4.3.1 The atypical protein IκBζ  

IκBζ, which is encoded by NFKBIZ (also known as MAIL), possesses a high degree of 

homology with the other atypical IκB proteins Bcl3 and IκBNS (Haruta et al., 2001; 

Kitamura et al., 2000; Muta et al., 2003). Structurally, IκBζ is a nuclear protein that 

contains seven ankyrin repeats, a TAD domain in its central region that confers intrinsic 

transcriptional activity, and a nuclear translocation sequence (NLS) in its N-terminus 

(Motoyama et al., 2005; Muta et al., 2003). IκBζ exists as 3 different splice variants: 

IκBζ(S), IκBζ(L) and IκBζ(D). All of them share the presence of the ankyrin repeats in 

their C-terminal region and differ in their central or N-terminal domain. The shorter 

IκBζ(S) variant lacks the first 99 amino-acids from the N-terminus, while the rare 

IκBζ(D) isoform lacks a big segment in the central region that includes the 

transactivation domain, thus behaving as a dominant negative isoform (Chapman et 

al., 2010; Motoyama et al., 2005).  

Figure 18.2. Schematic representation of the IκB family of proteins. Structural 
representation of the (A) cytoplasmic or typical IκB proteins and (B) nuclear or atypical IκB 
protein members. PEST, domain rich in proline, glutamic acid, serine and threonine; AR, 
ankyrin-repeat; NES, nuclear export signal; NIS, nuclear import signal; GRR, glycine-rich 
region. Obtained from (Willems et al., 2016). 
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NFKBIZ constitutes an NF-κB primary response gene that, despite being barely 

detectable in resting cells, is robustly induced in the nucleus upon inflammatory 

stimulation of IL-1R, IL-17R, BCR, TCR or TLR 2, 4, 5, 7 and 9, but not upon stimulation 

with TNF-ɑ (Eto et al., 2003; Irie et al., 2000; Kitamura et al., 2000; Yamamoto et al., 

2004). Engagement of IL-1R/TLR elicits the recruitment of the adaptor protein MyD88 

to the Toll/interleukin-1 receptor (TIR). MyD88 subsequently recruits and activates IL-1 

receptor-associated kinase (IRAK)4 and IRAK1, the latter of which then 

phosphorylates TRAF6. TRAF6 phosphorylation ultimately leads to TAK1-mediated 

IKK phosphorylation and thus, activation of the canonical NF-κB pathway, thereby 

inducing IκBζ expression. In fact, it has been shown that ablation of MyD88 completely 

abolishes IL-1 and LPS-mediated IκBζ induction (Yamamoto et al., 2004). However, 

NF-κB-dependent induction of IκBζ transcription is not enough to ensure IκBζ 

expression at protein level, since stabilization of IκBζ mRNA is a requirement for it to 

be fully functional (Yamazaki et al., 2005). In this regard, activation of IRAK1/4 

downstream of MyD88 was proven to be essential in the post-transcriptional regulation 

of a 165-nucleotide cis-element found in the 3’-UTR region of IκBζ, which confers 

stability to its mRNA (MaruYama et al., 2016; Ohba et al., 2012).  However, further 

studies are required to provide insights into other mechanisms regulating mRNA 

stability and translational activation downstream of distinct immune receptors and cell 

types.  

MicroRNAs (miRNAs), which are non-coding RNA molecules that mediate 

post-transcriptional regulation of gene expression via translational inhibition or 

induction of mRNA cleavage, have also been shown to regulate IκBζ expression in 

certain cell types. For instance, a study in Hep2G cells revealed that miR-124 targets 

the 3’-UTR of IκBζ resulting in its translational repression, while miR-223 was shown 

to regulate NFKBIZ expression in glioblastoma multiforme (Huang et al., 2015; 

Lindenblatt et al., 2009). Moreover, a study showed that roquin-1 cooperates with the 

endonuclease regnase-1 in the recognition and cleavage of NFKBIZ mRNA, thus 

negatively regulating IκBζ expression. In this setting, activation of MALT1 downstream 

of the TCR in CD4+ T cells led to the cleavage and degradation of both roquin-1 and 

regnase-1, thereby allowing the stabilization and expression of IκBζ, which enhances 

TH17 differentiation (Garg et al., 2015; Jeltsch et al., 2014). Hence, there are several 

cellular mechanisms in place to regulate the expression of IκBζ, not only at a 
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transcriptional, but also at a post-transcriptional level. Once expressed, IκBζ mediates 

the removal or recruitment of NF-κB subunits and gene regulators to promoter regions 

to regulate the expression of a specific subset of NF-κB secondary response genes 

(Yamamoto et al., 2004; Yamazaki et al., 2008).  

In the nucleus, IκBζ requires the interaction with NF-κB members in order to gain 

access to the promoter regions of its target genes and thereby regulate transcription. 

Therefore, NF-κB is not only required for IκBζ induction, but also contributes in the 

transcriptional upregulation of IκBζ genes, since silencing of the p50 or p65 subunits 

has been shown to downregulate or abrogate the expression of certain IκBζ target 

genes (Eto et al., 2003; Yamazaki et al., 2008). IκBζ preferentially forms complexes 

with p50/p50 homodimers (Kohda et al., 2016; Motoyama et al., 2005; Yamamoto et 

al., 2004).  Nevertheless, it has also been shown to interact with the p52 subunit in 

ABC DLBCL cell lines, implying a role in the non-canonical NF-κB pathway (Nogai et 

al., 2013). Conversely, IκBζ binding with the p65 subunit has been reported to 

negatively affect its transcriptional activity in the nucleus by inhibiting the binding of 

p65/p50 heterodimers to the DNA (Totzke et al., 2006; Yamazaki et al., 2001). Contrary 

to this observation, another study reported that interaction of IκBζ with p65/p50 dimers 

induces IFNγ production in NK cells in response to IL-12/IL-18 stimulation (Kannan et 

al., 2011). Additionally, IκBζ has been shown to recruit and modulate other TFs. For 

instance, it was reported that IκBζ recruits the transcription factor CCAAT/enhancer 

binding protein beta (C/EBPβ) to the promoters of secondary response genes, thereby 

inducing transcriptional activation (Matsuo et al., 2007; Yamazaki et al., 2008). Such 

evidence highlights the dual functions of IκBζ either as an activator or repressor of 

transcription, which is likely dependent on the cell type, stimulus or its interaction with 

other cofactors. All in all, this poses an additional layer of control for the NF-κB 

pathway. 

Studies have further provided evidence supporting a role of IκBζ mediating epigenetic 

changes that allow for the transcription of secondary response genes. In particular, 

IκBζ was shown to induce H3K4 trimethylation, which is associated with active 

transcription, at the promoters of secondary response genes to mediate the 

recruitment of the preinitiation complex comprising p65, RNA polymerase II (RNA-polII) 

and TATA-binding protein (TBP) (Kayama et al., 2008). Furthermore, the expression 
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of the secondary response genes IL-6 and IL-12b in macrophages was shown to 

require the interaction of IκBζ with the histone-remodeling complex SWI/SNF via its 

members Brg1 and Akirin2 (Tartey et al., 2014). Another study highlighted the 

importance of post-transcriptional modifications in regulating the binding affinity of IκBζ 

to the histone deacetylase HDAC1. Specifically, the Ras/MAPK-mediated 

Thr189/193/195 phosphorylation in the N-terminal of IκBζ was shown to enhance its 

binding to HDAC1 in keratinocytes, thus leading to the repression of specific IκBζ target 

genes including IL-6, CCL2, CXCL5 and S100A9 (Grondona et al., 2020).  Hence, the 

IκBζ-mediated recruitment of interaction partners involved in chromatin remodeling 

seems to be an important step for the regulation of a selective subset of NF-κB 

secondary response genes and post-translational modifications are likely important for 

the regulation of such interactions. 

Through the modulation of NF-κB subunits and recruitment of additional cofactors, IκBζ 

induces a specific subset of NF-κB secondary response genes that are expressed in a 

delayed manner, due to the fact that they require de novo protein synthesis. Notable 

among the identified IκBζ target genes are well-characterized inflammatory and 

immunity players such as IL-6, lipocalin-2 (Lcn2), granulocyte-macrophage colony 

stimulating factor (GM-CSF or Csf2), granulocyte colony stimulating factor (G-CSF or 

Csf3), IL-12P40 (IL-12b), IL-8, IL-36 and IL-17C (Alexander et al., 2013; Annemann et 

al., 2016; Hildebrand et al., 2013; Hörber et al., 2016; Müller et al., 2018).   

4.3.2 Role of IκBζ in cancer 

As mentioned in previous sections, NF-κB activation in cancer cells and tumor 

microenvironment plays an essential role in the development of inflammatory 

processes and hepatocarcinogenesis. Owing to the role of the NF-κB primary target 

gene IκBζ in the induction of cytokine and chemokine production, its expression has 

been found to be associated with the development and progression of certain cancer 

types. For instance, the activated B cell-like (ABC) subtype of diffuse large B-cell 

lymphoma (DLBCL), characterized by its constitutive NF-κB activation, exhibits IκBζ 

overexpression, which has been observed to contribute to the survival of these cells 

via induction of growth-promoting cytokines, cell cycle-regulatory proteins and 

anti-apoptotic proteins (Nogai et al., 2011, 2013). IκBζ overexpression has also been 

observed in cases of adult T-cell leukemia (ATL), likely enhancing tumorigenesis 
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through the induction of GBP-1 and STAT1 expression (Kimura et al., 2013). 

Conversely, downregulation of NFKBIZ has been observed in Mycosis Fungoides 

(MF), the most common type of primary cutaneous T-cell lymphoma (CTCL), possibly 

enhancing NF-κB activity, an event which is frequently observed in this tumor type (van 

Kester et al., 2012). Furthermore, IL-1β induction of IκBζ in the liver cancer cell line 

HepG2 was linked to the downregulation of miR-124a. In this context, miR-124a was 

found to control IκBζ expression via translational inhibition. MiR-124a has also been 

shown to be silenced in glioblastoma patient specimens, thus likely contributing to the 

observed IκBζ upregulation in this tumor entity  (Lindenblatt et al., 2009; Tivnan et al., 

2014). The high levels of NFKBIZ identified in glioblastoma multiforme cell lines can 

also be attributed to the observed miR-223 silencing in this tumor type, which is also 

thought to target NFKBIZ mRNA (Huang et al., 2015). Nevertheless, the role of IκBζ in 

cancer development and progression could be complex. Some studies have found that 

IκBζ can inhibit the activation of STAT3 (Z. Wu et al., 2009), a well-known TF that has 

an essential role in inflammatory processes and is upregulated in several tumors 

(Huynh et al., 2019; H.-Q. Wang et al., 2022; H. Yu et al., 2014). Furthermore, IκBζ 

has been described as a critical regulator of SASP expression by inducing IL-6 and 

IL-8 (Alexander et al., 2013). However, SASP, which is associated with a release of 

important growth factors and cytokines, can either have an anti-tumorigenic role by 

eliciting an immune response to clear tumor cells, or, paradoxically, promote tumor 

progression depending on the tumor stage and context (C. A. Schmitt et al., 2022a). 

Therefore, IκBζ might have contradictory roles in cancer as observed with its inducer 

NF-κB. 

 

4.4 Functions of Brd4 and its relationship with NF-κB 

Bromodomain containing protein 4 (Brd4) is a member of the bromodomain and 

extra-terminal (BET) family of proteins that also includes Brd2, Brd3 and Brdt. BET 

proteins are characterized by containing two bromodomains (BD1 and BD2) which bind 

to acetylated lysine residues both in histone and non-histone proteins. The 

extra-terminal (ET) domain allows interaction of these proteins with chromatin 

regulators (Ali et al., 2022; Donati et al., 2018; N. Wang et al., 2021). Brd4 can also 

interact in a BD-independent fashion either through its phosphorylation-dependent 
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interaction domain (PDID) or a basic residue-rich interaction domain (BID) both located 

in the central region.  

Figure 18.3. Schematic representation of Brd4. Structural representation of the BET protein 
member Brd4, including BD1/BD2-targeting bromodomain inhibitors. CPS, C-terminal 
phosphorylation sites; CTM, C-terminal motif; NPS, N-terminal cluster of CK2 phosphorylation 
sites. Obtained from (Chiang, 2016). 
 

Brd4 becomes activated by phosphorylation of its N-terminal phosphorylation sites 

(NPS), thereby unmasking its bromodomains to allow interaction with chromatin and 

specific transcription factors (Chiang, 2016; S.-Y. Wu et al., 2013). Once active, Brd4 

acts as an epigenetic reader, binding to acetylated histones and recruiting and 

regulating transcription factors or chromatin remodeling complexes to promote gene 

transcription (Filippakopoulos & Knapp, 2014).  

 
Figure 18.4. Schematic representation of Brd4’s active configuration. When 
dephosphorylated, the NPS masks BD2, thus impairing the chromatin binding activity of BD1 
and the interaction of Brd4 with acetylated transcription factors. The casein kinase 2 (CK2)-
mediated phosphorylation of the NPS allows for a change in configuration, whereby NPS 
switches its contact to the BID, unmasking BD2. This configuration allows for the recruitment 
of transcription factors. Nuc, nucleosome; TF, transcription factor; Ac, acetylation; PP2A, 
protein phosphatase 2. Obtained from (Chiang, 2016).   
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One way in which Brd4 activates transcription is through recruitment of 

positive-transcription elongation factor b (p-TEFb), a complex comprised of cyclin T1 

and cyclin-dependent kinase 9 (Cdk9), which can otherwise be found sequestered by 

the inhibitory ribonucleoprotein complex 7SK/HEXIM (Jang et al., 2005; Schröder et 

al., 2012; Z. Yang et al., 2005). Once Brd4 interacts with p-TEFb, it directs it to the 

transcription start sites (TSSs) in the DNA for docking, thus facilitating the 

Cdk9-dependent phosphorylation and release of RNA-polymerase II (RNA-pol II) into 

active transcription (Dey et al., 2009; Donati et al., 2018; Jonkers & Lis, 2015; Zhiyuan 

et al., 2008).  

One proven interaction partner of Brd4 is NF-κB. A study reported that Brd4 interacts 

in a bromodomain-dependent manner with the NF-κB subunit RelA via its acetylated 

lysine-310 (Bo et al., 2009; Hajmirza et al., 2018). Interestingly, this binding was critical 

for the expression of typical inflammatory genes and could be attributed to the 

Brd4-mediated recruitment of Cdk9 to phosphorylate, and thereby activate, RNA-pol II 

(Bo et al., 2009). Subsequent studies have provided evidence indicative of Brd4 

controlling a transcriptional module similar to that of NF-κB in oncogene-induced 

senescent cells (Tasdemir et al., 2016). Interestingly, the observed Brd4-regulated 

SASP genes are well-known NF-κB and/or IκBζ target genes. Considering this 

observation, the question remains whether Brd4 can directly interact with IκBζ, and 

whether inhibition of Brd4 could be a potential treatment strategy in cancers with a 

dysregulated NF-κB pathway.  
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4.5 Aims of the study 

Hepatocellular carcinoma is the most common type of primary liver tumor. Owing to its 

molecular complexity and aggressiveness, the difficulty for diagnosis and the lack of 

effective treatment strategies for patients, HCC remains one of the deadliest cancers 

worldwide. HCC is a well-known inflammation-linked cancer, where the great majority 

of the associated risk factors pose a hepatocarcinogenic burden due to the prolonged 

inflammation and fibrosis they provoke. In this regard, activation of the NF-κB pathway, 

both in hepatocytes and immune cells infiltrating the liver parenchyma, has been 

shown to be important for the development and progression of HCC in the context of 

liver inflammation. The NF-κB primary target gene IκBζ is strongly induced in the 

nucleus in response to a wide variety of inflammatory stimuli, thus mediating the 

induction of a subset of NF-κB secondary response genes that comprise a set of 

cytokines, chemokines and factors that participate in inflammatory processes. Taking 

this into consideration, investigating the induction and functions of IκBζ in human HCC 

cell lines, uncovering novel target genes in the setting of liver cancer and investigating 

the importance of this atypical IκB protein in vivo is pivotal to elucidate its role in 

hepatocarcinogenesis.  

 

Therefore, the aims of the study were to: 

§ Investigate the molecular mechanisms of IκBζ function, by identifying and 

validating novel interaction partners.  

§ Map the binding sites with its interaction partners and elucidate the functional 

consequences of these interactions. 

§ Study the functional role of IκBζ in OIS in a HCC setting. 

§ Identify HCC-relevant IκBζ-induced target genes and cytokines. 

§ Uncover effects of liver-specific IκBζ overexpression in murine models.  
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5 Results 
5.1 Potential IκBζ interaction partners 

The atypical nuclear IkB protein IκBζ lacks a typical DNA-binding domain and requires 

association with NF-κB subunits such as p50 homodimers to access DNA-regulatory 

regions (Motoyama et al., 2005; Willems et al., 2016). Owing to its transactivation 

domain, IκBζ can induce the transcription of NF-κB secondary response genes. To 

exploit this function, however, IκBζ has been proposed to bind to a series of interaction 

partners and epigenetic modifiers (Grondona et al., 2020; Kayama et al., 2008; Tartey 

et al., 2014). Our research group previously demonstrated that induction or 

overexpression of IκBζ is sufficient and required to drive the expression of a subset of 

essential NF-κB target genes. Furthermore, several plausible IκBζ interaction partners 

were identified in a large pull-down experiment performed on unstimulated and 

IL-1β-stimulated cells. Amongst the hits reported stood out the epigenetic reader Brd4 

and the transcription factor STAT3. Thus, we next focused on further validating and 

investigating the binding of IκBζ to Brd4 and STAT3.  

5.1.1  IκBζ induction 

IκBζ has been shown to be induced upon stimulation with cytokines such as IL-1β and 

IL-17 or treatment with LPS. Hence, we were interested in examining whether IκBζ 

could also be induced in this manner in the context of liver cancer. For this, we treated 

two different HCC cell lines (SMMCs and Huh7s) with the cytokines IL-1α and IL-1β. 

The SMMC cell line exhibited IκBζ induction just 1 h after stimulation with recombinant 

human (rh) IL-1β, while in Huh7 cells IκBζ was induced after 2 h treatment (Fig. 19A). 

Similarly, rhIL-1α achieved IκBζ induction just after 1 h in SMMCs, while it was 

expressed 4 h after treatment in Huh7 cells (Fig. 19A). Moreover, we could detect IκBζ 

expression in primary hepatocytes after treating them for 4 h with rhIL-1β (Fig. 19B). 

Next, to determine the half-life of IκBζ, we treated SMMC cells for 2 h with rhIL-1β to 

induce IκBζ expression after which we subjected them to cycloheximide (CHX) 

treatment, which is a well-known protein synthesis inhibitor. Immunoblotting analyses 

revealed that IκBζ expression decreased just 1.5 h after induction and was 

undetectable after 3.5 h (Fig. 19C). Thus, IκBζ is promptly degraded and has a fast 

turnover in HCC cells. Interestingly, cotreatment with the Brd4 inhibitor JQ1 led to a 
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faster degradation of IκBζ. Altogether, our results demonstrated the efficiency of both 

IL-1α and IL-1β to induce IκBζ in the context of HCC and its short half-life, proving its 

requirement for de novo protein synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 19. IL-1α and IL-1β induce IκBζ in human HCC cells. (A) SMMC and Huh7 cells 
were treated with 10 ng/ml rhIL-1α or 2.5 ng/ml rhIL-1β, as indicated, and IκBζ expression was 
assessed by immunoblot analysis. (B) Human primary hepatocytes were treated with 2.5 ng/ml 
rhIL-1β as indicated, and IκBζ expression was assessed by immunoblot analysis. (C) Huh7 
cells were pre-treated for 2 h with 2.5 ng/ml rhIL-1β and then treated every 30 min with 10 
ng/ml CHX. IκBζ and IκBα expression was then assessed by immunoblotting. (A-C) Tubulin 
served as loading control. 

5.1.2 IκBζ interaction partners 
5.1.2.1 Brd4 binding to IκBζ 

Previous research performed by our working group revealed that IκBζ requires the 

presence of Brd4 in order to effectively induce the expression of a group of IκBζ target 

genes (data not published). To investigate whether IκBζ and Brd4 physically interact 

in the nucleus for the regulation of IκBζ-related genes, we performed a FLAG pull-down 

assay in HEK293T cells expressing FLAG-tagged Brd4 in combination with 
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Strep-tagged p50 and Strep-tagged IκBζ. By immunoblotting, we could detect both p50 

and IκBζ interaction with Brd4 (Fig. 20A). Interestingly, the presence of p50 seemed to 

reinforce the binding of Brd4 with IκBζ. Moreover, treatment with the bromodomain 

inhibitors JQ1 or iBET-762 did not impair the interaction between Brd4 and IκBζ (Fig. 

20B-D). Altogether, these results suggest that the interaction between Brd4, IκBζ and 

p50 is bromodomain independent.  

 

 

Figure 20. IκBζ interacts with Brd4 in a bromodomain-independent manner. HEK2932T 
cells were transiently transfected with (A-D) FLAG-tagged Brd4 and Strep-tagged IκBζ alone 
or in combination with (A-B) Strep-tagged p50. (B-D) HEK293T cells were treated with (B) 
2 μM JQ1, or (C) 0.5, 1 or 2 μM iBET-762 for 24 h. (A-C) Expression of IκBζ, Brd4 and p50 
was assessed by immunoblot analysis.  
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5.1.2.2 Cdk9 binding to IκBζ 

Because Brd4 is essential for the activation of the p-TEFb complex, which allows the 

release of RNA-polymerase II into active transcription (Z. Yang et al., 2005), we next 

studied the interaction between IκBζ, Brd4 and the p-TEFb complex member Cdk9. To 

assess interaction, a FLAG pull-down assay was performed in HEK293T cells 

expressing FLAG-IκBζ, Strep-Brd4 and HA-Cdk9, and revealed that Cdk9 precipitates 

with IκBζ even in the absence of Brd4 (Fig. 21A). Furthermore, treatment with JQ1 did 

not interfere with the interaction between IκBζ and Cdk9 (Fig. 21A). Thus, the 

interaction between the two is neither Brd4 nor bromodomain-dependent; proving that 

Cdk9 can directly bind to IκBζ.  

In order to corroborate these interactions, IκBζ overexpression was induced in 

Huh7/Tet-ON-IκBζ cells via 48 h doxycycline treatment followed by 

immunoprecipitation for endogenous Brd4. Strikingly, Brd4 co-precipitated with IκBζ 

and Cdk9, proving interaction between the three (Fig. 21B). Cotreatment with JQ1 

failed to impair the binding of Brd4 with IκBζ and Cdk9, further indicating that this 

interaction is bromodomain-independent.  

 

Figure 21. IκBζ and Brd4 interact with Cdk9 in a bromodomain-independent manner. 
(A) HEK2932T cells were transiently transfected with FLAG-tagged IκBζ, HA-tagged Cdk9 and 
Strep-tagged Brd4, and treated with 2 μM JQ1 for 48 h. Expression of IκBζ, Brd4 and Cdk9 
was assessed by immunoblot analysis. (B) Huh7/Tet-ON-IκBζ cells were initially treated for 
24 h with 1 μg/ml doxycycline (dox) alone or in combination with 2 μM JQ1. After 24 h, cells 
were treated for 2 h with 2.5 ng/ml rhIL-1β. Brd4 antibody was used for immunoprecipitation 
(IP) of endogenous Brd4. IgG antibody was used as negative IP control.  
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5.1.2.3 STAT3 binding to IκBζ 

Considering that STAT3 was identified as a potential IκBζ interaction partner in the 

large pull-down assay performed by our research group, we hypothesized that STAT3 

requires binding with IκBζ in order to transactivate the expression of a subset of its 

target genes.  To prove interaction between the two, we co-transfected HEK293T cells 

with FLAG-Brd4, Strep-IκBζ and Strep-STAT3 expression plasmids and performed a 

FLAG pull-down.  Interestingly, not only did STAT3 interact with IκBζ, but it was also 

able to bind Brd4 even in the absence of IκBζ (Fig. 22A). In fact, presence of IκBζ 

seemed to weaken the interaction between STAT3 and Brd4, especially after treatment 

with JQ1 (Fig. 22A). However, increasing the amount of Strep-Brd4 transfected did not 

alter the binding to STAT3 or IκBζ (Fig. 22B), indicating that Brd4 does not bind to 

either of the two in a competitive manner.  

 

 
Figure 22. IκBζ and Brd4 interact with STAT3 in a bromodomain-independent manner. 
HEK2932T cells were transiently transfected with (A) FLAG-tagged Brd4, Strep-tagged IκBζ 
and Strep-tagged STAT3 or (B) FLAG-tagged IκBζ, Strep-tagged STAT3 and 1, 3 or 9 μg of 
Strep-tagged Brd4. HEK293T cells were then treated with (A) 2 μM JQ1 for 24 h. (A-B) 
FLAG-IP was performed to pull down (A) Brd4, or (B) IκBζ and expression of IκBζ, Brd4 and 
STAT3 was subsequently assessed by immunoblot analysis.  
 

 

 

A 

B 



CHAPTER 2. Results  

78 
 

5.1.3 Mapping of IκBζ and Brd4 interaction  

Next, we tried to elucidate the binding site responsible for the interaction between Brd4 

and IκBζ. For this, we co-transfected HEK293T cells with Strep-Brd4 and truncated 

FLAG-IκBζ expression vectors and then performed a streptavidin pull-down. As 

expected, only the expression vector encoding for the N-terminal region of IκBζ 

(NFKBIZ AA 1-442) precipitated with Strep-Brd4 (Fig. 23A-B).  

We then assessed whether Brd4 phosphorylation affects IκBζ binding. For this, we 

repeated the streptavidin pull down assay after co-transfection of HEK2932T cells with 

FLAG-tagged Brd4 mutants that either cannot be phosphorylated by CK2 (7A mutant) 

or that mimic constitutive phosphorylation (7D mutant). Furthermore, to examine the 

role that the bromodomain plays in the interaction, we expressed an exogenous 

bromodomain-inactivated mutant (BD mutant).  We found that the 7A mutant displays 

weaker IκBζ binding when compared to full-length Brd4 and 7D-mutant (Fig. 23C), 

likely indicating the importance of Brd4 phosphorylation for its interaction with IκBζ. 

Surprisingly, the BD mutant seemed to have higher affinity for IκBζ than the full-length 

Brd4 (Fig. 23C), further reinforcing the observation that the bromodomain is 

dispensable for Brd4 and IκBζ interaction.  
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Figure 23. Brd4 interact with the C-terminal of IκBζ. (A-B) HEK2932T cells were transiently 
transfected with Strep-tagged Brd4, FLAG-tagged IκBζWT and FLAG-tagged truncated versions 
of IκBζ lacking the indicated ankyrin repeats. (A, B) Expression of IκBζ and Brd4 was assessed 
by immunoblot analysis after streptavidin-IP to pull down IκBζ. (C) HEK2932T cells were 
transiently transfected with Strep-tagged IκBζ, FLAG-tagged Brd4WT and the truncated 
FLAG-tagged Brd4 mutants Brd4-BD, Brd4-7A and Brd4-7D. Streptavidin-IP was performed 
to pull down IκBζ and expression of IκBζ and Brd4 was subsequently assessed by immunoblot 
analysis. 

5.1.4 Oncogenic Ras induction of IκBζ and its role in senescence 

Oncogenic Ras expression has been associated with the induction of senescence 

(Dimauro & David, 2010), while Brd4 has been shown to be required for the expression 

of genes characteristic of the senescence associated secretory phenotype (Tasdemir 

et al., 2016). Moreover, a study revealed that IκBζ regulates the induction of common 

SASP factors in DNA-damage and oncogene-induced senescent cells (Alexander et 

al., 2013). Knowing that both Brd4 and IκBζ are required for the induction of the SASP, 

we wondered whether interaction between the two is crucial for oncogene-induced 

senescence and expression of SASP-related genes. First, we explored whether 

oncogenic Ras expression could lead to the induction of senescence in SMMC cells. 

For this, we generated SMMC/RASG12V cells (Ras-SMMC) that expressed the 

oncogenic RasG12V protein under the control of the Tet-ON system. Doxycycline 

treatment of these cells resulted in a robust induction of Ras (Fig. 24B). Doxycycline 

treatment of Ras-SMMC cells for 3 consecutive days followed by 4 days without 

A B 
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treatment effectively induced senescence, as determined by SA-β-gal staining and 

morphology (Fig. 24A). When examining the effects of RASG12V expression in SMMC 

cells, we found that not only was senescence induced, but also IκBζ expression at 

protein level (Fig. 24B). Furthermore, induction of RASG12V expression in Ras-SMMC 

cells via doxycycline treatment led to a marked increase in characteristic 

senescence-associated and IκBζ target genes, such as IL-1A, IL-1B, IL-6, IL-8, 

CXCL1, CXCL10 and p21, when compared to the empty vector SMMC control cells 

(Φ-SMMC) (Fig. 24C). 

We next examined the effects of exposing SMMC cells to the cytokine and 

chemokine-rich SASP supernatant (SN) obtained from RASG12V-expressing SMMC 

cells and observed that 1 h exposure led to a marked upregulation of STAT3 

phosphorylation when compared exposure to the SNs obtained from the control 

counterparts (Fig. 24D). This phospho-STAT3 upregulation was maintained up to 48 h 

after exposure (data not shown). Next, we knocked out IκBζ (via CRISPR/Cas9) or 

silenced STAT3 (via shRNA) in Ras-SMMC cells and harvested their supernatant 48 h 

after to examine its effects. As expected, exposure of SMMC cells to these 

supernatants failed to induce STAT3 phosphorylation (Fig. 24D). Interestingly, SN from 

JQ1 or PFI-1-treated Ras-SMMC cells also failed to induce phospho-STAT3 in a 

paracrine manner (Fig. 24F). Similarly, treatment with the Cdk9 inhibitor 

THAL-SNS-032 also negatively affected the induction of STAT3 phosphorylation (Fig. 

24E). These results indicate that IκBζ is indispensable for the induction of 

SASP-related genes. Moreover, the transcription of these genes seems to require the 

interaction between IκBζ, STAT3, Brd4 and Cdk9, since inhibition or silencing of any 

of these proteins led to the inability of IκBζ to fully induce the expression of its target 

genes.  
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Figure 24. Oncogenic Ras induces senescence and IκBζ target gene expression. 
(A) SMMC cells expressing a control or RASG12V vector were either left untreated or were 
treated with 1 μg/ml doxycycline for 3 days. Senescence induction was then assessed by 
SA-β-gal staining. (B) The efficacy of lentiviral transduction of RASG12V in SMMC cells, as well 
as IκBζ expression, were controlled by immunoblotting after 48 h treatment with 1 μg/ml 
doxycycline. (C) Expression of typical IκBζ target genes was evaluated by RT-qPCR in control 
and RASG12V-expressing SMMC cells. Biological triplicates were measured. RPL37A was used 
as the housekeeping gene. (D-F) SMMC cells were exposed for 1 h to the supernatants (SN) 
of SMMC cells that had been pre-treated as indicated in the depicted figures. Phosphorylation 
of STAT3 was then assessed by immunoblot analysis. Tubulin served as loading control.   
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5.2 Identification of novel IκBζ target genes  

When activated, IκBζ strongly induces the expression of a subset of well-known NF-κB 

secondary response genes (Alexander et al., 2013; Hildebrand et al., 2013; Kayama 

et al., 2008). However, we wondered what other genes never identified before are also 

induced by IκBζ in the context of liver cancer and whether they could play a role in 

inflammatory responses.  

5.2.1 Novel IκBζ-dependent target genes 

In order to characterize novel IκBζ target genes, we focused on validating the 

expression of a subset of genes that had been previously identified through 

RNA-sequencing (RNA-seq) analysis by our research group. This gene subset 

appeared to be upregulated exclusively in rhIL-1β-treated Huh7 cells when compared 

to the unstimulated Huh7 counterparts, thus potentially indicating their dependence on 

IκBζ activity. Interestingly, many of these genes, such as SLC2A1 and SLC2A3 

(encoding for glucose transporters GLUT1 and GLUT3 respectively), IGFBP6, HAS2 

and HILPDA, are related with metabolic functions; whereas BCL6, BATF3, PI3, 

CXCL6, CD44 and PTX3, which were also upregulated in rhIL-1β-stimulated Huh7, are 

related with immune functions.  In order to evaluate their potential as IκBζ-target genes, 

we next assessed the expression of this gene subset in IκBζ-overexpressing 

Huh7/Tet-ON-IκBζ cells. Using RT-qPCR analysis, we observed that rhIL-1β treatment 

of Huh7 cells led to the upregulation of many of the aforementioned genes when 

compared to the untreated counterparts (Fig. 25A). As expected, doxycycline-induced 

IκBζ overexpression in Huh7/Tet-ON-IκBζ cells further increased the expression of this 

gene subset (Fig.  25A). In contrast RT-qPCR analysis performed on rhIL-1β-treated 

IκBζ-knockout Huh7 cells (Huh7/CRISPR/Cas9-IκBζ-KO) revealed a stark 

downregulation of these genes when compared to the rhIL-1β-treated Huh7 control 

cells (Fig. 25B), thus characterizing them as IκBζ target genes.  
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Figure 25. Validation of novel IκBζ target genes. (A) Tet-ON Huh7 cells were initially treated 
for 48 h with 1 μg/ml doxycycline to induce IκBζ overexpression (OE). Subsequently, control 
and IκBζ-overexpressing Huh7 cells were left untreated or were stimulated for 2 h with 
2.5 ng/ml with rhIL-1β. Expression of novel IκBζ target genes was evaluated by RT-qPCR. 
(B) Control and IκBζ-knockout Huh7 cells were left untreated or were stimulated for 2 h with 
2.5 ng/ml with rhIL-1β. Expression of novel IκBζ target genes was evaluated by RT-qPCR. 
(A-B) Biological triplicates were measured. RPL37A was used as the housekeeping gene. 
Error bars correspond to the mean ± SD.  
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5.3 Liver-specific NFKBIZ overexpression in mice  

To study the effects of liver-specific NFKBIZ overexpression in vivo, we crossed 

Rosa26 transgenic mice containing a Cre/loxP conditional FLAG-NFKBIZ expression 

vector under the control of a reverse tetracycline transactivator (rtTA), with 

Albumin-Cre transgenic mice to generate F1-offspring that would allow spatiotemporal 

control of IκBζ expression (as explained in section 7.1.15). In this setting, doxycycline 

was required for the induction of our chosen transgene (FLAG-NFKBIZ). We referred 

to these mice as AlbCre-Flagζ. In subsequent experiments, we used the parental line 

Rosa26 tm(rtTA*FLAG-NFKBIZ) as the control group and referred to them as 

rtTA-Flagζ mice.  

5.3.1 NFKBIZ overexpression in vivo has detrimental effects on 
mouse livers 

An initial pilot experiment was performed in 8-week-old AlbCre-Flagζ mice, which were 

either left untreated or were exposed to doxycycline for 2 weeks to induce 

IκBζ overexpression. After the 2-week treatment, livers were excised for initial 

macroscopical examination, which revealed evident alterations in the liver surface, 

including the presence of multiple nodules characteristic by their white color, as well 

as enlarged vessels and translucent droplets that had the consistency of lipid droplets 

(Fig. 26A).  Furthermore, via RT-qPCR analysis, we could determine that several IκBζ 

target genes were markedly upregulated, thus proving efficient IκBζ overexpression in 

AlbCre-Flagζ mice after exposure to doxycycline (Fig. 26B). When evaluating the 

expression of common lymphoid and myeloid markers, we noted an upregulation of 

the typical neutrophil marker myeloperoxidase (MPO), as well as an increase in CD4 

and CD19 expression (Fig. 26B). Surprisingly, we also observed an upregulation of 

LIPIN in the context of liver-specific IκBζ overexpression (Fig. 26B). All in all, this initial 

experiment suggested that IκBζ overexpression in the liver has a pro-inflammatory 

effect.  
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Figure 26. Livers from IκBζ-overexpressing mice exhibit phenotypic alterations that 
correlate with upregulation of IκBζ target genes. (A) Representative photographs of livers 
excised from untreated or dox-treated (2 mg/ml for 2 weeks) AlbCre-Flagζ mice. (B) Livers 
from WT, untreated or dox-treated (2 mg/ml for 2 weeks) AlbCre-Flagζ mice were harvested 
and processed for RNA isolation. Expression of common IκBζ-target genes, myeloid and 
lymphoid markers was assessed via RT-qPCR. Biological triplicates were measured. RPL37A 
was used as the housekeeping gene. Error bars correspond to the mean ± SD.  

Liver harvest of rtTA-Flagζ and AlbCre-Flagζ mice at week 7 after birth that had been 

exposed to doxycycline for the last 2 weeks confirmed the macroscopical presence of 

wide-spread white nodules, lipid droplet-like structures and blood clotting after NFKBIZ 

overexpression. Interestingly, the appearance of this phenotype was exclusive to those 

mice harboring marked IκBζ upregulation, as determined by RT-qPCR and immunoblot 

analyses (Fig. 27A-B). Livers excised from AlbCre-Flagζ mice in which NFKBIZ 

expression had remained low, with expression levels comparable to those observed in 

rtTA-Flagζ mice, did not show any of the previously mentioned characteristics. 

Additionally, expression of typical IκBζ target genes, such as IL-6, IL-1B, CCL2 and 

IL-8, as well as common immune markers including CD4, CSF1, Ly6G and MPO were 
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starkly upregulated in those AlbCre-Flagζ mice with NFKBIZ overexpression 

(Fig. 27B). Cytokine arrays further validated the secretion of well-known inflammatory 

factors. Livers excised from AlbCre-Flagζ mice harboring elevated NFKBIZ expression 

exhibited an upregulation in the secretion of IL-1β, IL-1ra, IL-16, IL-23, CXCL10, 

CXCL1, CCL2, CXCL9, CCL, CXCL12, TIMP1 and TREM1 (Fig. 27D), some of which 

are known IκBζ target genes.  

AlbCre-Flagζ mice as young as 4 weeks old already showed IκBζ expression at protein 

level after a 2-week exposure to doxycycline, which correlated with an upregulation in 

NFKBIZ, IL-1B and MPO expression at mRNA level as determined by RT-qPCR (data 

not shown). Furthermore, macroscopical examination of the livers of two 

doxycycline-treated AlbCre-Flagζ mice found dead in cage at just 3 weeks after birth 

revealed massive alterations of the liver anatomy.  Approximately 20-30% of the liver 

surface exhibited inflammation and/or fibrosis and presented an accumulation of the 

previously described nodules and lipid droplet-like structures, having lost their normal 

appearance (Fig. 27C). Altogether, these results indicate that liver-specific IκBζ 

overexpression is extremely detrimental especially in developing livers.  However, the 

exact mechanisms of action remain to be elucidated.  
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Figure 27. IκBζ overexpression provokes liver inflammation. (A-B) Livers from rtTA-Flagζ 
(n=3) and AlbCre-Flagζ (n=4) mice that were exposed for 2 weeks to doxycycline (2 mg/ml) 
were harvested at week 7 after birth and processed for protein and RNA isolation. IκBζ 
expression was then assessed via (A) immunoblot analysis and (B) RT-qPCR. (B) Common 
IκBζ-target genes, myeloid and lymphoid markers were also assessed via RT-qPCR. Biological 
triplicates were measured. RPL37A was used as the housekeeping gene. (C) Representative 
photographs from livers of doxycycline-treated (2 mg/ml) 3-week-old AlbCre-Flagζ mice 
exhibiting phenotypic and macroscopic alterations. (D) Livers from rtTA-Flagζ (n=1) and 
AlbCre-Flagζ (n=1) mice that were exposed for 2 weeks to doxycycline (2 mg/ml) were excised 
at week 7 after birth, lysed and run on the Mouse Cytokine Array Panel A for detection of 
common mouse cytokines and chemokines. The table on the right indicates the specific 
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cytokine/chemokine corresponding to each depicted number. Error bars correspond to the 
mean ± SD. 

5.3.2 Characterization of the IκBζ-induced phenotypic alterations 

Having identified a clear phenotype in the livers of IκBζ overexpressing mice, we 

sought to characterize and determine the origin of the lesions and nodules found in 

these livers. Previous studies identified the presence of complex lymphoid aggregates 

that resemble secondary lymphoid organs in aggressive hepatocellular carcinomas 

both in humans and in mice (Finkin et al., 2015; Patman, 2015). These aggregates are 

known as ectopic lymphoid-like structures (ELS) and are visible in the surface of 

affected livers as white-colored nodules. To assess whether the resembling nodules 

displayed in AlbCre-Flagζ livers could potentially be characterized as ELSs, we 

analyzed the expression of the genes comprised in the ELS gene signature. Strikingly, 

we found that 8 out of the 12 genes comprising the ELS gene signature were strongly 

upregulated in AlbCre-Flagζ mice (Fig. 28A). This upregulation was unique to the 

AlbCre-Flagζ mice exhibiting NFKBIZ overexpression. As a result, these findings 

suggest a direct correlation between IκBζ expression and the appearance of ELS in 

the liver.  

Next, we attempted at characterizing the lesions observed in the liver of young 

AlbCre-Flagζ mice. Knowing that IκBζ regulates the expression of typical inflammatory 

genes, and that liver inflammation strongly correlates with fibrosis, we questioned 

whether the structural alterations observed after IκBζ overexpression indicated a 

fibrotic event. For this, we examined the expression of well-known fibrosis-related 

genes and observed that AlbCre-Flagζ mice exhibiting a strong IκBζ expression 

markedly upregulated fibrosis-related genes, such as TGFβ, TNFα, SCF, TIMP1, 

ACTA2, PDGFB and Col1A1 (Fig. 29B). Furthermore, genes known to modify the 

tumor microenvironment such as MMP2, MMP9, S100A8 and S100A9, were also 

upregulated (Fig. 28B). Altogether, these results indicate that IκBζ overexpression in 

the liver context can lead to inflammatory events that trigger fibrosis as well as immune 

cell infiltration.  
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Figure 28. Livers from IκBζ-overexpressing mice express common ELS and fibrosis 
markers. (A-B) Livers from doxycycline-treated (2 mg/ml) rtTA-Flagζ (n=3) and AlbCre-Flagζ 
(n=4) mice were harvested at week 7 after birth and processed for RNA isolation. Expression 
of (A) ELS-signature genes and (B) typical fibrosis markers was subsequently assessed via 
RT-qPCR. Biological triplicates were measured. RPL37A was used as the housekeeping gene. 
Error bars correspond to the mean ± SD. 
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5.4 NFKBIZ expression in liver disease patients 
5.4.1 NFKBIZ expression is elevated in human liver disease 

To study whether IκBζ plays a role in liver disease development and progression in 

humans, we examined NFKBIZ expression via RNAscope, a technique that allows for 

RNA analysis via in situ hybridization (ISH) of formalin-fixed, paraffin-embedded tissue 

specimens, in two distinct tissue microarrays (TMAs). One of the TMAs was specific 

for hepatocellular carcinoma patients, while the other TMA contained sections of a 

wide array of liver diseases, including chronic hepatitis, non-alcoholic fatty liver disease 

(NAFLD), cirrhosis and HCC together with unaffected liver tissue. Strikingly, RNA ISH 

revealed that NFKBIZ expression tends to be higher in early stages of liver 

inflammation and disease, with approximately 46% of chronic hepatitis specimens 

showing NFKBIZ positivity. The percentage of NFKBIZ-positive sections went down to 

39% in cirrhosis patients and it was the lowest in HCC cases, with only 21% of the 

sections exhibiting NFKBIZ expression (Fig. 29A, D). Interestingly, more than 80% of 

the hepatitis specimens described as NAFLD/NASH that exhibited NFKBIZ positivity, 

were also positive for HBV (Fig. 29C), thus suggesting a plausible relationship between 

HBV infection, IκBζ induction and increased fatty acid accumulation and fatty 

degeneration in the liver.  

Regarding the pattern of IκBζ mRNA expression, we observed that it was dispersed 

within the tissue rather than focalized to specific areas and did not correlate with the 

presence of particular cell types. Interestingly, NFKBIZ expression positively correlated 

with an increase in immune cell infiltration with 71% of IκBζ+ specimens exhibiting 

immune cells in the liver parenchyma (Fig. 29B). However, it remains to be determined 

what type of immune cells preferentially co-localize with IκBζ+ hepatocytes and the role 

they play in disease progression.  
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Figure 29. IκBζ is predominantly expressed at early stages of liver disease. (A-B) Tissue 
microarrays of human liver disease progression were stained using the RNAscope technique 
to detect NFKBIZ mRNA expression via microscopy. Quantification of IκBζ positivity for each 
liver disease specimen was individually determined as indicated by the manufacturer.  
(B) Immune cell infiltration in each liver disease specimen was determined by cell morphology. 
(C) Information about HBV positivity was obtained from the liver disease progression TMA data 
sheet. (D) Representative photographs of IκBζ RNAscope staining of normal and diseased 
liver specimens from a human liver disease progression TMA. 
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6 Discussion 

Hepatocellular carcinoma is the most common and severe type of primary liver tumor 

and accounts for approximately 90% of all newly diagnosed liver cancer cases (Llovet, 

Kelley, et al., 2021; Sung et al., 2021). It is a well-characterized inflammation-linked 

cancer that frequently develops from a pre-existing liver disease with a continuous 

cycle of damage-inflammation-regeneration (J. D. Yang et al., 2019; YM. Yang et al., 

2019). The etiology of the underlying liver disease varies widely and is associated with 

specific geographical regions. For instance, in developed countries, nonalcoholic fatty 

liver disease and non-alcoholic steatohepatitis have become one of the major risk 

factors for HCC development together with hepatitis C viral infection (Welzel et al., 

2013; YM. Yang et al., 2019; Younossi et al., 2015). On the other hand, in countries 

with scarce medical resources infection by hepatitis B virus tends to be the leading 

etiology, whereas exposure to aflatoxin B from contaminated food, also common in 

these regions, strongly interacts with HBV thereby enhancing liver cancer risk (Levrero 

& Zucman-Rossi, 2016; Llovet, Kelley, et al., 2021; Turner et al., 2002). Moreover, 

these distinct etiologies give rise to different mechanisms of hepatocarcinogenesis that 

contribute to the molecular diversity of hepatocellular carcinoma. HCC patients tend to 

be diagnosed at late stages of the disease, which combined with the high heterogeneity 

and complexity of genetic lesions present in this tumor type, hinders the treatment 

options (Llovet, De Baere, et al., 2021; Llovet et al., 2008; Llovet, Kelley, et al., 2021; 

Villanueva, 2019).  Hence, the prognosis for these patients remains poor and HCC 

remains one of the deadliest cancer types worldwide (J.-W. Park et al., 2015; Sung et 

al., 2021; J. D. Yang & Roberts, 2010).  

 

6.1 IκBζ induction and regulation in human HCC cell lines  

The NF-κB pathway is frequently dysregulated in several tumor types including HCC. 

NF-κB is considered a master regulator of inflammation and immune responses 

(Luedde & Schwabe, 2011; Refolo et al., 2020; YM. Yang et al., 2019). Hence, given 

the pivotal role of inflammation in the development of HCC, the activation of this 

pathway has been linked to liver tumorigenesis. However, as described previously, the 

role of NF-κB in hepatocarcinogenesis remains controversial, mainly owing to the wide 
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array of target genes and stimulatory signals, as well as the context and cell type in 

which this transcription factor becomes activated. In physiological conditions, NF-κB is 

tightly regulated by several control layers that also regulate the selective expression of 

specific target genes depending on the setting. Generally, NF-κB family members form 

homo- and heterodimers that will translocate to the nucleus once the pathway 

becomes activated to induce the expression of specific target genes (Hayden & Ghosh, 

2008a; Huxford & Ghosh, 2009; Oeckinghaus & Ghosh, 2009; Shih et al., 2011b).  

Commonly, p50 and p52 homodimers are associated with transcriptional repression. 

However, the atypical IκB member IκBζ, which lacks a typical DNA-binding domain, 

binds to these subunits that provide it with access to DNA-regulatory regions (Kohda 

et al., 2016; Motoyama et al., 2005; Yamamoto et al., 2004). Once bound to the DNA, 

it can initiate transcription of a subset of NF-κB secondary response genes thanks to 

its transactivation domain (Alexander et al., 2013; Annemann et al., 2016; Hildebrand 

et al., 2013; Müller et al., 2018).  Previous studies by our research group identified 

novel IκBζ target genes that are strongly related with immunosuppressive functions, 

such as CCL2, CXCL5, LIF, ARG1 and CCL7 amongst others. Other 

well-characterized IκBζ target genes include a set of cytokines, chemokines and 

factors that participate in inflammatory processes, such as IL-6, CCL8, CSF2, CSF3 

and IL-1B (Alexander et al., 2013; Kitamura et al., 2000; Yamazaki et al., 2008). 

Interestingly, the expression of many of these IκBζ-regulated genes is enhanced in 

HCC, and IL-6 in particular has been observed to play a key role together with STAT3 

in the promotion of hepatocarcinogenesis (Bergmann et al., 2017; Grohmann et al., 

2018; G. He et al., 2013; E. J. Park et al., 2010). All in all, based on these insights 

regarding the important role of IκBζ in the regulation of a crucial subset of NF-κB 

response genes, we hypothesized that IκBζ is likely induced in the context of liver 

disease and inflammation, thereby promoting liver carcinogenesis through different 

mechanisms.  

In order to evaluate this hypothesis, we first focused on exploring the stimuli that trigger 

IκBζ induction in hepatocytes and in the setting of human HCC. Previous studies have 

shown that cytokines such as IL-1β and IL-17 or treatment with LPS and 

double-stranded RNA can elicit strong IκBζ induction upon stimulation of the TLR/IL-1 

receptor pathway (Grondona et al., 2020; Yamamoto et al., 2004). In this regard, we 

observed that both IL-1α and IL-1β successfully induced IκBζ expression at protein 
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level in two different human HCC cell lines, as well as in primary hepatocytes 

(Fig. 19A-B).  

There are multiple layers of control regulating IκBζ expression. Studies have provided 

evidence indicating that stabilization of NFKBIZ mRNA is essential for efficient protein 

expression (Yamazaki et al., 2005). In fact, IκBζ mRNA is regulated at a 

post-transcriptional level through the action of miRNAs and ribonucleases, that will 

determine its protein translation (Garg et al., 2015; Huang et al., 2015; Jeltsch et al., 

2014; Lindenblatt et al., 2009). Moreover, it is well known that classical IκB proteins 

are intrinsically unstable and are rapidly degraded in proteasome (O’Dea & Hoffmann, 

2010). Similarly, IκBζ expression has also been shown to be transient in keratinocytes 

upon zymosan A treatment (Grondona et al., 2020). In this context, 

post-trantranslational modifications or interaction with other proteins could potentially 

confer protein stability to IκBζ. Indeed, when performing a cycloheximide (CHX) chase 

assay in IL-1β-treated SMMC, we observed a rapid degradation of the IκBζ protein, the 

expression of which was undetectable by immunoblotting analysis just after 3.5 h of 

CHX treatment (Fig. 19C). Surprisingly, cotreatment with the Brd4 inhibitor JQ1 

accelerated the degradation process (Fig. 19C). Based on the latter results, we 

speculated that the epigenetic reader Brd4 likely interacts with IκBζ, granting it stability 

and enhancing its half-life. All in all, these results demonstrate the efficient induction 

of the nuclear protein IκBζ after IL-1 receptor stimulation and its short half-life in HCC 

cells. Interestingly, IL-1β signaling has been identified as a key player in chronic liver 

inflammation and has been shown to be implicated in the development of HCC 

(Litmanovich et al., 2018; Szabo & Csak, 2012). High IL-1β levels have been observed 

in hepatitis, liver fibrosis, cirrhosis and HCC cases, meaning it is present from the very 

initial steps of liver inflammation and disease all the way through to HCC formation 

(Litmanovich et al., 2018; Su et al., 2015; Szabo & Csak, 2012). In fact, the number 

and sizes of liver tumors developed in IL-1β-deficient obese mice were strikingly 

reduced as compared with wild-type mice. In this same obesity-induced HCC mouse 

model, IL-1β was described as an upstream inducer of IL-6 expression, which would 

be in accordance with our observed results (Yoshimoto et al., 2013). These findings 

support our notion that an inflammatory liver microenvironment rich in IL-1β can 

activate the NF-κB pathway, and thus, IκBζ for the induction of further inflammatory 

cytokines and chemokines which contribute to hepatocarcinogenesis.  
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We next wanted to analyze the molecular mechanisms of IκBζ function and its manner 

of regulation, since it has not yet been fully elucidated. As mentioned previously, albeit 

IκBζ contains a transactivation domain, it is unable to induce target gene expression 

by itself. First of all, IκBζ requires binding to p50/p50, p52/p52 and, to a lesser extent, 

p50/p65 dimers in order to gain access to the DNA and initiate transcription (Eto et al., 

2003; Kannan et al., 2011; Kohda et al., 2016; Nogai et al., 2013; Yamazaki et al., 

2008). Furthermore, previous analyses revealed that IκBζ is required to recruit NF-κB 

dimers onto the target promoter in a gene-specific manner, thereby regulating the 

expression of particular NF-κB target genes (Kohda et al., 2016). Also, studies suggest 

that IκBζ associates with key transcription regulators and specific target promoters in 

order to induce selective gene expression. Thus, our research group performed a large 

pull-down assay in order to identify plausible IκBζ interaction partners. This assay 

revealed that IκBζ likely associates with Brd4 and/or STAT3 upon IL-1β stimulation, 

meaning when IκBζ is transcriptionally active. To validate these interactions, we 

performed pull-down assays on HEK293T cells transfected with Strep- or 

FLAG-tagged Brd4, p50, STAT3 and IκBζ expression vectors. As expected, 

FLAG-Brd4 co-immunoprecipitated with IκBζ independently of the presence of p50 

(Fig. 20A). However, presence of p50 seemed to enhance the interaction between IκBζ 

and Brd4, which suggests that binding of IκBζ to p50 could potentially stabilize the 

association with Brd4 (Fig. 20A-B). As explained in the introduction, Brd4 has two 

bromodomains that bind to acetylated lysine residues thereby allowing its interaction 

with other proteins and transcription regulators (Donati et al., 2018). Hence, at first, we 

hypothesized that interaction between IκBζ and Brd4 might occur through binding of 

its bromodomains to acetylated residues in IκBζ. Therefore, we next assessed the 

interaction of both proteins after treatment with JQ1. JQ1 is a BET bromodomain 

inhibitor; hence, if the interaction were to be BD-dependent, IκBζ would no longer 

co-immunoprecipitate with Brd4 in the presence of JQ1. Still, IκBζ was effectively 

pulled down with Flag-Brd4, with p50 enhancing the strength of this interaction 

independent of JQ1 treatment (Fig. 20B). We further evaluated the strength of the 

interactions after treatment with another BET inhibitors, namely iBET-762, and could 

demonstrate that the interaction between IκBζ and Brd4 continued to occur despite 

inhibition of the bromodomains (Fig. 20C).  
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To structurally determine the binding site responsible for the interaction between Brd4 

and IκBζ, we initially examined the association of Brd4 with constructs encoding 

exclusively for either the N-terminal domain (NFKBIZ AA 1-442) (NTD) or C-terminal 

domain (NFKBIZ 436-718) (CTD) of the IκBζ protein and observed that Brd4 

specifically binds to the NTD of IκBζ (Fig. 23A-B). To further verify these observations, 

we assessed by co-immunoprecipitation the binding of Brd4 to distinct IκBζ mutants 

encoding for C-terminal regions lacking each specific ankyrin repeat. Our results 

proved that Brd4 exclusively binds to the NTD of IκBζ (Fig. 23A-B). However, further 

studies should be performed in order to determine the exact binding region and 

whether post-translational modifications of IκBζ contribute to the interaction.  

Next, we attempted at identifying the site responsible for IκBζ’s binding to Brd4.  

Interactions with Brd4 have been reported to occur through the bromodomains or 

through alternative binding sites such as the phosphorylation-dependent interaction 

domain (PDID), the basic residue-enriched interaction domain (BID), the N-terminal 

cluster of CK2 phosphorylation sites (NPS) and the extraterminal domain (ET), all of 

which are not affected by BET inhibitors (Chiang, 2016; S.-Y. Wu et al., 2013). Since 

BET inhibitors did not affect binding of IκBζ to Brd4, we sought to explore other binding 

sites by performing co-immunoprecipitation assays using truncated Brd4 constructs 

encoding for specific fragments spanning the entire length of the protein. IκBζ was 

efficiently pulled-down by the truncated Brd4 expression vectors encoding for sections 

of its N-terminal domain (data not shown). To explore in more detail other possible 

interaction sites, we made use of exogenous FLAG-tagged Brd4 constructs encoding 

mutants that either cannot be phosphorylated by CK2 (Brd4-7A), that mimic 

constitutive phosphorylation (Brd4-7D), or a bromodomain-inactivated mutant 

(Brd4-BD). We then assessed the interaction of IκBζ to the Brd4 truncated mutants by 

co-immunoprecipitation and observed that Brd4-7A barely co-precipitated with IκBζ 

(Fig. 23C), suggesting that phosphorylation by CK2 may be crucial for their interaction. 

Taking these results into account, it would be of interest to study the interaction 

between IκBζ and Brd4 in the presence of DC-1 and DC-2 peptides, which are able to 

block phospho-NPS interaction with transcription factors, since the PDID seems to be 

of importance for the interaction between the two.  
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Brd4 is known to aid in the initiation of transcription by releasing and thus recruiting to 

the DNA the p-TEFb complex (Z. Yang et al., 2005). This complex comprises the 

kinase Cdk9 and cyclin T1. Cdk9 plays a critical role in RNA polymerase II transcription 

initiation, elongation, and termination by phosphorylating its C-terminal domain (CTD) 

at serine 2 (Dey et al., 2009; Jang et al., 2005; Pang et al., 2022; Zhiyuan et al., 2008).  

Therefore, we next examined whether IκBζ can directly interact with Cdk9. Our findings 

revealed that, even in the absence of Brd4, IκBζ was able to interact with Cdk9 (Fig. 

21A). Moreover, to further validate these results, we performed a 

co-immunoprecipitation assay targeting endogenous Brd4 in doxycycline-induced 

Huh/Tet-ON-IκBζ cells. As expected, both IκBζ and Cdk9 precipitated together with 

Brd4 even after treatment with JQ1 inhibitor (Fig. 21B). Collectively, we speculate that 

IκBζ likely regulates the transcription of a select set of target genes through its 

interaction with Brd4 and Cdk9. Hypothetically, Brd4 would recruit IκBζ-p50/p50 

complexes to specific target gene promoter or enhancer regions for binding, while 

subsequent Cdk9 association would allow for transcription initiation.  

Another plausible interaction partner identified by our research group in the 

ChIP-sequencing analysis was STAT3. Previous studies have shown that binding of 

IκBζ to the coiled coil domain of STAT3 inhibits its SRC stimulated transcriptional 

activity (Z. Wu et al., 2009). However, in discrepancy with these results, analyses 

performed by our research group identified that IκBζ increases STAT3 DNA-binding 

and its transactivation activity. We initially proposed that IκBζ forms a complex 

comprised of a p50 homodimer, that would give it the required access to the DNA, 

Brd4 and Cdk9, to direct IκBζ to specific target sites and induce transcription initiation, 

respectively, and finally STAT3 would potentially enhance the transcription of specific 

target genes. However, co-immunoprecipitation analyses showed that in absence of 

IκBζ, STAT3 effectively co-precipitated with Brd4, but this interaction was impaired in 

the presence of IκBζ (Fig. 22B). Nevertheless, further studies are required to fully 

characterize the role, mechanism and function of the interaction between IκBζ, Brd4 

and STAT3 as a complex, since it is of interest regarding HCC development and 

progression.  
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6.2 Oncogenic Ras-mediated IκBζ induction and its role in 
senescence 

Ras is one of the most frequently mutated oncogenes in human cancers, with 

mutations in approximately 30% of all tumors (Uprety & Adjei, 2020). Sequencing 

analyses have revealed that approximately 20% of HCC cases present mutations in 

the KRAS gene, which, when compared to other tumor types, accounts for a relatively 

low mutation rate (Turhal et al., 2015). However, Ras tends to be hyperactivated during 

hepatocarcinogenesis independently of any mutations in the Ras oncogene itself 

(Q. Wang et al., 2001). In fact, nowadays several mouse models of hepatocellular 

carcinoma have been developed via hydrodynamic delivery of transposons expressing 

activated Ras combined with either TP53 downregulation, β-catenin activation or 

c-Myc overexpression (Ju et al., 2016). In this context, previous studies have 

demonstrated that oncogenic Ras is required for the activation of NF-κB in cancer cells 

via mediation of phosphorylation of p65 at Ser-536, which allows for nuclear 

translocation and transcriptional activation (Tago et al., 2019). Another study provided 

evidence indicating that oncogenic Ras indirectly leads to the activation of NF-κB and 

cytokine production (Catanzaro et al., 2014). Interestingly, oncogenic Ras signaling led 

to specific upregulation of IL-6, IL-8, CXCL1, G-CSF and GM-CSF, all of which are well 

known IκBζ target genes. Based on these findings, we speculated that hyperactivation 

of Ras could lead to the activation of NF-κB, which subsequently would induce IκBζ 

expression and thus, cytokine and chemokine production and release. In order to prove 

this hypothesis, we first established a doxycycline-inducible RASG12V expression 

system in SMMC cells. Interestingly, expression of RASG12V oncogene led to IκBζ 

expression at protein level (Fig 24B). This was corresponded with an upregulation of 

common IκBζ target genes, such as IL-1A, IL-1B, IL-6, IL-8 and CXCL1 (Fig. 24C). 

Owing to these results, we could determine that oncogenic Ras leads to cytokine 

production through the induction of IκBζ.   

Oncogenic Ras has been shown to provoke a premature cell cycle arrest in association 

with p53 and p16 induction in response to the abnormal mitogenic signaling (Serrano 

et al., 1997). This permanent growth arrest is widely known as oncogene-induced 

senescence (OIS) and is associated with phenotypic changes, with the most common 

features being a flat and enlarged morphology, β-galactosidase activity in acidic 
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conditions, formation of heterochromatic foci and secretion of a series of factors and 

proteins known as the senescence-associated secretory phenotype (SASP) (Braig & 

Schmitt, 2006; Dimauro & David, 2010; Mooi & Peeper, 2006). The factors released 

through the SASP reinforce the senescent arrest, alter the microenvironment and 

trigger immune surveillance of the senescent cells (Chien et al., 2011). Interestingly, 

NF-κB has been shown to act as a master regulator of the SASP (Rovillain et al., 2011; 

Salminen et al., 2012), while a more recent study showed that Brd4 is required for the 

SASP and paracrine signaling via cooperation with transcription factors for the 

regulation of target genes (Tasdemir et al., 2016b). Furthermore, atypical IκBζ was 

proved to be an essential mediator for the induction of conserved SASP cytokines in 

senescent cells (Alexander et al., 2013). These results led us to believe that the 

interaction between Brd4 and IκBζ is essential for the induction of the SASP and the 

secretion of these inflammation-related factors. We proceeded to study this by first 

validating the induction of senescence upon oncogenic Ras with the inducible RASG12V 

SMMC (Ras-SMMC) cell system. As expected, SMMC cells became senescent after 

RASG12V expression for 3 consecutive days followed by a 4-day resting period, as we 

could observe via SA-β-gal staining (Fig. 24A). We then harvested the supernatant 

from the cultured senescent cells and exposed SMMC cells to it for up to 48 h. 

Interestingly, upon exposure to senescent supernatant, SMMC cells exhibited STAT3 

phosphorylation, which was not the case in SMMC cells exposed to supernatants from 

Ras-SMMC cells that had been knocked out for IκBζ, knocked down for STAT3 or 

where Brd4 or Cdk9 had been inhibited via a BET or Cdk9 inhibitors, respectively (Fig. 

24D-F). One of the main factors secreted in the SASP is IL-6. Janus kinases are known 

to elicit signals from the IL-6 receptor family to activate STAT3. Thus, the observation 

that STAT3 phosphorylation was abrogated after exposure to supernatants from 

Ras-SMMC cells that had undergone IκBζ knockout or STAT3 knockdown, or Brd4 and 

Cdk9 inhibition, indicates an impairment in SASP induction in these cells.  Altogether, 

these results suggest that the interaction between IκBζ, Brd4 and/or STAT3 is crucial 

for the induction of SASP-specific factors, among which is IL-6.  

The senescence-associated secretory phenotype has been shown to be important for 

immunosurveillance of pre-malignant cells and mediation of tumor cell clearance (Xue 

et al., 2007). However, the cytokines and chemokines secreted in the SASP also have 

detrimental effects depending on the context. For instance, some chemokines robustly 
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expressed by senescent cells attract suppressive innate immune cells, which tend to 

favor tumor progression by creating an immunosuppressive microenvironment. In this 

regard, the SASP-derived IκBζ target gene IL-6 was reported to promote a suppressive 

environment by increasing the presence of granulocytic myeloid derived suppressor 

cells that limit cytotoxic T-lymphocyte function (Ruhland et al., 2016). On the other 

hand, certain cytokines released in the SASP contribute in creating a pro-inflammatory 

microenvironment that promotes tumor cell survival, proliferation, invasion and 

angiogenesis (C. A. Schmitt et al., 2022; L. Wang et al., 2022). Conclusively, the role 

of IκBζ together with Brd4 and STAT3 in the induction of senescence, and therefore 

their impact in the development and progression of HCC, should be studied in more 

detail.  

 

6.3 Novel IκBζ target genes  

IκBζ is required for the induction of a subset of NF-κB secondary response genes (Eto 

et al., 2003; Kitamura et al., 2000; Motoyama et al., 2005; Yamamoto et al., 2004), the 

expression of which is delayed since they require de novo protein synthesis. Several 

of these target genes have already been identified by our research group and others 

in different cell types and in response to different stimuli. In this regard, we sought out 

novel putative IκBζ-dependent target genes in the context of hepatocellular carcinoma. 

For this, we initially analyzed the results obtained from an RNA-seq performed 

previously by our working group in Huh7 cells treated with IL-1β, to select a subset of 

genes upregulated after IκBζ induction when compared to the unstimulated control. 

Subsequently, to confirm that IκBζ was indeed responsible for the induction of these 

genes, we generated Huh7 cells with doxycycline-inducible expression of NFKBIZ 

(Huh7/Tet-ON-IκBζ) or Huh7 cells knocked-out for NFKBIZ via a CRISPR/Cas9 system 

(IκBζ-KO Huh7).  Interestingly, Tet-ON-IκBζ cells exhibited a stark upregulation of the 

subset of genes identified in the RNA-seq when compared to the unstimulated controls. 

This gene subset included CXCL6, GLUT1, GLUT3, IGFBP6, NOS2, PI3, HILPDA, 

CD44, PTX3 and BCL6 (Fig. 25A). All these genes were conversely downregulated in 

IκBζ-KO Huh7 cells despite IL-1β stimulation (Fig. 25B), thus further validating their 

status as IκBζ target genes. Among the genes examined, the identification of CD44 as 

an IκBζ target gene was of special interest, considering that several studies have 
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highlighted its role in HCC initiation and progression (Asai et al., 2019; Dhar et al., 

2018; Zhang et al., 2021). Interestingly, one of these studies reported that CD44 

expression is rapidly induced in carcinogen-exposed hepatocytes in a 

STAT3-dependent manner, the activation of which is preceded by IL-6 induction (Dhar 

et al., 2018).  This finding suggests that IκBζ could initially trigger the induction of IL-6 

in the setting of carcinogenic exposure, which would subsequently activate STAT3 for 

the upregulation of CD44. Considering the crucial role of CD44 for 

hepatocarcinogenesis, the question that remains to be answered is whether IκBζ could 

potentially trigger HCC formation through CD44 upregulation.  

Another interesting IκBζ target gene identified by RNA-seq was hypoxia inducible lipid 

droplet associated (HILPDA). HILPDA promotes lipid storage in hepatocytes in the 

form of lipid droplets (LPs), which are specialized organelles that store esterified 

triglycerides. Certain liver diseases such as alcoholic and non-alcoholic steatohepatitis 

are characterized by expansion and accumulation of LDs (de la Rosa Rodriguez & 

Kersten, 2020; Gluchowski et al., 2017; Mashek et al., 2015).  However, when 

investigating lipid droplet formation after exposure of Huh7 cells to the mono-

unsaturated fatty acid (MUFA) oleic acid, we observed that IκBζ-KO Huh7 cells showed 

no impairment in the formation of LDs (data not shown). Contrarily, exposure to oleic 

acid did provoke a slight upregulation of NFKBIZ, IκBζ target genes, STAT3 and 

NFKBIA expression (data not shown). This implies that an increase in fatty acid 

accumulation in hepatocytes might lead to a direct activation of inflammation-related 

pathways, such as IκBζ, NF-κB and STAT3. Indeed, these pathways have been 

observed to be activated in cases of NAFLD and NASH (Grivennikov & Karin, 2010; 

Grohmann et al., 2018; G. He & Karin, 2011; Lee & Cheung, 2019).  

CXCL6, a pro-angiogenic chemokine that has been associated with HCC progression, 

invasion and metastasis, and that is correlated with a poor outcome (Tian et al., 2014) 

was also identified as a novel IκBζ target gene and was increased in Huh7 upon IκBζ 

overexpression. Furthermore, pentraxin 3 (PTX3), a member of the pentraxin 

superfamily that is produced and released in response to inflammatory signals such as 

TLR ligands, TNFα and IL1-β and connects innate immunity, inflammation, tissue 

repair and cancer (Deng et al., 2020; Garlanda et al., 2004; Wirestam et al., 2017), 

was also upregulated specifically after IκBζ overexpression. PTX3 has also been 
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identified as a biomarker of HCC in chronic HBV infection, and its levels seem to 

increase with liver disease severity (Deng et al., 2020; Han et al., 2021).  Finally, elafin, 

also known as peptidase inhibitor 3 (PI3), is a serine protease inhibitor crucial for host 

defense that has been found in several inflammatory skin diseases such as psoriasis.  

Interestingly, elafin has been reported to be increased in HCC tissues, to correlate with 

aggressive phenotypes and poor prognosis and to drive metastasis and therapy 

resistance (C. Wang et al., 2021). In our analyses, PI3 was also identified as a novel 

IκBζ target gene and IκBζ knock-out dramatically decreased its levels in Huh7 cells. In 

summary, IκBζ induction during liver disease progression could potentially be a 

contributing factor to the observed increase in CXCL6, PI3 and PTX3 expression 

observed in HCC, thus participating in the progression of liver inflammation and 

disease to drive hepatocarcinogenesis. Hence, further studies performed in in vivo 

murine models of liver cancer would be of interest to elucidate the correlation between 

IκBζ expression and the subsequent induction of these novel target genes in 

hepatocarcinogenesis.  

Taken together, these results imply that IκBζ regulates the expression of an extensive 

array of genes, many of which are implicated in the mounting of inflammatory 

responses and the regulation of innate and adaptive immune cells. Furthermore, our 

insights provide evidence for a role of IκBζ in cellular metabolism, considering that 

some of the novel target genes identified regulate glucose and fatty acid uptake and 

accumulation, respectively. Considering that many of these genes identified have been 

reported to play a role in the initiation, progression and invasion of HCC, we speculate 

that IκBζ plays an important role in liver disease and hepatocarcinogenesis. However, 

the stage at which IκBζ might participate remains to be determined.     

 

6.4 Effects of liver-specific IκBζ overexpression in vivo 

Murine models have demonstrated contradictory roles of NF-κB in the development 

and progression of hepatocellular carcinoma. Studies have provided insight that 

indicate that, in the presence of an inflammatory environment, NF-κB can promote 

hepatocarcinogenesis through the induction of pro-inflammatory cytokines, as well as 

by triggering the expression of chemokines and growth factors that not only modulate 

the immune cell repertoire infiltrating the tumor, but also stimulate the growth and 
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survival of malignant cancer cells (Haybaeck et al., 2009; Mauad et al., 1994; Pikarsky 

et al., 2004b). Moreover, the activation of the NF-κB pathway in infiltrating immune 

cells, such as Kupfer cells, monocytes and lymphocytes, has been shown to further 

promote carcinogenesis in the liver (Finkin et al., 2015; Haybaeck et al., 2009; Kong 

et al., 2016).   

In our study, we found that IκBζ overexpression in HCC cell lines leads to the induction 

of several novel target genes that have been previously demonstrated to play a role in 

liver disease progression, as well as HCC initiation, progression, angiogenesis and 

metastasis (Fig. 25A-B). Moreover, the induction of OIS in the HCC cell line SMMC led 

to an IκBζ/Brd4/Cdk9-dependent senescence-associated secretory phenotype 

(Fig. 24A-F), which has been shown to be a double-edged sword when it comes to 

carcinogenesis. In fact, a study performed in a murine model of HCC triggered by 

obesity and DEN exposure provided evidence pointing towards the crucial role of the 

hepatic stellate cell (HSC)-derived SASP in the development of HCC (Yoshimoto et 

al., 2013). Taking this into account, we sought to investigate the effects of liver-specific 

IκBζ overexpression in vivo.  Strikingly, hepatocyte-specific IκBζ overexpression had 

severely detrimental effects on the livers of AlbCre-Flagζ mice that had been treated 

with doxycycline for 2 weeks, especially at young ages. We could observe a clear 

phenotype in the livers of NFKBIZ-overexpressing mice, which presented with white 

nodules, lipid droplet-like structures, blood clots and fibrotic structures that could be 

observed at a macromolecular level (Fig. 26A). Interestingly, the appearance of 

phenotypical defects on AlbCre-Flagζ mice correlated with an upregulation of typical 

IκBζ target genes, as well as common myeloid markers, such as Ly6G and MPO (Fig. 

26B, Fig. 27B), possibly indicating neutrophil and monocytic infiltrates. Furthermore, 

they exhibited a stark increase in the expression of liver damage, inflammation and 

fibrosis markers, including Col1A1, S100A8, S100A9, MMP2, MMP9, PDGFβ, ACTA2, 

TIMP1 and TNFα (Fig. 28B). Importantly, all the genes whose expression appeared to 

be increased were exclusively upregulated in mice exhibiting a clear IκBζ 

overexpression, both at mRNA and protein level. Furthermore, we also reported that 

IκBζ overexpressing mice exhibited STAT3 phosphorylation (Fig. 27A), possibly 

indicating the presence of an IκBζ-IL-6-STAT3 axis. We speculate that this signaling 

loop likely participates in the inflammation-derived injury observed in the livers of 

doxycycline-treated AlbCre-Flagζ mice.    
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Another very prominently expressed gene in the livers of AlbCre-Flagζ mice was TGR5 

(Fig. 28B), which in physiological conditions participates in bile acid production and 

homeostasis (Pols et al., 2011). TGR5 is a G protein-coupled receptor which is 

expressed in cholangiocytes and plays a role in bile composition. Interestingly, studies 

have shown that TGR5 can also modulate the immune response by inhibiting the 

production of proinflammatory cytokines such as TNFα, IL-1α, IL-1β, IL-6 and IL-8 

(Kawamata et al., 2003; Pols et al., 2011). Interestingly, most of the cytokines 

downregulated by TGR5 expression are IκBζ target genes. These observations 

indicate that IκBζ-induced inflammatory cytokine release may trigger a counteracting 

mechanism in which TGR5 is upregulated in order to diminish the excessive 

inflammatory stimuli to avoid subsequent liver injury. However, whether TGR5 

expression is under the regulation of IκBζ, or whether TGR5 negatively impacts IκBζ 

activation to impede transactivation of its target genes has yet to be determined. 

Furthermore, it would be of interest to investigate the role of TGR5 and its expression 

during liver disease, HCC initiation and progression. 

Insights provided by this research further suggest that IκBζ may be a key player in the 

formation of the so-called ectopic lymphoid structures, which are structures that have 

an organization similar to secondary lymphoid organs but are formed in non-lymphoid 

tissues (Marinkovic & Marinkovic, 2021). ELSs have been shown to play a pathological 

role in liver cancer and to be associated with a poor prognosis (Finkin et al., 2015; 

Patman, 2015). A study reported that ELSs form microniches where malignant 

hepatocytes thrive in a cytokine-rich milieu to develop into full blown HCC (Finkin et 

al., 2015). In this context, multiple ELSs developed at 7 months in mice constitutively 

expressing IKKβ in hepatocytes, whereas mice harboring a single allele of IKKβ 

exhibited a decrease in the number and size of ELSs at 14 months, thereby highlighting 

the association between NF-κB activation and ELS formation. Owing to these 

observations, we speculated that the white nodules present in the surface of livers 

excised from AlbCre-Flagζ mice could be characterized as ELSs. Moreover, the 

immune markers shown to be upregulated in IκBζ overexpressing AlbCre-Flagζ mice 

(namely Ly6G, MPO and CD4) (Fig. 26B, Fig. 27B) paralleled the ones observed in 

the previously mentioned study, with T lymphocytes, macrophages and neutrophils 

being the most prominent immune infiltrates. To further validate the identity of these 

nodules as ELSs, we harvested them from affected livers and quantified by RT-qPCR 
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the expression of the 12 genes that comprise the ELS gene signature. Interestingly, 8 

out of the 12 ELS signature genes were upregulated when compared to unaffected 

livers, likely indicating their status as ELSs (Fig. 28A).  

Collectively, these observations suggest a crucial role for IκBζ expression in the 

initiation of liver injury, fibrosis and inflammation characterized by immune cell 

infiltration. Knowing that previous studies have underlined an essential role of 

NF-κB-driven inflammation and fibrosis during the development of severe liver disease 

that progress into HCC, our data imply that IκBζ expression could play a pivotal role 

throughout this process, enhancing the severity of liver fibrosis, lipid accumulation in 

hepatocytes and immune cell infiltration, and thus contributing to 

hepatocarcinogenesis. 

 

6.5 IκBζ expression in human liver disease 

The NF-κB pathway has been repeatedly shown to be dysregulated in multiple tumor 

types, and its activation plays a crucial role in the development and progression of liver 

diseases of multiple etiologies.   IκBζ, an NF-κB primary response gene that is rapidly 

induced upon inflammatory stimuli, is involved in various inflammation-mediated 

diseases such as psoriasis, owing to its role as a coactivator of cytokine and 

chemokine expression (Gautam et al., 2022). In this context, chronic inflammation in 

the liver has also been shown to have detrimental effects, leading to continuous cycles 

of tissue damage and repair that are attributed to oxidative stress, endoplasmic 

reticulum stress, autophagy and constant exposure to intestine-derived toxins. This 

tissue destruction and repair is associated with the appearance of cirrhosis, which can 

eventually drive HCC development (YM. Yang et al., 2019). NF-κB being a master 

regulator of inflammation can participate in the initiation and progression of HCC 

depending on the microenvironmental context. Thus, we initially hypothesized that IκBζ 

expression may lead to hepatocarcinogenesis through the induction of 

pro-inflammatory cytokines. Interestingly, RNA in situ hybridization analyses that we 

performed in human progressive liver disease and HCC tissue microarrays (TMAs) to 

investigate NFKBIZ expression, revealed that NFKBIZ is starkly induced in earlier 

stages of liver disease, such as cases of chronic hepatitis and NASH, while its 

expression is progressively lost as the disease progresses into HCC (Fig. 29A, D). 
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These results seemingly indicate the participation or induction of IκBζ in the initial 

stages of liver disease, during the cycle of tissue destruction and repair associated 

with proinflammatory signals that precede cirrhosis. Regarding this data, IκBζ would 

be primordially required for disease progression and malignant transformation of 

hepatocytes but may become dispensable once the tumor is fully developed.  

On a different note, NF-κB activation has been previously associated not only with the 

development of NASH, but also upon hepatitis B virus infection. Accordingly, our data 

indicated a possible correlation between HBV infection, IκBζ induction and NAFLD 

development, considering that among the IκBζ+ hepatitis cases with fatty 

degeneration, more than 80% were HBV positive.  This data leads us to speculate that 

HBV infection might derive in NF-κB-induced IκBζ expression, which would predispose 

hepatocytes to fatty acid and triglyceride accumulation (Fig. 29C). However, in 

contradiction to our results, a recent study reported a protective role of IκBζ in the 

development of NAFLD after L-amino acid-defined high-fat diet (CDAHFD) treatment 

(Ishikawa et al., 2022). The preventive effect by IκBζ was associated with changes in 

the expression of factors related with triglyceride biosynthesis and lipoprotein uptake. 

However, this study failed to demonstrate a downregulation of well-known, immune 

response-related IκBζ target genes in a liver-specific NFKBIZ knockout mouse model. 

Furthermore, they failed to observe a change in the expression of fibrosis-related 

genes, even after CHAHFD treatment, which is in conflict with our observed results in 

IκBζ overexpressing mice. However, these contradictory results likely underscore the 

dual role of IκBζ as an inducer or attenuator of the immune response and inflammation, 

which could be modulated by the cellular and microenvironmental context.  

Activation of the NF-κB pathway leads to the induction of chemokines such as CCL2, 

CCL5, CXCL13, CCL19 and CCL21, that are essential for the recruitment of immune 

cells which further contribute and enhance the inflammatory response (Carragher et 

al., 2004). In agreement with these observations, we found that approximately 70% of 

IκBζ+ samples exhibited immune cell infiltration as determined by microscopy 

(Fig. 29B), compared to 46% of the IκBζ- counterparts. Thus, we hypothesize that the 

IκBζ-induced production and release of cytokines and chemokines from parenchymal 

liver cells likely prompts the recruitment of immune cells to the site of injury. These 

newly recruited immune cells could either further enhance inflammation via the release 
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of pro-inflammatory cytokines or, on the contrary, could induce an immunosuppressive 

microenvironment as a counteractive mechanism.   

However, further studies in our murine model of liver-specific NFKBIZ overexpression 

are required in order to determine which type of immune cell is recruited to the site of 

inflammation and fibrosis, to analyze in more detail the phenotypic characteristics and 

polarization status of these cells, and whether their presence can enhance or 

accelerate liver disease progression and HCC initiation. Nevertheless, it is important 

to remark that the RNAscope data presented in this research is based on a small 

subset of liver disease and HCC patient specimens, and thus, cannot be extrapolated 

to what occurs in the general population. Furthermore, the majority of HCC specimens 

displayed in the TMA were of grade 1-2, meaning that the results might not be 

representative of what occurs at later stages in HCC. Therefore, further studies in 

different liver disease and HCC murine models are required, where IκBζ expression is 

investigated in more detail to uncover its functions and determine its importance as a 

tumor-promoter.   

All in all, IκBζ is a pleiotropic member of the atypical IκB family of proteins, the 

expression of which is tightly regulated through multiple layers of control, including 

post-transcriptional modifications, and the function of which varies depending on the 

stimulus eliciting its induction and the context in which it is activated, as well as on its 

binding to different transcription regulators and epigenetic modifiers. However, the data 

we obtained from both in vitro and in vivo experiments performed in the setting of HCC 

suggest that IκBζ acts in collaboration with Brd4, Cdk9 and/or STAT3 in order to induce 

the expression of pro-inflammatory cytokines and chemokines, thereby promoting the 

cycle of inflammation-injury-regeneration characteristic of liver disease.  
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7 Materials and Methods 
7.1 Materials 
7.1.1 Cell culture consumables 

Product Provider Catalog No. 
384-Multiwell plates LightCycler® 480, white Roche 04729749001 
96-well F-bottom with lid Faust TPP92096 
96-well U-bottom with lid Faust TPP92697 
96-well F-bottom, white, lumitrac Greiner bio-one 655075 
96-well F-bottom, black, fluotrac Greiner bio-one GB655076 
24-well F-bottom with lid Faust TPP92024 
12-well F-bottom with lid Faust TPP92012 
10 cm tissue culture dish TPP 93040 
15 ml conical tubes Greiner bio-one 188271 
50 ml conical tubes Greiner bio-one 227270 
5 ml round-bottom polystyrene test tubes Corning 352052 
Cell culture flasks: T25 and T75 Greiner bio-one 690175-TRI, 

658175-TRI 
Cell freezing container VWR 432138 
Combitips advanced: 0.5, 1, 2.5, 5 and 10 ml Eppendorf 0030089421, 

0030089430, 
0030089650, 
0030089456, 
0030089677 

Eppendorf Safe-Lock tubes: 1.5 and 2 ml Eppendorf 0030120086, 
0030120094 

Filtration unit Stericup®, 0.22 μM  
  

Carl Roth X340.1 

MACS Columns 25LS Miltenyi Biotec 130-042-401 
NC-Chamber Slide A8TM Chemometec 942-0003 
Nunc Cryotube Vials ThermoFisher 

Scientific 
375418PK 

PCR tubes, 0.2 mL  BioRad TBC0802 
Pipette tips: 10, 200, 1000 μl  Nerbe plus 07-372-2015, 

07-375-2015, 
07-379-2015 

Serological pipettes: 5, 10, 25 and 50 ml Corning 357543, 
356551, 
356535, 
356550 
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7.1.2 Cell culture media, supplements and antibiotics 

Name Provider Composition 
DMEM Sigma-Aldrich D5030 
IMDM Sigma-Aldrich I6529-500ML 
RPMI 1640 Sigma-Aldrich R8758-500ML 
RPMI 1640, no glutamine  Gibco 21870076 
PB-MAXTM Karyotyping Medium Thermo Fisher  12557013 
X-VIVOTM 15 Lonza BE02-053Q 
HEPES Buffer (1M) Sigma-Aldrich H0887 
DPBS (1x) Sigma-Aldrich D8537-500ML 
HBSS  Sigma-Aldrich H8264-500ML 
Fetal Calf Serum  Sigma-Aldrich F7524 
Human Serum Sigma-Aldrich H3667 
Penicillin/Streptomycin Sigma-Aldrich P11-010 
PlasmocinTM prophylactic Invivogen Ant-mpp 
Doxycycline AppliChem A2951,0025 
Puromycin Invivogen Ant-pr-1 
 

7.1.3 Chemicals and reagents 

Name Provider Catalog No. 
2-Propanol Carl Roth T403.1 
7-AAD BD 51-68981E 
2% Bis-acrylamide Serva 29195.02 
40% Acrylamide AppliChem A3658 
α-Tocopherol Sigma-Aldrich 258024 
β-mercaptoethanol Sigma-Aldrich M3148 
AO-DAPI staining reagent Chemometec 910-3018 
Adenine Sigma-Aldrich A2786 
Agarose Standard Carl Roth 3810.3 
Albumin Fraction V Carl Roth 8076.4 
Ammonium hydroxide, 28-30% Sigma-Aldrich 320145 
Ammonium persulfate Sigma-Aldrich A3678-25G 
Ascorbic acid Selleckchem S3114 
BODIPYTM 581/591 C11 Themo Fisher D3861 
Bromophenol blue Sigma-Aldrich B0126 
CellROXTM green reagent Thermo Fisher C10444 
DBE-4 dibasic ester Sigma-Aldrich 112755 
Dimethyl 2-ketoglutarate (DM-KG) Sigma-Aldrich 349631 
Dimethyl fumarate (DMF) Sigma-Aldrich 242926 
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Dimethyl (S)-(−)-Malate Sigma-Aldrich 374318 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2650-100ML 
EcoMount Biocare EM897L 
Ethylenediamine (EDTA) Carl Roth CN06.3 
Ethanol 96% pure AppliChem A1615,2500PE 
FLAG M2 agarose beads Sigma-Aldrich A2220 
Glycerol anhydrous AppliChem A1123,1000 
Glycine Carl Roth 3908.3 
H2DCFDA ThermoFisher  D399 
Hydrogen peroxide solution (30%) Sigma-Aldrich H1009-100ML 
MitoTEMPO MedChemExpress HY-112879  
MitoSOXTM ThermoFisher M36008 
NADP Sigma-Aldrich 10128031001 
ꞵ-NADPH sodium salt Sigma-Aldrich N8035-15VL 
N-Acetylcysteine Sigma-Aldrich A7250 
Non-fat milk AppliChem A0830,1000 
Oxaloacetic acid  Sigma-Aldrich O7753 
PageRulerTM prestained protein ladder ThermoFisher 

Scientific 
26617 

Propidium Iodide/ RNase staining solution Cell Signaling 
Technology 

4087S 

Protease inhibitor cocktail Roche 04-693-132-001 
Protein A agarose beads Thermo Fisher 20333 
Protein assay dye reagent concentrate Bio-Rad 5000006 
QIAzol lysis reagent Qiagen 79306 
Sepharose 6B beads Sigma-Aldrich 6B100 
SDS pellets Carl Roth CN30.3 
Sodium azide Sigma-Aldrich 71290 
Sodium chloride Carl Roth 0601.2 
Sodium orthovanadate Sigma-Aldrich S6508 
Strep-tactin® IBA 2-5030-002 
Sulfuric acid Sigma-Aldrich 339741 
SYTOXTM blue dead cell stain Thermo Fisher S34857 
TEMED Carl Roth 2367.1 
Tetramethylrhodamin, Ethylester (TMRE) Thermo Fisher T669 
Tetra-natriumdiphosphate decahydrate Carl Roth T883.3 
Tris-HCl Carl Roth 9090.1 
TritonX100 Sigma-Aldrich X100-5ML 
Trizma® base Sigma-Aldrich T1503-500G 
Tween-20 Sigma-Aldrich P1379 
Xylene Sigma-Aldrich 108633 
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7.1.4 Immortalized human cell lines 

Name Description Media (% FCS) 
HEK293T Human embryonic kidney 293 

cells 
DMEM (10%) 

BJAB GCB DLBCL RPMI 1640 (10%) 
DOHH2 GCB DLBCL RPMI 1640 (10%) 
HBL-1 ABC DLBCL RPMI 1640 (20%) 
HT GCB DLBCL RPMI 1640 (10%) 
Huh-7 HCC DMEM (10%) 
Karpas-422 GCB DLBCL RPMI 1640 (10%) 
OCI-Ly3 ABC DLBCL RPMI 1640 (20%) 
OCI-Ly10 ABC DLBCL IMDM + (20% human serum) 
OCI-Ly19 GCB DLBCL IMDM (10%) 
Pfeiffer GCB DLBCL RPMI 1640 (10%) 
RIVA ABC DLBCL RPMI 1640 (20%) 
SMMC-7721 HCC DMEM (10%) 
SU-DHL-2 ABC DLBCL RPMI 1640 (20%) 
SU-DHL-4 GCB DLBCL RPMI 1640 (10%) 
SU-DHL-6 GCB DLBCL RPMI 1640 (10%) 
SU-DHL-8 GCB DLBCL RPMI 1640 (20%) 
Toledo GCB DLBCL RPMI 1640 (10%) 
U2932 ABC DLBCL RPMI 1640 (20%) 
WSU-DLCL2 GCB DLBCL RPMI 1640 (10%) 

 

7.1.5 Formulations 

Name Composition 

10x Migration buffer 

60.6 g Tris base 
288 g Glycine 
20 g SDS  
2 L H2O 

10x Blotting buffer 
50 g Tris base  
238 g Glycine 
2 L H2O 

AnnexinV binding buffer 

10 mM HEPES  
150 mM NaCl 
2.5 mM CaCl2 
in 1x PBS 
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Acrylamide 10% 

125 ml 40% Acrylamide 
49 ml 2% Bis-acrylamide 
125 ml 1.5 M tris-HCl, pH 8.8 
up to 500 ml with H2O 

Acrylamide 25% 

312 ml 40% Acrylamide 
17 ml 2% Bis-acrylamide 
125 ml 1,5 M Tris-HCl, pH 8.8 
up to 500 ml with H2O 

FACS buffer 
2% FCS 
2 mM EDTA 
in 1x DPBS 

Freezing buffer 10% (v/v) DMSO 
in FCS 

MACS buffer 
1% FCS 
0.5 mM EDTA 
in 1x DPBS 

PBS-T (1x) 
1 L 10x PBS 
50 ml Tween-20 
9 L H2O 

Primary B cell culture media 
10% FCS 
25 mM HEPES 
in RPMI 1640  

Resuspension buffer 

0.1% BSA 
0.01 M HEPES 
0.1% Saponin 
in 1x PBS 

Sample buffer for SDS-PAGE 

7.5 ml 1 M Tris-HCl, pH 7.4 
2.4 g SDS 
12 mg Bromophenol blue 
30% Glycerol 
4 ml 14.3 M β-mercaptoethanol 
up to 100 ml with H2O  
adjust to pH 6.8 

Stacking gel 

31.25 ml 40% Acrylamide  
16.25 ml 2% Bis-acrylamide 
31.25 ml 1 M Tris-HCl, pH 6.8 
add 250 ml H2O 

Supplemented cell lysis buffer 

150 mM NaCl 
50 mM tris-HCl, pH 7.4 
1% triton X-100 
50 mM NaF  
10 mM Na4P2O7 
10 mM Na3VO4  
Protease inhibitor 1x (Complete, Roche) 

Wash buffer 0.05% Tween 
in 1x DPBS 
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7.1.6 Kits and systems 

Name Provider Catalog No. 
B cell isolation kit II, human Miltenyi Biotec 130-091-151 
CellTiter-Glo® 2.0 Cell viability assay Promega G9241 
CellTiter 96® AQueous one solution cell 
proliferation assay (MTS) 

Promega G3580 

CellTiter-FluorTM Cell viability assay Promega G6081 

ECL Western blotting substrate Promega W1001 
GSH/GSSG-GloTM assay  Promega V6611 
Human IL-6 Uncoated ELISA Kit Invitrogen 88-7066-88 
Human IL-6 High sensitivity ELISA  Invitrogen BMS213HS 
Human IL-10 Uncoated ELISA Kit Invitrogen 88-7106-88 
NADP/NADPH-GloTM assay  Promega G9081 
RNAscopeTM 2.5 HD Detection Reagents-RED ACD 322360 
RNAscopeTM 2.5 HD Reagent Kit-RED ACD 322350 
RNAscopeTM 2.5 VS Probe-Hs-NFKBIZ ACD 497859 
Senescence β-Galactosidase staining kit Cell Signaling 9860 
WesternBright Sirius detection kit Advansta K-12043-D10 
 
7.1.7 Materials for qPCR 

Name Provider Catalog No. 
Biozym cDNA synthesis kit Biozym 331470 
Green mastermix (2x), No ROX for qPCR  Genaxxon 

Bioscience 
M3023.0500 

Proteome profiler mouse cytokine array kit, 
panel A 

R&D ARY006 

Qiashredder QIAGEN 79656 
RNeasy mini kit QIAGEN 74106 
Wizard® Genomic DNA purification kit Promega A1120 
 
7.1.8   Oligonucleotides  

Name Forward (5’-3’) Reverse (3’-5’) 
hBCL6  GGAGTCGAGACATCTTGACTGA ATGAGGACCGTTTTATGGGCT 

hCCL2  CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 
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hCD44 CTGCCGCTTTGCAGGTGTA CATTGTGGGCAAGGTGCTATT 

hCSF2 TCCTGAACCTGAGTAGAGACAC TGCTGCTTGTAGTGGCTGG 

hCXCL6 AGAGCTGCGTTGCACTTGTT GCAGTTTACCAATCGTTTTGGGG 

hCXCL8 TTTTGCCAAGGAGTGCTAAAGA AACCCTCTGCACCCAGTTTTC 

hCXCL10 GTGGCATTCAAGGAGTACCTC TGATGGCCTTCGATTCTGGATT 

hGLUT1 GGCCAAGAGTGTGCTAAAGAA ACAGCGTTGATGCCAGACAG 

hGLUT3 GCTGGGCATCGTTGTTGGA GCACTTTGTAGGATAGCAGGAAG 

hHILPDA AAGCATGTGTTGAACCTCTACC TGTGTTGGCTAGTTGGCTTCT 

hIGFBP6 AGGAGTGCGGGGTCTACAC CTCTGCGGTTCACATCCTGT 

hIL1A TGGTAGTAGCAACCAACGGGA ACTTTGATTGAGGGCGTCATTC 

hIL1B ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA 

hIL6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 

hLCN2 CCACCTCAGACCTGATCCCA CCCCTGGAATTGGTTGTCCTG 

hNFKBIA CTCCGAGACTTTCGAGGAAATAC GCCATTGTAGTTGGTAGCCTTCA 

hNFKBIZ (exo) AAGTGCCAGCCCTTTCAAGT GTCGAACAGGTTAGGCTCGT 

hNOS2 TTCAGTATCACAACCTCAGCAAG TGGACCTGCAAGTTAAAATCCC 

hPI3 CACGGGAGTTCCTGTTAAAGG TCTTTCAAGCAGCGGTTAGGG 

hPTX3 CATCTCCTTGCGATTCTGTTTTG CCATTCCGAGTGCTCCTGA 

msACTA2 CCCAGACATCAGGGAGTAATGG TCTATCGGATACTTCAGCGTCA 

msCCL2 TAAAAACCTGGATCGGAACCAAA GCATTAGCTTCAGATTTACGGGT 

msCCL3 TGTACCATGACACTCTGCAAC CAACGATGAATTGGCGTGGAA 

msCCL5 TTTGCCTACCTCTCCCTCG CGACTGCAAGATTGGAGCACT 

msCCL8 TCTACGCAGTGCTTCTTTGCC AAGGGGGATCTTCAGCTTTAGTA 

msCCL19 CCTGGGAACATCGTGAAAGC TAGTGTGGTGAACACAACAGC 

msCCL21 GTGATGGAGGGGGTCAGGA GGGATGGGACAGCCTAAACT 

msCD4 CTAGCTGTCACTCAAGGGAAGA CGAAGGCGAACCTCCTCTAA 

msCD8 CCGTTGACCCGCTTTCTGT TTCGGCGTCCATTTTCTTTGG 

msCD19 CTTGGTATCGAGGTAACCAGTCA ACAATCACTAGCAAGATGCCC 

msCOL1A1 GCTCCTCTTAGGGGCCACT ATTGGGGACCCTTAGGCCAT 

msCSF1 GTGTCAGAACACTGTAGCCAC TCAAAGGCAATCTGGCATGAAG 

msCXCL9 GGAGTTCGAGGAACCCTAGTG GGGATTTGTAGTGGATCGTGC 

msCXCL10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA 

msCXCL13 GGCCACGGTATTCTGGAAGC ACCGACAACAGTTGAAATCACTC 

msF4/80 CTGCACCTGTAAACGAGGCTT GCAGACTGAGTTAGGACCACAA 

msIL1A TCTATGATGCAAGCTATGGCTCA CGGCTCTCCTTGAAGGTGA 

msIL1B GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG 

msIL6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 

msIL8 TCGAGACCATTTACTGCAACAG CATTGCCGGTGGAAATTCCTT 

msIL36G CAGGTGTGGATCTTTCGTAATCA CATGGGAGGATAGTCACGCTG 

msLy6G GACTTCCTGCAACACAACTACC ACAGCATTACCAGTGATCTCAGT 

msMMP2 ACCTGAACACTTTCTATGGCTG CTTCCGCATGGTCTCGATG 

msMMP9 GCAGAGGCATACTTGTACCG TGATGTTATGATGGTCCCACTTG 
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msMPO AGGGCCGCTGATTATCTACAT CTCACGTCCTGATAGGCACA 

msNFKBIZ 
(endo) 

TGCTACACATCCGAAGCAACA CACTGCACTCTTCAGGTCTGT 

msNFKBIA TGAAGGACGAGGAGTACGAGC TGCAGGAACGAGTCTCCGT 

msPDGFB CATCCGCTCCTTTGATGATCTT GTGCTCGGGTCATGTTCAAGT 

msS100A8 AAATCACCATGCCCTCTACAAG CCCACTTTTATCACCATCGCAA 

msS100A9 GCACAGTTGGCAACCTTTATG TGATTGTCCTGGTTTGTGTCC 

msSCF GAATCTCCGAAGAGGCCAGAA GCTGCAACAGGGGGTAACAT 

msTGFB CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC 

msTGR5 TGCTTCTTCCTAAGCCTACTACT CTGATGGTTCCGGCTCCATAG 

msTIMP1 CGAGACCACCTTATACCAGCG ATGACTGGGGTGTAGGCGTA 

msTNFA CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG 

 
7.1.9 Materials for protein expression systems 

7.1.9.1 Transient expression 

Name Backbone Source 
FLAG-BRD4 pcDNA5 addgene 
FLAG-IκBζ pCR3 previously generated 
FLAG-BRD4-BD pcDNA5 frt/to addgene 
FLAG-BRD4-7A pcDNA5 frt/to addgene 
FLAG-BRD4-7D pcDNA5 frt/to addgene 
Strep-BRD4 pEXPR-IBA103 previously generated 
Strep-IκBζ pCR3 previously generated 
Strep-p50 pCR3 previously generated 
Strep-STAT3 pCR3 previously generated 
HA-Cdk9 pcDNA6/3HA addgene 
Xpress-BRD4 (1-470) pcDNA4 addgene 
Xpress-BRD4 (1-594) pcDNA4 addgene 
Xpress-BRD4 (471-730) pcDNA4 addgene 
Xpress-BRD4 (595-1362) pcDNA4 addgene 
Xpress-BRD4 (1047-1362) pcDNA4 addgene 
NFKBIZ AA 1-442 pCR3 previously generated 
NFKBIZ AA 436-718 pCR3 previously generated 
NFKBIZ Δ ANK1 pCR3 previously generated 
NFKBIZ Δ ANK2 pCR3 previously generated 
NFKBIZ Δ ANK3 pCR3 previously generated 
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NFKBIZ Δ ANK4 pCR3 previously generated 
NFKBIZ Δ ANK5 pCR3 previously generated 
NFKBIZ Δ ANK6 pCR3 previously generated 
NFKBIZ Δ ANK7 pCR3 previously generated 
 
7.1.9.2 Lentiviral expression 

Name Backbone Source 
Empty CRIPSR Lenti-CRISPRv2 addgene   
IκBζ CRISPR/Cas9 Lenti-CRISPRv2 previously generated 
Empty Tet-ON pInducer 20 addgene 
FLAG-NFKBIZ WT Tet-ON pInducer 20 previously generated 
Ras (G12V) Tet-ON pInducer 20 previously generated 
Ras (G12V) Tet-ON pInducer 20 previously generated 
Lentiviral empty vector pLKO.1 Open Biosystems 
shRNA-STAT3 pTRIPZ Dharmacon 
shRNA-GLS1 pLKO.1 Sigma Aldrich 
 
Unless otherwise specified, all plasmids are from human origin. *Cloning was 
performed by Dr. Anja Schmitt, Caroline Schönfeld, Melanie Grimm, Dr. Paula 
Grondona, in collaboration with the students Tobias Kaster, Barbara Streibl, Jens 
Bauer, Lisa Schmid or Marie Elen Tuchel.   

7.1.10 Antibodies 

Name Provider Catalog No. 
AKT Cell Signaling #4691  
p-AKT (Ser473) Cell Signaling #9271T 
AnnexinV-PE/Cy7 BioLegend 640949 
Anti-mouse IgG Jackson Immuno Research 115-005-003 
Anti-rabbit IgG Jackson Immuno Research 111-035-003 
c-Jun Cell Signaling #9165 
c-Myc Cell Signaling #9402  
Erk1/2 Santa Cruz 514302 
p-Erk1/2 (Thr202/Tyr204) Cell Signaling #4370T  
IkBɑ Cell Signaling #9242  
p-IkBɑ (Ser32/36) Cell Signaling #9246  
IkBζ Cell Signaling #9244  
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JNK1/2 Cell Signaling #9258 
p-JNK1/2 (Thr183/Tyr185) Cell Signaling #4668 
Flag  Cell Signaling #14793S 
GAPDH Cell Signaling 2118S 
GLS1 (E4T9Q) Cell Signaling #49363 
GLS2 Thermo Fisher PA5-78475 
H3K9-me3 Cell Signaling #13969  
H3K27-me3 Cell Signaling #9733S 
STAT3 Cell Signaling #9139  
p-STAT3 (Thy705)  Cell Signaling #9145  
p-4E-BP1 (Thr37/46) Cell Signaling #2855  
p-elF-4E (Ser209) Cell Signaling #9741  
p-elF2ɑ (Ser51) Cell Signaling #9721  
p-S6 (235/236) Cell Signaling #81736  
Tubulin alpha (DM1A) Sigma-Aldrich T9026 

All antibodies were dissolved in 1x PBST with 5% (w/v) non-fat dried milk powder or 

with 5% (w/v) BSA according to the manufacturer’s specifications. In addition, NaN3 

was added to prevent contamination. Prepared diluted antibodies were used up to 10 

times and stored at -20ºC. 

7.1.11 Pharmacological inhibitors 

Name Provider Catalog No. 
ABT-199 (Venetoclax) Selleckchem S8048 
Antimycin A Sigma Aldrich 66-81-9 
BPTES Selleckchem S7753 
CB-839 Cayman Cay22038-10 
Cycloheximide (CHX) Sigma Aldrich S7243 
Ferrostatin-1 Selleckchem S7243 
iBET-762 (Molibresib) Selleckchem S7189 
JQ1 Selleckchem S7110 
MG-132 Selleckchem S2619 
PFI-1 Selleckchem S1216 
Rapamycin  Selleckchem S1039 
Rotenone Sigma-Aldrich R8875 
THAL-SNS-032 Selleckchem S8979 
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7.1.12 Biological reagents and agents used for stimulation 

Name Provider Catalog No. 
Collagenase type IV Sigma-Aldrich C4-BIOC 
Collagen coating solution Sigma-Aldrich 125-50 
PMA/Ionomycin (P/I) Sigma-Aldrich P1585, 56092-81-0 
Recombinant human IL-1ɑ Immunotools 11349012 
Recombinant human IL-1ꞵ Immunotools 11340012 
Recombinant human IL-4 Immunotools 11340043 
Recombinant human IL-6 Immunotools 11340064 
Recombinant human IL-10 Immunotools 11340103 
Recombinant human sCD40 ligand Immunotools 11343343 
Liver disease spectrum TMA Tissue Array LV20812b  
Liver cancer survey TMA Tissue Array LV2084 
 
7.1.13 Devices 

Device Provider 
Axio Vert.A microscope Zeiss 
DMI6000 Microscope Leica 
Fusion FX Vilber Lourmat Peqlab 
Genesys 10S UV-Vis spectrophotometer Thermo Scientific 
HybEZ™ II Hybridization System ACD 
Infinite M200 Reader Tecan 
Lightcycler® 480 II Roche 
LSRII Flow cytometer BD 
NanoDrop 1000 photometer Peqlab 
NuceloCounter® NC-250TM Chemometec 
Power supply BioRad 
Thermoshaker Cell Media 
Ultra-Turrax T25 basic IKA 
Vapo.protect Mastercycler® Pro Eppendorf 
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7.1.14 Software for data analysis 

Product Provider 
CompuSyn ComboSyn, Inc., Paramus, USA 
Combenefit Cambridge Institute, Cambridge, UK 
Flow Jo (Version 10) Tree Star, Inc., Ashland, USA 
GraphPad PRISM (Version 9) GaphPad Software, Inc., San Diego, USA 
 
7.1.15  Mouse strains 

Albumin-Cre (B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J) 

Albumin-Cre mice, which is a transgenic mouse line expressing Cre recombinase 

under the control of the mouse albumin enhancer/promoter, were purchased directly 

from The Jackson Laboratory.  Mice were kept under pathogen-free conditions in the 

animal facility of the Core Facility Transgene Tiere (Tübingen, Germany).  

Rosa26-tm(rtTA*Flag-NFKBIZ)J 

A transgenic mouse model (C57BL/6 background) with inducible expression of 

Flag-NFKBIZ (controlled by TetO (TRE3G) operator) was designed by Dr. Stephan 

Hailfinger (UK Münster, Münster, Germany) and Dr. Daniela Krammer (Mainz 

University, Mainz, Germany) and generated by Ingenious targeting laboratory. These 

mice utilize the Rosa-Express™ system (Ingenious targeting laboratory) which allows 

for inducible and tissue specific control of the transgene of interest from the Rosa26 

locus. Specifically, the Rosa26 locus incorporated a floxed Neomycin-Stop cassette 

inserted downstream of a CAG promoter, followed by a reverse tetracycline 

transactivator component, a TRE3G (tetO) promoter and the Flag-NFKBIZ transgene. 

These mice constituted our parental line and were used as controls.  Mice were kept 

under pathogen-free conditions in the animal facility of the Core Facility Transgene 

Tiere (Tübingen, Germany). Experiments were performed in accordance with 

government and institutional guidelines and regulations.  

Rosa26-tm(Alb-rtTA*Flag-NFKBIZ)J 

Rosa26-tm(rtTA*Flag-NFKBIZ)J mice were mated with albumin-cre mice, in order to 

generate Rosa26-tm(Alb-rtTA*Flag-NFKBIZ)J mice. Mating with the tissue-specific 
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albumin-cre recombinase mouse line allows for removal of the floxed Stop cassette, 

permitting the expression of the rtTA specifically in hepatocytes. These mice 

overexpress Flag-NFKBIZ specifically in the liver and only after administration of 

2 mg/ml doxycycline in the drinking water, which should allow the rtTA to bind to the 

TRE3G promoter to activate transgene expression.  Mice were kept under 

pathogen-free conditions in the animal facility of the Core Facility Transgene Tiere 

(Tübingen, Germany). Experiments were performed in accordance with government 

and institutional guidelines and regulations.  

 
 

 
 

 
 

 
 
 
 
 
 
Figure 30. Strategy to generate Rosa26-tm(Alb-rtTA*Flag-NFKBIZ)J. (A) Schematic 
representation of the Rosa26-tm(rtTA*Flag-NFKBIZ)J mice provided by Ingenious targeting 
laboratory. The PGK-Neo STOP cassette prevents rtTA, and Flag-NFKBIZ expression. The 
red arrows indicate the excision sites for the removal of the floxed PGK-Neo STOP cassette. 
(B) Schematic representation of the generation of F1 Rosa26-tm(Alb-rtTA*Flag-NFKBIZ)J 
mice. Mating of the mouse line described in Fig30A with albumin-cre recombinase mice allows 
for removal of the floxed PGK-Neo STOP cassette, for expression of rtTA from the CAG 
promoter. Doxycycline introduction allows binding of the rtTA to the TRE3G promoter to 
activate expression of Flag-NFKBIZ. PGK-Neo STOP, PGK-Nemomycin STOP cassette; rtTA, 
reverse tetracyclin transactivator; tetO, tet operon. 

 
 
 
 
 
 

A 
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7.2  Methods and protocols 

7.2.1 Cell culture methods 

7.2.1.1 Culture of immortalized cell lines 

All cell lines were kept at 37°C, 5% CO2 in their corresponding media (Table 7.1.2). 

Immortalized DLBCL cell lines (Table 7.1.4) were cultured in 25 or 75 cm2 flasks and 

split every 2 days by 1:4-1:10 in order to keep a density of less than 0.5x10⁶ cells/ml. 

The HEK293T cell line was cultured in 10 mm plates and split every 2-3 days at a ratio 

of 1:10.  

7.2.1.2 Isolation and culture of human primary B cells 

Untouched B cells were isolated from human peripheral blood mononuclear cells 

(PBMCs) using the B cell isolation kit II, human (Table 7.1.6) according to the 

manufacturer’s instructions and plated at a concentration of 5x105 cells/ml. For their 

maintenance, four different culture mediums were tested to find the most optimal 

culture conditions: PB-MaxTM Karyotyping medium, X-VIVOTM 15 hematopoietic cell 

medium, RPMI supplemented with 10% FCS, 100 ng/ml rhsCD40 Ligand and 10 ng/ml 

rhIL-4 and RPMI supplemented with 10% FCS and 25 mM Hepes.  

7.2.1.3 Freezing and thawing of cells  

Approximately 4-5x106 cells were harvested by centrifugation, resuspended in 1-1.5 ml 

freezing media (Table 7.1.5) and transferred to cryopreservation vials. Then the 

cryovials were kept for two days in freezing containers at -80°C and subsequently 

stored in a liquid nitrogen tank for long-term. For thawing of cells, cryovials were 

partially immersed in a 37°C water bath and transferred to 15 ml centrifuge tubes 

containing culture media. Cells were centrifuged, resuspended in 10 ml of the 

respective culture media and transferred to the corresponding cell culture container. 

7.2.1.4 Determination of cell number, proliferation and viability   

Cell counting 

Cell number was assessed using an automated cell counter (Table 7.1.13). In brief, 
19 μl of cell suspension were mixed with 1 μl of AO•DAPI (Table 7.1.3). The mixture 
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was transferred to an A8 Chemometec glass slide (Table 7.1.1) and cell number was 

quantified automatically using the NucleoCounter® NC-250 device.  

Cell viability assays 

For long-term survival and cell viability assays, cells were seeded at a density of 2x105 

cells/ml either in 96-well plates, 12-well plates or in 25 cm2 flasks and exposed to the 

inhibitors or chemical reagents of interest for 2 to 7 consecutive days – depending on 

the assay. Cells were then counted daily using the cell analyzer (Table   ) and retreated 

daily with the respective inhibitor, chemical reagent or solvent control. Every second 

day the cells were split, seeded in fresh media and treated again. To determine 

potential synergism between two inhibitors, cells were seeded at a concentration of 

2x105 cells/ml in 96-well plates, treated daily for 2 consecutive days and quantified 

using the MTS assay or the Cell-Titer FluorTM assay (Table 7.1.6) according to the 

manufacturer’s specifications. After 30 min - 4 h, depending on the assay, absorbance 

(490 nm) or fluorescence (380–400nmEx/505nmEm) was measured in a Tecan M200 

reader. The value of 490 nm absorbance or 505nmEm fluorescence is directly 

proportional to the number of living cells in culture.  The combination index (CI) was 

then calculated with the Combenefit software (Di Veroli et al., 2016). 

7.2.2 Transient and stable expression systems  

7.2.2.1 Calcium phosphate transfection 

For transient expression, HEK293T cells were transfected using calcium phosphate. 

In brief, 1x106 HEK293T cells were seeded in 10 cm2 plates 24 hours before 

transfection in supplemented DMEM media. The day after, 50 μl 2.5 M CaCl2 were 

mixed with 450 μl nuclease-free water in a 1.5 ml reaction tube (one tube was prepared 

per plate) and 5-10 μg of expressing plasmid were added per tube. Next, while 

vortexing each reaction tube, 500 μl of 2xHeBs buffer (280 mM NaCl, 1.5 mM 

Na2HPO4, 10 mM Hepes, pH 7.05) were added drop by drop. After a 10 min incubation 

at RT, the prepared mixtures were added to the corresponding HEK293T culture dish 

making sure to distribute it equally throughout the plate. Experiments were performed 

24-48 h after transfection.  
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7.2.2.2 Lentiviral transduction  

Stable expression of constructs containing lentiCRISPRv2, pInducer or shRNA 

constructs in adherent (Huh7) or suspension cells (DLBCL cell lines) was achieved by 

lentiviral transduction using a second-generation packaging system. First, viral 

particles were produced. In brief, initially HEK2932T cells were transfected as 

described in section 3.2.2.1 using the lentiviral expressing constructs of interest 

together with the plasmids coding for the packaging elements, namely pCMV-VSV-G 

(3 μl per reaction tube) and psPAX2 (6.5 μl per reaction tube). The day after 

transfection, the medium was exchanged for 6 ml of fresh medium. After 48 h, the 

lentiviral suspension was filtered with a syringe (0.45 μM) and added to the cells of 

interest, which had been pre-seeded at a concentration of 0.2-0.3x106 cells/ml. Two 

days after infection, cells were washed twice with pre-warmed medium and seeded in 

medium containing the corresponding antibiotic for selection (puromycin for shRNA 

and CRISPRv2, and G418 for pInducer plasmids). For the Tet-ON system, doxycycline 

was added to the cells in order to achieve protein expression. Puromycin and G418 

concentrations were adjusted depending on the cell line. Cells were kept in selection 

medium for up to 7 days prior to experiments. For experiments involving shGLS, 

experiments were started just 2 days after selection due to the high cytotoxicity of 

glutaminase inhibition.  

7.2.3 RNA methods 

7.2.3.1 RNA isolation and cDNA generation 

At least 2x106 cells per condition were harvested and subjected to RNA isolation using 

either the QIAzol method (primary hepatocytes) or the Qiagen RNA kit (liver samples 

and HCC cell lines) according to manufacturer’s instructions. Importantly, for liver 

samples, 30-60 μg of tissue were transferred into a 2 ml reaction tube and immediately 

mixed with 300-600 ml of buffer RLT and 1% β-mercaptoethanol. Then liver tissue was 

lysed with the use of a rotor-stator homogenizer before proceeding with the rest of the 

protocol. After isolation, RNA concentrations and purity were determined with the use 

of Nanodrop spectrophotometer and stored at -80ºC until use.   
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Reverse transcription of total RNA into complementary single-stranded DNA (cDNA) 

was done using the cDNA Synthesis Kit (Table 7.1.6) and hexamer primers following 

manufacturer’s protocol. Resulting cDNA was diluted 1:5 prior to RT-qPCR analysis.  

 
7.2.3.2 Real time-quantitative PCR 

For the measurement of cDNA expression levels, the Green MasterMix (Table 7.1.6) 

was used. Following user guidelines, an initial reaction mix was prepared with the 

following components: 

Nuclease-free H2O 3.25 μL 
10 μM forward primer 0.25 μL 
10 μM reverse primer 0.25 μL 
Diluted cDNA 2 μL 
Green MasterMix 6.25 μL 

 

The reaction mix was then carefully resuspended and pipetted in triplicates in a 384-

well plate. The plate was then shortly centrifuged for 1 min at 1500 x g and then the 

PCR was performed with the following conditions: 1 cycle at 95ºC for 15 min for 

denaturation, followed by 40 cycles at 95ºC for 15 sec and 60ºC for 4 sec. Real-time 

PCR data was analyzed using Microsoft Excel 2010. Relative quantification of cDNA 

expression was calculated using the 2-ΔΔCT method (Livak & Schmittgen, 2001). ΔΔCt 

values of each mRNA were divided by the ΔΔCt value of the housekeeping gene 

(RPL37A or GAPDH) and normalized to the corresponding value of internal reference 

(untreated/control sample).  

 
7.2.3.3 RNAscope® 

The RNAscope® assy uses a method of in situ hybridization (ISH) to visualize single 

RNA molecules in samples mounted on slides. We used this method in order to 

quantify IkBζ mRNA in TMAs of human progressive liver disease and HCC. Following 

manufacturer’s instructions, we complied with the following workflow (provided by 

Advanced Cell Diagnostics) with the reagents included in the RNAscope® assay kit: 
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In our case, the samples were hybridized with the RNAscopeTM 2.5 VS Probe-Hs-

NFKBIZ to detect IkBζ mRNA. For each hybridization step, 4 drops of each specified 

probe were added per sample and incubated for the indicated amounts of time in the 

provided oven at 40ºC (Amp 1 - Amp 4) or at RT (Amp 5 - Amp 6).  Between each of 

these initial steps, samples were washed 3 times with Wash Buffer at RT. For the 

detection step, Fast RED-B was mixed with Fast RED-A at a 1:60 ratio to prepare a 

total of 120 μl of RED solution per sample. After incubation for 10 min at RT, samples 

were submerged in distilled water, and then rinsed in fresh tap water. Finally, tissues 

were counterstained with 50% Hematoxylin for 2 min at RT and washed 3-5 times in 

tap water until slides were clear. To finish, samples were dried at 60ºC in a dry oven 

for at least 15 min, dipped in fresh pure xylene and mounted with 1-2 drops of 

EcoMount and a coverslip.  

7.2.4 Protein methods 

Cell harvesting and lysate preparation 

DLBCL suspension cells were seeded and treated as mentioned in 7.2.1.1. After 

treatment, all cells were transferred to a 15 ml centrifuge tube. Then, cells were 

centrifuged at 1800 rpm for 3 minutes and twice washed in 1x PBS. After washing, 

cells were transferred to 1.5 ml reaction tubes and resuspended in at least 2x the 

pelleted volume with lysis buffer supplemented with protease and phosphatase 

inhibitors (Table 7.1.3). Cells were then incubated on ice for 10 minutes with 

intermittent vortexing followed by sonication for 5 min. Next, cells were centrifuged at 
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14.000 g for 10 min at 4ºC and the resulting supernatant, corresponding to the whole 

cell extract, was harvested and transferred to a new 1.5 ml reaction tube.  

Determination of whole protein concentration 

Protein concentrations of each sample were measured in duplicates using the Bio-Rad 

Protein Assay Dye Reagent Concentrate. To measure the protein concentration, the 

protein assay dye concentrate was initially diluted in a 1:5 ratio with ddH2O to generate 

the working reagent (WR). Next, 0.5 μl of each lysate was mixed with 1 ml of WR in a 

1.5 ml reaction tube and thoroughly vortexed. The absorbance of the samples was 

then measured at λ = 562 nm using the Genesys 10S UV-Vis spectrophotometer 

(Table 7.1.13). Protein concentrations were calculated with an according calibration 

curve.  

Protein sample preparation 

Cell lysates were diluted accordingly in 3x sample buffer to obtain a total of 30-120µg 

of protein per sample and were heated up for 5 min at 95ºC to induce protein 

denaturation. For long-term storage lysates were kept at -20°C.  

Immunoprecipitation 

To assess possible IκBζ interaction partners, wild-type Brd4, STAT3, p50 and IκBζ or 

truncated Brd4 and IκBζ mutants were ectopically expressed in HEK293T cells and 

assessed via steptavidin or FLAG pull-down assays. In brief, after cell lysis and 

subsequent protein concentration determination, which was performed as described in 

section 3.2, 30 μl of the resulting protein fraction were transferred to a 1.5 ml reaction 

tube and stored at -20ºC to serve as input-control. The remaining lysate was then 

precleared with pre-washed sepharose 6B beads for 30 min at 4ºC in a rotating wheel. 

After preclearing, samples were centrifuged for 1 min at 3000 rpm to collect the 

resulting supernatant, which constitutes the precleared lysate. This precleared lysate 

was then incubated with pre-washed anti-FLAG M2 agarose beads or streptavidin 

affinity beads (Table 7.1.2) for 1 h at 4ºC in a rotating wheel. After incubation, the 

resulting samples were centrifuged for 1 min at 3000 rpm and washed 3 times with 1 

ml lysis buffer. Finally, the resulting pellet was resuspended in 80 μl of 3x sample buffer 

and boiled at 95ºC for 5 min. Immunoprecipitated complexes were resolved with SDS-

PAGE by loading 10 μl of input control and 20-30 μl of immunoprecipitated samples.  
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Interaction partners of endogenous IκBζ were evaluated in the NFKBIZ-OE Huh7 cell 

line after induction of IκBζ expression with doxycycline treatment for 48 h via protein A 

pull-down assays. All steps followed were identical to the ones explained above with 

the following differences: 

I. Preclearing was performed using protein A agarose beads. 

II. Pre-cleared lysates were incubated with an anti-Brd4 or an IgG isotype control 

antibody (diluted 1:50) overnight at 4ºC in a rotating wheel.  

After incubation, steps proceeded as explained previously and immunoprecipitated 

complexes were resolved with SDS-PAGE by loading 10 μl of input control and 20-

30 μl of immunoprecipitated samples.  

SDS-PAGE and immunoblotting     

Detection of protein expression in whole cell extracts was assessed by Western Blot. 

First, lysates were loaded into a 10-15% SDS-PAGE (consisting of an upper collection 

gel and a lower separating gel) according to the components in Table 7.1.2 and 7.1.5 

using the Peqlab PerfectBlue gel system Twin ExW S. To be able to determine the 

proteins’ molecular weight, one or more protein ladders were loaded into each gel. 

Initially, the gels were run at 80 V for 10-30 min, which was then increased to 120 V 

and run for 2-3 hours in 1x migration buffer. After protein separation with gel 

electrophoresis, the proteins were transferred from the gel to a nitrocellulose 

membrane by electroblotting with the BioRad Trans-Blot® Cell in 1x blotting buffer 

(Table 7.1.5). The transfer conditions were 100 V for 90-120 minutes, after which the 

membranes were stained briefly with 5 ml of Ponceau reagent for 5 min at RT to 

evaluate the efficiency of the transfer. After washing out the Ponceau staining, the 

membranes were incubated for 30-60 min in 5% nonfat dry milk in TBS-T to block 

nonspecific binding sites. Then, membranes were incubated  overnight with the 

corresponding primary antibody diluted in 5% milk or BSA depending on the 

specifications (Table 7.1.10) at 4°C on a shaker.  The next day, membranes were 

washed three times for 5 min in PBS-T to remove excess or unspecific binding of 

primary antibody, and incubated with mouse or rabbit secondary antibodies 

(Table 7.1.10) for 3-4 hours at RT. After incubation, membranes were washed 3 more 

times with PBS-T and developed using ECL substrate at room temperature in dark 
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conditions. The chemiluminescence signals were detected with the Fusion SL 

detection system. 

7.2.5 Enzyme-linked immunosorbent assay (ELISA) 

Detection of secreted IL-6 or IL-10 from DLBCL cell lines (Fig. 5.3) was assessed by 

ELISA with the kits listed in table 7.1.6. In brief, cells were seeded at a concentration 

of 3x105 cells/ml in 25 cm2 flasks in triplicates and treated for 24 or 48 h with the 

corresponding inhibitors or their solvent control. After treatment, the cell suspensions 

were transferred to 15 ml centrifugation tubes and centrifuged at 1800 rpm for 3 min. 

After centrifugation, supernatants were transferred to new 15 ml tubes. Samples were 

diluted in cell medium at a ratio of 1:10 before proceeding with the IL-10 ELISA kit, 

while samples assayed via the IL-6 ELISA kit were left undiluted. Subsequently, the 

ELISAs were performed according to the manufacturer’s instructions. For long-term 

storage the supernatants were kept at -20°C degrees.  

7.2.6 Senescence assays  

7.2.6.1 Senescence induction 

To induce senescence in the human HCC cell line SMMC, we initially generated an 

SMMC/Tet-ON-RasG12V cell line (Ras-SMMC cells) (as described in section 3.2.2.2) 

that could express oncogenic Ras (RasG12V) in an inducible manner via doxycycline 

treatment. Once generated, 5x105 Ras-SMMC cells were first plated in 6-well plates 

and treated with 1 μg/ml doxycycline for 3 consecutive days, after which the medium 

was exchanged for fresh medium, and cells were left untreated for 4 consecutive days. 

After this 7-day period, Ras-SMMC cells started exhibiting a clear senescent 

morphology (Fig.24A).       

7.2.6.2 β-Galactosidase Staining (SA-β-gal) 

Senescent cells express β-galactosidase at pH6 and can easily be detected via SA-β-

gal staining. To monitor the induction of oncogene-induced senescence in Ras-SMMC 

cells, we performed SA-β-gal staining according to manufacturer’s protocol (Table 

7.1.6). In brief, after senescence induction as indicated in section 3.2.6.1, Ras-SMMC 

cells washed with 2 ml 1x PBS and then fixed for 10 min with 1 ml of 1x Fixative 

Solution. After fixation, cells were washed twice with 1x PBS and 1 ml of 
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β-Galactosidase Staining Solution was added to each well. The plate was then sealed 

with parafilm and incubated at 37ºC overnight in a dry incubator. For microscopic 

visualization, the β-Galactosidase Staining Solution was removed, and cells were 

overlaid with 70% glycerol. For long term storage, plates were kept at 4ºC.   

7.2.7 Fluorescence activated cell sorting (FACS) 

To examine the effects of glutaminase inhibition on cell cycle, apoptosis, lipid 

peroxidation, accumulation of reactive oxygen species and mitochondrial membrane 

potential, flow cytometry analyses were performed. For all assays, 5x105 - 1x106 cells 

were initially transferred to a test tube for staining and measurement. 

7.2.7.1 Surface staining  

Analysis of lipid peroxidation 

To monitor ferroptosis induction, cells were stained with the lipid peroxidation sensor 

BODIPY 581/591 undecanoic acid (BODIPY C11; Thermo Fisher Scientific). In brief, 

cells were stained with 2 mM of BODIPY C11 in Hanks' balanced salt solution (HBSS) 

for 15 min at 37ºC. Cells were then centrifuged at 1800 rpm for 3 min and washed 

twice in 1 ml HBSS. After washing, dead cells were stained using SYTOX Blue dead 

cell stain (Table 7.1.2). The percentage of oxidized BODIPY C11 cells and mean 

fluorescence intensity of oxidized BODIPY C11 were quantified by flow cytometry 

(BD LSRII) normalized to the mean fluorescence intensity of the reduced probe. 

FlowJo (V10) software was used for histograms.  

 Analysis of lipid peroxidation 

To monitor ferroptosis induction, cells were stained with the lipid peroxidation sensor 

BODIPY 581/591 undecanoic acid (BODIPY C11; Thermo Fisher Scientific). In brief, 

cells were stained with 2 mM of BODIPY C11 in Hanks' balanced salt solution (HBSS) 

for 15 min at 37ºC. Cells were then centrifuged at 1800 rpm for 3 min and washed 

twice in 1 ml HBSS. After washing, dead cells were stained using SYTOX Blue dead 

cell stain (Table 7.1.2). The percentage of oxidized BODIPY C11 cells and mean 

fluorescence intensity of oxidized BODIPY C11 were quantified by flow cytometry (BD 

LSRII) normalized to the mean fluorescence intensity of the reduced probe. 

FlowJo (V10) software was used for histograms.  
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Analysis of mitochondrial and intracellular ROS 

To monitor accumulation of mitochondrial ROS, cells were stained with the 

mitochondrial-specific superoxide sensor MitoSOX (Table 7.1.2). In brief, cells were 

washed once in 1 ml HBSS and then stained with 1 μM of MitoSOX in HBSS for 10 min 

at 37ºC. After washing a second time, dead cells were stained using SYTOX Blue dead 

cell stain (Table 7.1.2). The percentage of MitoSOX-positive cells and mean 

fluorescence intensity of MitoSOX were quantified by flow cytometry (BD LSRII) and 

normalized to the mean fluorescence intensity of the untreated probe. FlowJo (V10) 

software was used for histograms. To assay the accumulation of intracellular ROS, the 

same procedure as described above was followed, with two main differences: 

I. Cells were stained with 5 μM of the live cell-specific ROS sensor CellROX 

(Table 7.1.2). 

II. Incubation was performed for 30 min at 37ºC. 

Analysis of cytosolic ROS 

Shortly before treatment, cells were resuspended in pre-warmed HBSS containing 

1 μM of H2DCFDA and incubated at 37ºC for 45 min. After dye loading, cells were 

centrifuged, resuspended in pre-warmed media and 5x105 cells were seeded per well 

in a 12-well plate in triplicates. Cells were then treated as indicated in Fig.12C for the 

specified amount of time. After treatment, 5x105 cells were transferred to test tubes, 

washed twice in 1 ml HBSS, after which fluorescence was quantified by flow cytometry 

(BD LSRII) and normalized to the intensity of the untreated or solvent control probe. 

FlowJo (V10) software was used for histograms. 

Analysis of mitochondrial membrane potential (MMP) and activity  

To monitor mitochondrial activity and alterations in the MMP, cells were stained with 

the cell permeable, positively charged tetramethylrhodamine, ethyl ester (TMRE) 

(Table 7.1.2). In brief, cells were washed once in 1 ml 1x PBS and then stained with 

50 nM of TMRE in PBS for 30 min at 37ºC. After washing two more times, dead cells 

were stained using SYTOX Blue dead cell stain (Table 7.1.2). The percentage of 

TMRE-positive cells and mean fluorescence intensity of TMRE were quantified by flow 

cytometry (BD LSRII) and normalized to the mean fluorescence intensity of the 

untreated probe. FlowJo (V10) software was used for histograms. 
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7.2.7.2 Intracellular staining  

Propidium Iodide (PI)/RNase staining 

To analyze cell cycle alterations after glutaminase inhibition, cells were stained with 

the DNA and RNA intercalating agent PI. PI/RNase is used to specifically determine 

DNA content, since it contains a ribonuclease that removes RNA from the samples. 

Previous to the staining, cells were washed once with 1 ml of pre-warmed 1x PBS and 

resuspended in 500 μl resuspension buffer (Table 7.1.5) in order to permeabilize the 

cells.  Then 500 μl of PI/RNase solution were added per sample and these were 

incubated for 1 h in the dark at RT. Samples were then centrifuged at 2000 rpm for 3 

min and washed once with 1 ml 1x PBS. For measurement, pellets were resuspended 

in 250 μl 1x PBS and fluorescence was quantified by flow cytometry (BD LSRII).  

FlowJo (V10) software was used for histograms. 

7-AAD/AnnexinV staining 

In order to assess apoptosis after glutaminase inhibition, we stained the cells with 7-

AAD and AnnexinV-PE/Cy7. 7-AAD will intercalate with double-stranded DNA only in 

dead cells with compromised cellular membranes. AnnexinV, on the other hand, binds 

to phosphatidylserine, which translocates to the outer plasma membrane during early 

apoptosis. Hence, staining with AnnexinV and 7-AAD allows for discrimination between 

live, early apoptotic and late apoptotic cells.  

In brief, cells were first washed twice in FACS buffer and resuspended in 100 μl of 

AnnexinV binding buffer. Next, 5 μl of AnnexinV-PE/Cy7 and 5 μl of 7-AAD were added 

to the cell suspension, gently vortexed and incubated for 15 min at RT in the dark. For 

measurement, pellets were resuspended in 400 μl AnnexinV buffer and fluorescence 

was quantified by flow cytometry (BD LSRII).  FlowJo (V10) software was used for 

histograms. 
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7.2.8 Luminescence and fluorescence assays 

7.2.8.1 Quantification of cellular GSH levels 

Levels of reduced (GSH) and oxidized (GSSG) glutathione in cellular lysates were 

quantified using the GSH/GSSG-Glo Assay (Table 7.1.6) according to the 

manufacturer’s protocol. For this assay, 5x105 of pretreated cells were initially 

resuspended in 250 μl 1x PBS. In brief, each sample was divided into two different 

wells (in triplicates): one of the wells was treated with 25 μl of Total Glutathione Lysis 

Reagent, which converts all glutathione (both oxidized and reduced) into the reduced 

form of GSH, while the other well was treated with 25 μl of Oxidized Glutathione Lysis 

Reagent, which contains N-Ethylmaleimide (NEM), which reacts with GSH so that only 

oxidized GSH is reduced to GSH. Next, 50 μl of Luciferin Generation Reagent were 

added per well.   This reagent generates luciferin from the GSH present in the sample 

through the action of GST. Hence, the amount of luciferin generated depends on the 

moles of reduced GSH present in the sample. Finally, 100 μl of Luciferin Detection 

Reagent were added to each well to initiate luminescence signal via the action of 

luciferase. The amount of luminescence detected is directly proportional to the amount 

of GSH derived from total glutathione or oxidized glutathione alone. The ratio of 

oxidized to reduced glutathione present in each sample were then calculated following 

manufacturer’s instructions.  

7.2.8.2 Quantification of cellular NADPH levels 

Levels of reduced (NADPH) and oxidized nicotinamide adenine dinucleotide 

phosphate (NADP) in cellular lysates were quantified using the NADP+/NADPH-Glo 

Assay (Table 7.1.6) according to the manufacturer’s protocol. For this assay, 1,25x106 

of pretreated cells were initially resuspended in 250 μl 1x PBS. Similar to the GSH 

quantification assay, 50 μl of each sample were pipetted into two different wells (in 

triplicates) and received a different treatment in order to quantify NADP+ and NADPH 

separately. Initially, all cells were lysed with 50 μl of base solution with 1% DTAB. For 

the measurement of NADP+, 25 μl of 0.4 M HCl to one of the wells. Next, plates were 

incubated for 15 min at 60ºC and equilibrated for 10 min at RT. 25 μl of 0.5 M Trizma® 

base were added to the acid-treated samples, while the other samples received 50 μl 

of HCl/Trizma®. Finally, 100 μl of NADP/NADPH-GloTM Detection Reagent were added 
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to each well, which allows for the emission of luminescent signal proportional to the 

original amount of NADP+ or NADPH present in the samples.  

7.2.8.3 Quantification of cellular ATP levels  

This assay is utilized to determine the number of viable cells in culture by quantifying 

the amount of ATP present. The assay is designed so that luciferin is catalyzed by 

luciferase only in the presence of Mg2+ and ATP. Hence, only viable cells will emit 

luminescence. First, cells were plated as indicated in section 3.2.1.4 and treated with 

the inhibitor of interest or its solvent control. 48 h after treatment start, the plate was 

first equilibrated to RT for 30 min and then 150 μl of CellTiter-Glo® 2.0 Reagent 

(Table 7.1.6) were added per well and plate was shaken briefly. After a 10 min 

incubation period at RT, luminescence was recorded using the Tecan M200 plate 

reader.  

7.2.8.4 CellTiter-FluorTM cell viability assay 

The CellTiter-FluorTM viability assay is a non-lytic fluorescence assay that measures 

the activity of a conserved protease that is constitutively active in live cells, and 

therefore serves as a marker of cell viability. In brief, cells were initially plated as 

determined in section 3.2.1.4 (Cell viability assays) and treated as indicated for 48 h. 

After treatment, cells were resuspended and 50 μl of each sample (in triplicates) were 

transferred to a new 96-well plate. Finally, 50 μl of CellTiter-FluorTM Reagent (Table 

7.1.6) were added to all wells, mixed briefly and incubated for 30 min at 37ºC. After 

incubation, fluorescence was measured using the Tecan M200 reader (Table 7.1.13) 

every 30 min up to a total time of 3 h. 

7.2.9 Microscopy 

Imaging and detection of IkBζ mRNA expressed in human tissue microarrays of liver 

disease and HCC was performed after staining with the RNAscope® in situ 

hybridization method. After mounting of samples, images were acquired with the 

confocal microscope Zeiss 710 (Table 7.1.13) using immersion oil when required. 
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