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Abstract 

Epigenetic modifications alter the properties of DNA and chromatin and are crucial for proper 

control of gene expression during normal mammalian development. Epigenetic regulation has 

recently emerged as a hallmark of cancer. Head and Neck Squamous Cell Carcinomas (HNSCCs) 

comprise the 7th most common type of deadly cancers worldwide, which highlights the pressing 

need for better understanding of the molecular events in HNSCC tumorigenicity in order to 

discover potential therapeutic targets (Pan et al., 2019). H3K36-specific methyltransferase Nuclear 

Receptor Binding SET Domain Protein 1 (NSD1) is an enzyme that specifically catalyzes mono- 

and di-methylation of histone H3 at lysine 36 (H3K36me2). Recently, mutations in NSD1 have 

been shown to play an important role in the pathogenesis of HNSCC (Seiwert et al., 2015). Our 

group has also discovered that in these tumors, H3K36M mutations (Lysine to methionine 

substitutions at the residue 36 of histone H3) together with NSD1 mutations both display specific 

DNA methylation patterns that gives rise to a distinct molecular subtype of HNSCCs (Papillon-

Cavanagh et al., 2017). In subsequent work, our lab has identified H3K36me2-deficiency 

associated reduction in DNA methylation and an increase of the antagonistic H3K27me3 mark 

as common features of NSD1 and H3K36M mutant cancers. Loss of function mutations in the gene 

NSD2, another histone methyltransferase known for the ability to deposit H3K36me2, are not 

found in HNSCCs, while activating mutations leading to NSD2 overactivity are found in other 

cancers (Oyer et al., 2014). Moreover, NSD1 and NSD2 hypomorphic heterozygous mutations 

cause developmental syndromes - Sotos Syndrome and Wolf-Hirschhorn Syndrome, respectively, 

which are phenotypically similar but not identical. Intriguingly, very little is known about the 

functional differences between NSD1 and NSD2. Both genes share the catalytic SET domain and 

exhibit significant DNA sequence similarity, but current data suggests that their functions are not 

interchangeable. Studies have revealed that loss-of-function mutations in NSD1 lead to depletion 

of intergenic H3K36me2 domains, which in turn results in loss of DNA methylation and gain of 

H3K27me3 in the affected genomic regions (Farhangdoost et al., 2021). With the use of CRISPR-

Cas9 editing, we deleted the NSD2 gene in the HNSCC cell lines. We observed by Western blotting 

and mass spectrometry that NSD2 loss does not significantly deplete global H3K36me2 levels, 

which suggests that NSD1 and NSD2 do not seem to affect the epigenome in the same manner and 

that NSD1 plays the dominant role in H3K36me2 deposition. However, ChIP-Sequencing data 

analysis demonstrated that NSD2 loss induced an unexpected increase of H3K26me2 signal in 
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intergenic domains in Cal27 cell line and an independent of NSD1KO loss of H3K36me2 in FaDu 

cell line. Altogether, we showed that NSD1 is the leading H3K36-specific di-methyltransferase 

while NSD2 contributes to shaping the epigenetic landscape in HPV(-) HNSCC. 
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Résumé 

Les modifications épigénétiques altèrent les propriétés de l'ADN et de la chromatine et sont 

essentielles au bon contrôle de l'expression des gènes au cours du développement normal des 

mammifères. La régulation épigénétique est récemment apparue comme une caractéristique du 

cancer. Les carcinomes épidermoïdes de la tête et du cou (HNSCC) constituent un groupe de 

cancers mortels, le 7ème le plus courant dans le monde, ce qui souligne le besoin pressant de mieux 

comprendre les événements moléculaires de la tumorigénicité des HNSCC afin de découvrir des 

cibles thérapeutiques potentielles (Pan et al., 2019). La méthyltransférase spécifique de H3K36, 

NSD1 (Nuclear Receptor Binding SET Domain Protein 1), est une enzyme qui catalyse 

spécifiquement la mono- et la di-méthylation de l'histone H3 à la lysine 36 (H3K36me2). 

Récemment, il a été démontré que les mutations de la NSD1, jouent un rôle important dans la 

pathogenèse du HNSCC (Seiwert et al., 2015). Notre groupe a également découvert que dans ces 

tumeurs, les mutations H3K36M (substitutions de lysine en méthionine au niveau du résidu 36 de 

l'histone H3) ainsi que les mutations NSD1 présentent toutes deux des profils de méthylation de 

l'ADN spécifiques qui donnent lieu à un sous-type moléculaire distinct de HNSCC (Papillon-

Cavanagh et al., 2017). Dans des travaux ultérieurs, notre laboratoire a identifié une réduction de 

la méthylation de l'ADN associée à une déficience en H3K36me2 et une augmentation de la marque 

antagoniste H3K27me3, comme une caractéristique commune des cancers avec des mutations de 

NSD1 ou H3K36M. Il est intriguant de constater que les mutations de perte de fonction dans le 

gène NSD2, une autre histone méthyltransférase connue pour sa capacité à déposer H3K36me2, ne 

sont pas trouvées dans les HNSCCs, alors que des mutations activatrices conduisant à une 

suractivité de NSD2 sont trouvées dans d'autres cancers (Oyer et al., 2014). De plus, les mutations 

hétérozygotes hypomorphes de NSD1 et NSD2 provoquent des syndromes de développement - le 

syndrome de Sotos et le syndrome de Wolf-Hirschhorn, respectivement, qui sont 

phénotypiquement distincts, mais partagent de nombreuses caractéristiques communes. De 

manière intrigante, on connait très peu de choses sur les différences fonctionnelles entre NSD1 et 

NSD2. Les deux gènes partagent le domaine SET catalytique et présentent une importante 

similitude de séquence d'ADN, mais les données actuelles suggèrent que leurs fonctions ne sont 

pas interchangeables. Une récente étude de notre laboratoire a révélé que les mutations de perte de 

fonction dans NSD1 entraînent une déplétion des domaines H3K36me2 intergéniques, ce qui 

entraîne à son tour une perte de méthylation de l'ADN et un gain de H3K27me3 dans les régions 
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génomiques affectées (Farhangdoost et al., 2021). En utilisant l'édition CRISPR-Cas9, nous avons 

supprimé le gène NSD2 dans les lignées de cellules HNSCC (NSD2KO) et nous avons observé 

que la perte de NSD2 ne diminue pas de manière significative les niveaux globaux de H3K36me2 

par Western blotting ou par spectrométrie de masse. De manière intrigante, l'analyse des données 

d’immunoprécipitation de la chromatine suivi de séquençage (ChIP-seq) a identifié des régions 

génomiques de gain et de déplétion de H3K36me2 en l'absence de NSD2. La perte de NSD2 a 

induit une augmentation inattendue du signal H3K36me2 dans les domaines intergéniques et si ce 

résultat est sans aucun doute passionnant, il manque une explication simple. En outre, alors que les 

effets épigénétiques de la perte de NSD2 dans les HNSCC doivent être explorés plus loin, NSD1 

et NSD2 ne semblent pas affecter l'épigénome de la même manière, NSD1 jouant le rôle dominant 

dans le dépôt de H3K36me2.   
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Chapter 1: Introduction 

1.1 Head and Neck Squamous Cell Carcinoma 

Head and Neck Squamous Cell Carcinoma (HNSCCs) originate from the mucosal surfaces of 

anatomical sites in the upper airway and digestive tract, such as the oral cavity, sinonasal cavity, 

larynx, pharynx and oropharynx. HNSCCs can be further subclassified based on not only their 

anatomic location but also their etiology as well as molecular findings, which makes them highly 

heterogeneous (Shah et al., 2020; Wang et al., 2020). HNSCCs is the sixth most common cancer, 

each year affecting approximately 900,000 people, and causing 450,000 deaths globally (Johnson 

et al., 2020). These cancers can result from an infection with the Human papilloma virus (HPV) - 

giving rise to the HPV-positive subtype of HNSCC. Both subtypes - the HPV-positive and the 

HPV-negative, display greatly varying genomic characteristics, but the major risk factors for 

HNSCCs within both subtypes are alcohol and tobacco use, as well as poor dental hygiene (Smith 

et al., 2010). Treatments usually involve surgery, chemotherapy and radiation, or a combination 

thereof (Kitamura et al., 2020). Nonetheless, with the currently observed HNSCC five-year 

survival of 50%, it is absolutely crucial to pursue other possible treatment alternatives such as 

immunotherapy (Li et al., 2018). Immunotherapy can be successful in some cases, but 

unfortunately the majority of patients remain unresponsive and the disease advances, which 

highlights the pressing need for better therapeutic targets (Shah et al., 2020). Moreover, while 

HPV-positive, non-tobacco consuming patients respond better to chemo- and radiotherapy, the 

HPV-negative ones face a significantly worse outcome, which applies to both locally occurring 

and metastatic HNSCCs (Jung et al., 2020). Therefore, development of new treatments aiming 

especially at the HPV-negative patient group is critical.   

1.2 Genetics 

Living organisms are made of physical and functional units called cells. Cells carry instructions on 

their morphology and physiology which are contained in a macromolecule called deoxyribonucleic 

acid (DNA). DNA is a two-stranded and reversely complemented double helix, composed of four 

organic compounds called adenine (A), thymine (T), guanine (G) and cytosine (C). A, T, G and C 

together, in unique combinations, encode interpretable information, e.g. about the sequence of 

amino acids in a given protein (Genetic Alliance, 2009).   
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The DNA molecule stores information that is necessary for cell survival and appropriate function 

and this information is conveyed to subsequent generations. Therefore, DNA is often referred to as 

the molecule of heredity with basic structural and functional units called genes. A gene is a specific 

sequence of As, Ts, Gs and Cs, which encodes a functional product, and through the process of 

transcription leads to the production of RNA. RNA, in turn, can be translated to a protein. Proteins 

perform multiple roles in cells and are essential for function and the maintenance of cellular 

homeostasis (Genetic Alliance, 2009). 

1.3 Epigenetics 

The information contained in the DNA sequence is tightly regulated. This higher-up layer of gene 

regulation is often referred to as epigenetics (‘epi’ - ‘above’ or ‘over’). Epigenetics refers to 

heritable changes of the chromatin that do not affect DNA sequence (Gibney & Nolan, 2010). Such 

changes alter gene expression, and consequently the phenotype, e.g. by modulating gene 

accessibility for transcription. The existence of an upstream mechanism of gene regulation is 

manifested by genes being turned on and off, thus epigenetic information ought to be considered 

alongside genetic information when studying genetic phenomena and phenotypes (Holliday, 2006; 

Li et al., 2021). Furthermore, epigenetic modifications are present throughout the genome, which 

makes them an intriguing subject for investigation, as the control of gene expression is global, 

influencing many genes as opposed to a single one. In that scenario, the epigenetic effects, because 

of their whole genome effect, are referred to as epigenomics (Weinhold, 2006).  

Three types of epigenetic changes can be distinguished:   

 DNA methylation – methylation of cytosines or adenines; it evokes gene silencing of the 

associated genomic region by recruiting repressor proteins and disabling the binding of 

transcription factors (Feinberg, 2018; Moore et al., 2013); 

 Activity of non-coding RNAs (ncRNAs), functional RNA molecules that are transcribed 

but not translated; various kinds of ncRNAs are involved in gene regulation, e.g., in 

transcriptional repression and chromatin remodeling (Espinoza et al., 2004; Hirota et al., 

2008; Frías-Lasserre and Villagra, 2017); 

 Histone modifications, i.e. methylation, acetylation, acylation, phosphorylation, 

ubiquitination, homocysteinylation, monoaminylation, glycosylation, O-GlcNacylation, 

ADP-ribosylation, SUMOylation, serotonylation (Shiio and Eisenman, 2003; Farrelly et al, 
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2019; Dai et al., 2020), which, depending on their type and location, are associated with 

either gene activation or deactivation.  

For the purpose of this thesis, I will focus on the last type of epigenetic changes – histone 

modifications. Histone modifications are often being referred to as histone marks. Histones acquire 

specific chemical modifications on many of their residues, e.g. H3K4me3 (tri-methylation of lysine 

4 on histone H3), H3K9me3 (tri-methylation of lysine 9 on histone H3), H3K27ac (acetylation of 

lysine 27 on histone H3), H3K27me3 (tri-methylation of lysine 27 on histone H3), H3K36me2 (di-

methylation of lysine 36 on histone H3), H3K36me3 (tri-methylation of lysine 36 on histone H3). 

The addition of chemical groups on histone residues is catalyzed by a group of enzymes called 

writers, and their removal is catalyzed by erasers. Readers, on the other hand, are the proteins that 

recognize the histone marks and induce downstream reactions such as the recruitment of 

transcriptional machinery and subsequent gene transcription.  

 

Figure 1. Chromatin organization and packaging in the nucleus.  

DNA is tightly packed into chromatin which in its most condensed structure forms chromosomes. 

Chromosomes are made of condensed chromatin fibres that are comprised of neatly organized 

DNA wrapped around histone proteins. Such structural units are called nucleosomes. Nucleosomes, 

in turn, consist of 4 pairs of histone proteins (2 of each: H2A, H2B, H3 and H4) plus a linker 

histone H1. The bottom-left corner of the figure represents a single nucleosome with examples of 

modifications that can be found on histone tails. Figure created with BioRender. 
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1.4 Role of histone modifications in gene regulation 

In 1962, an interesting study from the Bonner lab, demonstrated that, in the chromatin regions 

where DNA is fully complexed with histones, the DNA-dependent RNA synthesis is inactive, 

suggesting that the presence of histones on DNA inhibits transcription and that histones act as 

suppressors of genetic activity (Huang and Bonner, 1962). Two years later, in 1964, Vincent 

Allfrey’s group reported their pioneering findings on the post-translational modifications of 

histones (Allfrey et al., 1964), coupling histone acetylation to gene activity and thus, opening the 

door to a novel, untraveled field of histone epigenetics. In the famously hailed “molecular 

manifestation of epigenetics”, histone acetylation was shown to encourage gene activation by 

inducing alterations in the chromatin structure, which, in turn, enabled the DNA to act as a template 

for RNA synthesis (Pogo et al., 1966). Since then, acetylation has been one of the most thoroughly 

studied histone marks (Grant, 2001).    

1.4.1 Histone epigenetic modifiers 

The discovery of histone epigenetic modifiers was another major breakthrough in the field. Histone 

epigenetic modifiers are enzymes that facilitate the addition or removal of post-translational 

modifications (PTMs) on specific histone residues. In 1996, the first histone acetyltransferase 

(HAT) - an enzyme that adds an acetyl group to a histone residue - was purified by Dr. Allis and 

colleagues (Brownell et al., 1996). This HAT, called p55, was found in a ciliate Tetrahymena 

thermophila and further analysis revealed it to be an orthologue of the yeast enzyme Gcn5, which 

had previously been assigned to possessing the properties of a transcriptional coactivator, and later 

also shown to display HAT activity. Therefore, a direct association between histone acetylation 

and gene activation was found, and Gcn5’s role in activating genes was further demonstrated in 

subsequent studies (Brownell et al., 1996; Kuo et al., 1996). The same year yielded other big 

discoveries of more HATs, e.g. TAF1 (TATA-box binding protein associated factor TFIID subunit 

1) (Mizzen et al., 1996), and CBP-/p300 (CREB-binding protein and p300) (Bannister and 

Kouzarides, 1996; Ogryzko et al., 1996), as well as HD1, the first histone deacetylase (HDAC) - 

an enzyme that removes acetyl groups from histones - which was purified by Dr. Schreiber and his 

team (Taunton et al., 1996). Intriguingly, a yeast orthologue of this HDAC, called Rpd3, was 

already established to perform a function of a transcriptional co-repressor. Similarly to the p55-

Gcn5 HAT correlation, but this time with the reverse trends, the finding had made a direct link 

between histone deacetylation to transcriptional repression. Collectively, 1996 has greatly 
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broadened our knowledge and understanding of histone epigenetics, illustrating the beautiful 

mechanisms underlying the ‘on’ and ‘off’ gene regulation switch by coupling histone acetylation 

to active gene states and histone deacetylation to the inactive states (Allis and Jenuwein, 2016).    

To date, many fascinating histone modification roles have been discovered and described. Various 

histone modifications have been shown to display unique specificities for genomic regulatory 

elements and regions (such as promoters, enhancers, gene bodies, etc.) generating, in consequence, 

distinct patterns across the entire genome. For instance, histone acetylation is typically linked to 

gene activation, however different transcription promoting activities result from different histone 

residues being acetylated. For example, acetylation of lysine 4 on histone H3 (H3K4ac) is linked 

to transcription activation at some promoters, while acetylation of lysine 27 on histone H3 

(H3K27ac) carries enhancer function while also being associated with gene expression (Zhao and 

Garcia, 2015). Similarly, tri-methylation of lysine 27 on histone H3, (H3K27me3) induces global 

gene silencing and is coupled to inactive gene promoters, while mono-methylation of lysine 27 on 

histone H3, (K3K27me1), associated with high gene activity, can be found near active gene 

promoters and in highly transcribed gene bodies (Lavarone et al., 2019).  

1.5 Histone methylation at Lysine residues 

In Allfrey’s work from the mid-1960s, histone methylation was also investigated and the first hint 

linking histone methylation with transcriptional control, was proposed. It was only in 2000 that the 

paper was published about finding of SUV39H1, the fist histone lysine methyltransferase (KMT), 

which methylates H4 on lysine 9 (Rea et al., 2000). SUV39H1 was shown to have a SET domain, 

that harbors catalytic activity, which inspired consequent discoveries. Shortly afterwards, other 

enzymes that possess SET domain were studied for being potential KMTs. This lead to the 

discovery of other KMTs, e.g. G9a (a histone H3 Lysine 9 (H3K9) mono- and di-methylase) 

(Tachibana et al., 2001; Casciello et al., 2015), and EED-EZH2 complex that specifically 

methylates histone H3 at Lysine 27 (H3K27) (Czermin et al., 2002; Müller et al., 2002; Cao et al., 

2002). Interestingly, there are some exceptions among the KMTs, which do not possess the SET 

domain. One such exception is the DOTL1 enzyme, which methylates H3K79 (van Leeuwen et al., 

2002), but, similarly to other KMTs, it facilitates an identical chemical reaction of relocating a 

methyl group from S-adenosylmethionine (SAM) to a Lysine's ε-amino group (Bannister and 

Kouzarides, 2011).  
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It is, moreover, worth mentioning that the epigenetic effect in the form of histone modification can 

produce a different outcome in terms of gene expression, depending on which histone residue is 

being methylated. Some methylation states are activating, while others are repressive. For instance, 

while H3K9 tri-methylation mediated by SUV39HI exerts a silencing effect on the associated 

genomic regions, H3K4 tri-methylation, catalyzed by Set1, is linked to upregulation of the affected 

genes (Hyun et al., 2017).  

Histone modifications occur on histone tails. Due to their 4D structure and biochemical properties, 

only two out of twenty amino acids can undergo histone methylation on their side chains: Lysine 

(K) and Arginine (R ) (Alban et al., 2014). Lysine can acquire from one to three methyl groups, 

while for Arginine the maximum is two methyl groups. In the case of Arginine the di-methylation 

can be symmetrical or asymmetrical (Wu et al., 2016). Moreover, histone methylation does not 

influence the charge of the histone protein, in contrast to histone phosphorylation or acetylation 

(Zhao and Shilatifard, 2019).  

HKMTs are often highly specific to the histone residue that they modify, as well as to the 

methylation state that they produce, meaning that they usually interact with only one specific amino 

acid found in the histone tail (e.g. G9a only methylates H3K9), and that they often  catalyze just 

one of the steps of the modification (e.g. SET7/9 can only add the first methyl group during the 

H3K4 methylation) (Xiao et al., 2003). Intriguingly, X-ray crystallographic studies and latter 

mutagenesis experiments on KMTs have pinpointed a crucial residue, within the enzyme’s lysine-

binding pocket, that is responsible for catalyzing the latter methylation states. The studies revealed 

that the type of aromatic amino acid (Tyrosine or Phenylalanine) found at that special location will 

dictate whether the enzyme is a mono-methylase or whether it will be capable of catalyzing all 

three steps of methylation at the assigned histone residue. Tyrosine in that regard, will indicate 

mono-methylation, whereas Phenylalanine will enable tri-methylation of the histone residue 

(Collins et al., 2005).  

1.6 Lysine 36 of histone H3 (H3K36) methylation states 

One of the histone residues that gets methylated at its Lysine residue is H3K36 - Lysine 36 at 

histone H3. This residue can exist in one of the four states: non-methylated, mono-, di-, and tri-

methylated (H3K36, H3K36me1, H3K36me2 and H3K36me3, respectively) (Lucio-Eterovic et al., 

2010). These H3K36 methylation states display different distributions across the genome which 
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also suggests their varying functional roles. From the start of the promoter to the 3’ end to the 

active gene, it can be observed that H3K36 methylation progresses from mono- through di- to tri-

methylation (Bannister et al., 2005). The distinction between H3K36me2 and H3K36me3 is 

especially curious as these two marks have been shown to play different roles, not only in gene 

regulation but also in other contexts. H3K36me3 has been demonstrated to play a key role in 

defining exons and by these means, is important in appropriate control of alternative splicing 

(Schwartz et al, 2009; Luco et al., 2010). Moreover, it was shown to be instrumental in DNA 

double-strand break repair (DBS) mechanism of homologous recombination (HR) (Pfister et al., 

2014). H3K36me2 has also been implicated in such mechanisms, facilitating the recruitment of 

early repair factors in the alternative to HR, DBS repair mechanism: Nonhomologous End Joining 

(NHEJ) (Fnu et al., 2011). Regardless of the state of methylation, however, it has been very well 

established that H3K36 di- and tri-methylation are found in euchromatin - i.e. in the regions of 

active genes and are associated with transcriptional activation and elongation. However, while 

H3K36me3 is exclusive to gene bodies, H3K36me2 is generally most abundant in euchromatic 

intergenic regions, i.e. large domains between active genes.   

H3K36 methylation is crucial to appropriate cellular function and has to be tightly regulated. If the 

faithful regulation of this histone mark is halted, it leads to serious phenotypic consequences, and 

very often gives rise to oncogenic malformations. Deregulation of H3K36 methylation either by 

mutations found in “writers” (H3K36-specific methyltransferases) or the histone residue itself (e.g. 

K36M substitutions), has been linked to cancer in multiple studies. The first one that linked the 

H3K36 deregulation to tumorigenesis was in acute myeloid leukemia. In this study, NSD1 mutant-

induced loss of H3K36 methyltransferase activity promoted transformation and sustained the 

renewal of myeloid stem cells (Wang et al., 2007). In the following years, aberrant H3K36 

regulation was linked to tumorigenesis in e.g. chondroblastoma, and soft tissue sarcomas, where 

Lysine to Methionine substitutions on Histone H3 (H3K36M) were identified as oncogenic drivers 

(Behjati et al., 2013; Lu et al., 2016). Finally, the same H3K36M substitutions have been described 

in a subset of head and neck cancers, in a study that will be more thoroughly discussed in the 

upcoming parts of this thesis (Papillon-Cavanagh et al., 2017).  
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1.7 H3K36-specific methyltransferases 

While in yeast all three steps of H3K36 methylation are catalyzed by the same enzyme, Set2 (Strahl 

et al., 2002), humans display more complexity and redundancy in this aspect, and thus there are 

specific enzymes that catalyze only the first two steps of this methylation, as well as enzymes that 

catalyze the final step. In humans, we can therefore distinguish mono- and di-methyltransferases 

of H3K36, such as NSD1, NSD2, NSD3, ASH1L, as well as H3K36 tri-methyltransferases, such 

as SETD2 (Edmunds et al., 2008).  

 

Figure 2. H3K36 methylation pathway including the mammalian methyltransferases that catalyze 

the addition of the subsequent methyl groups on Lysine 36 at histone H3 in humans. Figure 

created with BioRender.   

1.7.1 NSD1 

Nuclear Receptor Binding SET Domain Protein 1 (NSD1) is a Lysine 36 Histone H3 (H3K36) 

specific methyltransferase, which deposits one or two methyl groups on the H3K36 residue, 

generating monomethylated H3K36 (H3K36me1) or di-methylated H3K36 (H3K36me2), 

respectively. It has been well established that NSD1 acts as a di- but not tri-methyltransferase of 

the H3K36 histone residue, although the enzyme indirectly contributes to H3K36me3 deposition, 

via catalyzing the necessary H3K36me2 substrate for the subsequent addition of the final methyl 

group (Papillon-Cavanagh et al., 2017). It was formerly claimed that NSD1 also methylates Lysine 

20 on histone H4 (H4K20) in vitro (Rayasam et al., 2003), but later evidence showed that this 

methyltransferase is indeed H3K36 specific (Li et al., 2009). The NSD1 gene is found on 

chromosome 5 (5q35.3). During its expression, NSD1 undergoes alternative splicing which gives 

rise to its different protein isoforms. There have been three of such isoforms confirmed, with the 

longest built of 2696 amino acids and a molecular mass of 296652 Da (U.S. National Library of 

Medicine, 2022; GeneCards Database, 1996-2022). According to NCBI, the longest isoform 
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consists of 26 exons. Lucio-Eterovic and colleagues, however, examined the relative expression of 

two different isoforms of NSD1 in multiple human cell lines, and compared two NSD1 isoforms, 

the short one with 23 exons and the long one, made of 24 exons. Notably, the expression of the 

short isoform was predominant across human tissues (Lucio-Eterovic, 2010).   

NSD1 protein has a few, very well conserved, functional domains: su(var)3-9, enhancer-of-zeste, 

trithorax (SET) domain, proline-tryptophan-tryptophan-proline (PWWP) domain and plant 

homeodomain protein (PHD) finger domains (Huang et al., 1998; Kurotaki et al., 2001). SET 

domain possesses the lysine methyltransferase catalytic activity (Herz et al., 2013) and PWWP 

domain’s function is to recognize and bind the methylated lysine on histone H3 (Wu et al., 2011; 

Rona et al., 2016). The PHD finger domains, in turn, facilitate the binding of NSD1 to the lysine 

on histone H3 (Pasillas et al., 2011).  

1.7.1.1 Phenotypic outcomes of NSD1 mutations 

Germline loss-of-function, autosomal dominant mutations in NSD1 leading to its 

haploinsufficiency, are the genetic cause underlying Sotos syndrome. This overgrowth 

developmental syndrome is characterized by accelerated growth, macrocephaly, as well as 

distinctive facial appearance and learning disabilities. Furthermore, Sotos patients frequently suffer 

from cardiac and renal disabilities as well as seizures and scoliosis (Tatton-Brown and Rahman, 

2007). Sotos syndrome patients also have a higher predisposition to cancer (Lapunzina, 2005; 

Mencarelli et al., 2018).   

Indeed, mutations in NSD1 have been directly linked to cancer, with the first study from over 20 

years ago demonstrating that NSD1-NUP98 fusion is an underlying genetic cause for acute myeloid 

leukemia (Jaju et al., 2001). Since then, many different discoveries have been made, recognizing 

NSD1 mutations in human neuroblastoma and glioma (Berdasco et al., 2009), prostate cancer 

(Bianco-Miotto et al., 2010), colorectal cancer (Starr et al., 2009, Starr et al., 2011), skin cancers 

(Quintana et al., 2013), head and neck cancers (Cancer Genome Atlas Network, 2015; Papillon-

Cavanagh, et al., 2017), lung cancers (Brennan et al., 2017) and many others (Wu et al., 2017; 

Bakardjieva-Mihaylova et al., 2019; Zhang et al., 2019; Azevedo et al., 2020; Lee et al., 2020; 

Prieske et al, 2020; Zhang et al., 2020). In many of these studies, the H3K36 methyltransferase 

activity of NSD1 was abrogated, which could classify the NSD1 mutants as hypomorphs or 

amorphs (loss-of-function). Such NSD1 mutations, in turn, were shown to have promoted 
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oncogenic transformation, which strongly suggested that in those contexts NSD1 was a tumor 

suppressor. In other studies, the NSD1 gene was upregulated, or NSD1 protein levels were 

elevated, which falls into NSD1 mutants acting as hypermorphs or neomorphs (gain-of-function). 

This could support the notion that NSD1 could also act as an oncogene. Table 1 summarizes the 

different types of NSD1 mutations found in various cancer types, the effects of these mutations on 

the protein function (especially on its H3K36 methylase activity), as well as how that functional 

defect contributes to cancer initiation and/or progression. It provides evidence of the binary role of 

NSD1 mutations: tumor-promoting and tumor-impeding. 

Cancer  

Type 

NSD1 

Genotype 

Effect  

on Function 

Effect  

on Cancer 

Publication 

Head and Neck 

Squamous Cell 

Carcinoma 

(HNSCC) 

LOF missense 

mutations 

(SNV, focal 

deletions, 

splicing effects) 

Mutation near or 
within the region 

encoding the catalytic 

SET domain, 
frequently leading to 

protein truncation;  

decreased intergenic 

H3K36me2 causing 
strong DNA 

hypomethylation   

 

 

Promoting 
oncogenesis 

through epigenome 

deregulation;  
downregulation of 

genes and pathways 

involved in 

epidermal 
differentiation and 

keratinization; 

upregulation of 
RAS signaling and 

EMT; reduced T 

cell infiltration 

Cancer 

Genome Atlas 

Network, 

2015; Seiwert 

et al. 2015; 

Papillon-

Cavanagh et 

al., 2017; 

Farhangdoost 

et al., 2021 

Lung Squamous 

Cell Carcinoma 

(LUSC) 

Inactivating 

mutations, 

deletions 

Failure to methylate 

H3K36, leading to 

net loss of genome-

wide DNA 

methylation  

Overexpression of  

important 

developmental 
transcription 

factors, creating a 

more stem-like  

phenotype; loss of 
epigenetic 

downregulation of 

potential oncogenes  

Brennan et al., 

2017 

 

Pulmonary 

Granular Cell 

Tumor  

(PGCT) 

Missense 

mutation 

Increase in the NSD1 

gene expression 

Role of H3K36me2 

not discussed 

Zhang et al., 

2020 

Cervical Cancer 

(CC)  

High frequency 

of NSD1 

mutations 

Not characterized Role of H3K36me2 

not discussed  

Lee et al., 

2020 
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Vulvar 

Squamous Cell 

Carcinoma 

(VSCC)  

NSD1 mutations Not characterized Role of H3K36me2 

not discussed 

Prieske et al, 

2020 

Hepatocellular 

Carcinoma 

(HCC)  

Elevated NSD1 

expression (in 

HCC tissues and 

cell lines); 

experimentally 

induced NSD1 

loss 

H3K36me2 levels 

decrease (suggested) 

and H3K27me3 

levels become 

elevated (shown), 

which suppresses the 

expression of 

Wnt10b; 

downregulation of the 

Wnt/β-catenin 

signaling pathway 

(shown)  

Inactivation of the 

Wnt/β-catenin 

pathway inhibits 

proliferation, 

invasion and 

migration of cancer 

cells   

Zhang et al., 

2019 

Testicular Germ 

Cell Tumors 

(TGCT)  

Aberrations in 

the NSD1 gene 

Not characterized NSD1 mutations 

correlate with 

cisplatin-resistance 

in TGCT patients, 

driving tumor 

persistence via 

overriding the 

chemoresistance 

mechanisms 

Bakaedjieva-

Mihavlova et 

al., 2019 

Clear Cell Renal 

Cell Carcinoma 

(ccRCC)  

CNAs, LOF and 

GOF mutations 

in NSD1 

Not characterized Drives the increase 

in tumor size 

Fernandes et 

al., 2021 

Melanoma  NSD1 

downregulation 

Decreased 

H3K36me2 in 

metastatic melanoma 

cells 

Promotes tumor 

progression, and a 

more aggressive 

cancer phenotype 

(metastasis) 

Azevedo et 

al., 2020 

Pancreatic 

Ductal 

Adenocarcinoma 

(PDA)  

NSD1 

upregulation 

Not characterized Worsening disease 

outcomes and 

progression (tumor 

grade and stage) 

Ettel et al., 

2019 

Hypopharyngeal 

Carcinoma 

(HPC) 

NSD1 

upregulation 

Elevated H3K36me2 

levels on the PRB4 

pomoter; increased 

PIK3 signaling 

Contributes to HPC 

tumorigenesis by 

upregulating PRB4; 

PRB4 loss hinders 

Wu et al., 

2017 



31 
 

cell growth and 

invasiveness 

Nonmelanoma 

skin cancer 

(NMSC) 

including BCC 

and SCC 

LOF mutations 

in NSD1 

Loss of the H3K36-

methyltransferase 

function 

Likely to be driving 

skin carcinogenesis 

Quintana et 

al., 2013 

Prostate Cancer  NSD1 

upregulated in 

the metastatic 

tumors 

Not characterized Promoting prostate 

cancer progression 

Bianco-Miotto 

et al., 2010 

Colorectal 

Cancer  

Aberrant 

expression of 

NSD1 

Not characterized NSD1 identified as 

a candidate cancer 

gene 

Starr et al., 

2009, Starr et 

al., 2011 

Human 

Neuroblastoma 

and Glioma 

NSD1 CpG 

island promoter 

hypomethylation 

leading to 

transcriptional 

silencing of 

NSD1 

Reduced levels of 

H3K36me3; MEIS1 

oncogene 

upregulation 

Inability to perform 

the tumour 

suppressor function, 

activation of 

oncogenesis; poor 

survival; high-risk 

neuroblastoma 

Berdasco et 

al., 2009 

Acute Myeloid 

Leukemia 

(AML)  

NUP98-NSD1 

translocation 

leading to an in-

frame gene 

fusion, resulting 

in the joining of 

nucleotide 3503 

of NSD1 to the 

nucleotide 1553 

of NUP98 

 

Expression of 

defective NUP98-

NSD1 fusion protein; 

enforcing 

transcription of HoxA 

genes and Meis1 by 

maintaining 

H3K36me2 (and 

histone acetylation) at 

genomic regions 

associated with 

HoxA7 and HoxA9 

genes; disabling the 

EZH-2 mediated 

H3K27me3 

repression 

Blocking cellular 

differentiation, 

locking cells in the 

progenitor state, 

enhancing self-

renewal and thus, 

promoting 

leukemogenesis 

Jaju et al., 

2001; Wang et 

al., 2007 

 

 

 

Table 1. Representation of the NSD1 mutations found in different cancer settings and their 

contribution to oncogenic signatures.  
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1.7.2 NSD2 

Nuclear Receptor Binding SET Domain Protein 2 (NSD2), also known as Wolf-Hirschhorn 

syndrome candidate Protein 1 (WHSC1) and multiple myeloma SET domain protein (MMSET), is 

a H3K36-specific methyltransferase. Similarly to NSD1, the NSD2 enzyme, specifically catalyzes 

mono- and di-methylation of H3K36 (producing H3K36me1 and H3K36me2, respectively) and 

indirectly facilitates the tri-methylation of this histone residue, by enabling the generation of 

H3K36me2, a substrate for H3K36me3 synthesis (Jaffe et al., 2013; de Krijger et al., 2020). The 

NSD2 gene is located at chromosome 4 (4p16.3) and is made of 29 exons (Wang et al., 2021). As 

a result of alternative splicing, its expression can lead to generation of three different isoforms, 

frequently referred to as MMSET type I (NSD2-short), MMSET type II (NSD2-long), RE-IIBP. In 

contrast to the remaining two, MMSET type I is deprived of methyltransferase activity as it lacks 

the catalytic SET domain (Bennett et al., 2017). According to some studies, the MMSET type II 

which is a catalytically active full-length NSD2 isoform, has been described to drive the oncogenic 

function (Hudlebusch et al., 2011).  

NSD2 displays a high level of sequence similarity to NSD1, and, in consequence, the two proteins 

share a very similar composition of functional domains, such as the previously mentioned SET, 

PWWP and chromatin reader PHD domains.  

1.7.2.1 Phenotypic outcomes of NSD2 mutations 

Loss-of-function missense or truncating mutations in NSD2 leading to its haploinsufficiency, and 

inability to synthesize H3K36me2, are causal to a genetic condition called Wolf-Hirschhorn 

syndrome (WHS), which is characterized by prenatal-onset growth retardation, microcephaly, 

facial clefts, epilepsy, congenital cardiac dysfunction and intellectual disability (Barrie et al., 2019; 

Zanoni et al., 2021). On the other hand, gain-of-function mutations in NSD2 have been frequently 

identified in cancer. Multiple studies have shown their key role in multiple myeloma (Lauring J, et 

al., 2008; Kuo et al, 2011; Lhoumaud et al., 2019), acute lymphoblastic leukemia (Jaffe et al, 2013; 

Oyer et al. 2014; Swaroop, et al, 2019), prostate cancer (Ezponda et al., 2013), lung cancers 

(Garcia-Carpizo et al., 2016; Sengupta et al., 2021), pancreatic cancer (Yuan et al., 2020) and many 

others. The vast majority of these discoveries link NSD2 overexpression to tumorigenesis and 

oncogenic progression, indicating that NSD2 is likely to function as an oncogene in a cancer 

setting. Table 2 represents different types of NSD2 mutations identified in various cancers, how 
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these mutations affect the NSD2 function (including its H3K36 catalytic activity), as well as what 

kind of effect such molecular alterations have on cancer development and progression.  

Cancer Type NSD2 
Genotype 

Effect on 
Function 

Effect on Cancer Publication 

Multiple 

Myeloma (MM)  
t(4;14) 

chromosomal 

translocation 

leading to 

IgH/NSD2 

fusion and 

resulting in 

overexpression 

of NSD2 

Disruption of the 

genomic 

organization of 

H3K36me2, loss of 

the characteristic 

pattern of 

H3K36me2 levels in 

the gene bodies and 

creating an abrupt, 

uniform level of 

inter- and 

intragenic K36me2 

signal throughout 

the genome  

Initiation of 

oncogenic 

programming and 

transformation; 

promoting 

neoplastic growth in 

vivo; 

increased expression 

of oncogenes 

Lauring et 

al., 2008; 

Kuo et al., 

2011; 

Lhoumaud et 

al., 2019 

Acute 

Lymphoblastic 

Leukemia (ALL)  

E1099K 

substitution 

(LOF/GOF) 

 

Increased 

H3K36me2 due to 

hyperactivity in the 

catalytic SET 

domain 

(GOF) promoting 

transformation; 

(LOF) impairment 

of growth and 

proliferation 

Jaffe et al, 

2013; Oyer 

et al. 2014; 

Swaroop, et 

al, 2019 

Mantle Cell 

Lymphoma 

(MCL)  

p.E1099K and 

p.T1150A 

missense 

mutations 

Increased 

H3K36me2 levels 

(similar gene 

signature to MM 

and ALL) 

Enhancing 

proliferation, by 

overexpression of a 

gene signature of 

cell-cycle regulation 

Bea et al., 

2013 

Lung Cancers: 

Adenocarcinoma 

(AD) and 

Squamous Cell 

Carcinoma 

(SCC)  

NSD2 

overexpression 

Spread of 

H3K36me2 from 

already K36me2-

methylated 

enhancers 

into  proximal areas 

Induction of 

proliferation 

indirectly through 

RAS 

Garcia-

Carpizo et 

al., 2016 

Pancreatic 

Ductal 

Adenocarcinoma 

(PDAC)  

Wild type 

NSD2 

Increased 

H3K36me2 causes 

reprogramming of 

the enhancers 

associated with 

master regulators of 

EMT state 

Promoting 

mesenchymal 

identity and 

therefore metastatic 

progression 

Yuan et al., 

2020 
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Hepatocellular 

Carcinoma 

(HCC) 

Wild type 

NSD2; highly 

expressed 

NSD2 

Not characterized Vascular invasion 

and shorter overall 

survival and disease-

free survival 

Zhou et al., 

2013 

Neuroblastomas Highly 

expressed 

NSD2 

Not characterized Poor survival and 

metastasis 

Hudlebusch 

et al., 2011 

Squamous cell 

carcinoma of the 

head and neck 

(SCCHN or 

HNSCC) 

NSD2 

overexpression 

Increased 

H3K36me2 

Poor differentiation, 

dedifferentiation and 

reprogramming of 

epithelial cells 

Saloura et 

al., 2015 

Prostate Cancer 

(PCa) 
Highly 

expressed 

NSD2 

Alters global 

H3K36 methylation 

patterns; NSD2 

binds to TWIST1 

gene locus and 

activates it via 

increasing 

H3K36me2 

deposition 

Pathogenesis and 

cancer progression; 

migration and 

invasion; facilitates 

EMT and metastasis 

Ezponda et 

al., 2013 

Serous Ovarian 

Carcinoma  
Highly 

expressed 

NSD2 

Not characterized Poor differentiation, 

high recurrence rate, 

cancer cell survival, 

proliferation and 

tumor growth 

Yang et al., 

2013 

Endometrial 

Cancer  
Highly 

expressed 

NSD2 

Not characterized Tumorigenesis and 

poor survival 

Xiao et al., 

2013 

Bladder Cancer 

and Non-Small 

Cell Lung 

Cancer 

(NSCLC)  

Highly 

expressed 

NSD2 

Increased 

H3K36me2; NSD2 

and β-catenin 

induce H3K36me3  

in the promoter 

region of cyclin D, 

an oncogene 

Carcinogenesis by 

interacting with 

beta-catenin, a 

member of WNT 

pathway which 

controls cellular 

proliferation and 

differentiation 

Toyokawa et 

al., 2011 

Lung 

Adenocarcinoma 

(LUAD)  

Highly 

expressed 
NSD2; E1099K 

hyperactive 

variant 

Increased 

H3K36me2 
enhances KRAS 

signaling 

Promoting LUAD 

tumorigenesis, cell 
proliferation and 

oncogenic signaling; 

rapid disease 
progression, 

increased tumor 

growth; decreased 

survival 

Sengupta et 

al., 2021 
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Table 2. Representation of the NSD2 mutations found in different cancer settings and their 

contribution to oncogenic signatures. 

 

1.7.2.2 NSD2 role in Epithelial-Mesenchymal Transition 

NSD2 is involved in important cellular processes such as DNA damage repair or Epithelial-

Mesenchymal Transition, which points out the potential contribution of NSD2 mutations to 

tumorigenesis (Chen et al., 2020). Epithelial-Mesenchymal Transition, or EMT, is a complex 

biological phenomenon that comprises a series of molecular changes which lead to shifting cell's 

identity from epithelial to mesenchymal. Such changes translate into phenotypic outcomes (Yang 

et al., 2021). For example, epithelial cells are expressing high levels of genes such as CDH1 (e-

cadherin) or CLDN1 (claudin-1), which are crucial for cell-cell adhesions. Phenotypically, these 

cells are anchored in the basal membrane and attached to one another,  are immobile and apico-

basally polarized. Epithelial markers are downregulated upon transition, as cells become 

mesenchymal-like. Upon transition, the cells start to upregulate markers such as vimentin (VIM) or 

fibronectin 1 (FB1) reflecting an alteration in the cell-extracellular matrix interactions. They also 

acquire the ability to be mobile. The change in expression signatures is mediated by the increased 

activity of transcription factors such as Twist-related protein 1 (TWIST), Zinc finger protein Snai1 

(SNAI1) and Zinc finger protein Snai2 (SNAI2). Table 3 has summarized the signatures of epithelial 

and mesenchymal cell states.  

Feature  Epithelial cell  Mesenchymal cell  

Morphology  columnar shape  stellate or spindle-like shape  

Mobility   immobile  mobile  

Other features  - apico-basal polarity  

- strong cell-cell adhesions  

- cell attachment to the basal 

membrane  

- anterior-posterior polarity  

- enhanced migratory properties  

- invasiveness  

- stem-cell like properties  

Markers  - CDH1 (E-cadherin)   

- KRT17 (Keratin 17)   

- OCLN (Occludin)  

- CDH2 (N-cadherin)   

- FN1 (Fibronectin-1)   

- VIM (Vimentin)  

 

Table 3. Comparison of epithelial and mesenchymal characteristics with a distinction of state-

specific markers.  
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In certain physiological settings, EMT is necessary, e.g. during embryogenesis, wound healing or 

tissue recovery. However, the EMT events have also been shown to promote cell migration, 

invasion and, in consequence, metastasis, linking it to cancer progression and poor disease 

outcomes (Kim et al., 2017). Several studies have associated NSD2 mutations with EMT and 

cancer progression. In prostate cancer cell lines DU145 and PC-3, downregulation of NSD2 

impaired cell migration and invasion, whereas NSD2 overexpression enhanced these properties, 

which happened through enhancing the expression of a mesenchymal marker, TWIST1 (Ezponda 

et al., 2013). In renal cell carcinoma, considerable augmentation of NSD2 mRNA levels was 

detected and NSD2 knockdown altered transcriptional signature by favoring the expression of 

epithelial markers while suppressing the mesenchymal genotype. As a result, migration and 

invasion was hampered (Han et al., 2019). Lastly, a very neat study in pancreatic ductal 

adenocarcinoma showed that, NSD2 promoted EMT, while its antagonist, the H3K36-demethylase 

KDM2A, propelled the reverse mechanism, MET (mesenchymal-epithelial transition) (Yuan et al., 

2020). These findings together strongly emphasized the importance of H3K36 methylation in 

controlling epithelial plasticity within several cancer settings.   

1.7.3 Other H3K36 methyltransferases: NSD3, ASH1L and SETD2 

1.7.3.1 NSD3 

In addition to NSD1 and NSD2, there are two mammalian H3K36-specific mono- and di-

methyltransferases: NSD3 and ASH1L. NSD3, Nuclear receptor binding SET domain protein 3, 

also known as Wolf-Hirschhorn syndrome candidate 1-like 1 (WHSC1L1), is the third and last 

known NSD paralog. Similarly to NSD1 and NSD2, NSD3 possesses the SET domain, which infers 

its catalytic activity, as well as PWWP and PHD zinc finger domains (Tauchmann and Schwaller, 

2021). The enzyme comes in different isoforms, with the three best described in literature being 

NSD3-long, NSD3-short (which lacks the SET domain), and Whistle (Shen et al., 2015). NSD3 is 

found on chromosome 8 (8p11.2) (Tauchmann and Schwaller, 2021). Chromosomal mutations 

such as amplifications and translocations at this locus have been linked to cancer. The 

t(8;11)(p11.2;p15) translocation resulting in a fusion of NSD3 and NUP98 proteins was found in 

acute myeloid leukemia (AML), which is intriguing, because NSD1-NUP98 fusion has also been 

also reported in AML (Jaju et al., 2001; Rosati et al., 2002). The role of NSD3 has been implicated 

in various cancer settings, where it was contributing to pathogenesis of pancreatic cancer (Sun et 

al., 2021) and breast cancer (Jeong et al., 2021). Moreover, its relevance was illustrated in 
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squamous cell lung carcinoma where hyperactive NSD3 was shown to be responsible for elevated 

H3K36me2 levels. Its neomorphic effect on H3K36me2 patterns was shown to be inducing 

transcriptional reprogramming which accelerated tumorigenesis (Yuan et al., 2021).   

1.7.3.2 ASH1L 

The last, fourth mono- and di-methyltransferase found in humans is ASH1L (Tanaka et al.,  2007), 

which stands for ASH1-Like protein or absent, small, or homeotic-like 1 protein. ASH1L is located 

on chromosome 1(1q22). The protein contains a catalytic SET domain and its function of lysine 36 

methylation is mediated by the same biochemical reaction to the one of the NSD enzymes - a 

methyl group transfer from the S-adenosylmethionine (SAM) cofactor to the lysine residue. 

ASH1L also possesses PHD finger domains but, interestingly, lacks the PWWP domain (Rogawski 

et al., 2021). The enzyme’s role in cancer has also been described, e.g. its contribution to 

pathogenesis of mixed lineage leukemia (acute myeloid leukemia), once again pointing to the 

significance of H3K36me2 regulation in blood cancer etiology (Zhu et al., 2016; Rogawski et al., 

2021).   

1.7.3.3 SETD2 

SETD2 (Set domain containing 2) protein, catalyzes the final step of H3K36 methylation, enabling 

the generation of H3K36me3 mark. It is therefore the only known H3K36-specific tri-methylase in 

humans and it is well studied (Edmunds et al., 2008; Huang and Zhu, 2018). It maps to chromosome 

3 (3p21.31) (Chen et al., 2018). As its name indicates, the SETD2 enzyme is equipped with the 

SET domain which executes its catalytic function. Aside from its histone methyltransferase role, 

SETD2 was shown to be crucial for other cellular mechanisms, such as DNA double-strand break 

repair (Carvalho et al., 2014) and the regulation of splicing (Simon et al., 2014; Bhattacharya et 

al., 2021). Its contribution has been assigned to a number of malignancies, including clear cell renal 

cell carcinoma (ccRCC) (Dalgliesh et al., 2010; Varela et al., 2011), acute lymphoblastic leukemia 

(Mar et al., 2014) and high-grade gliomas (Fontebasso et al., 2013).   

1.7.4. Similarities and differences between NSD1 and NSD2 

1.7.4.1 Similarities 

Structure-wise, NSD1 and NSD2 are similar, and have similar, highly conserved functional 

domains, e.g. they both possess the catalytic SET domain, as well as the PWWP domain (Figure 
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3). Their DNA sequences of 75% identity are indicative of the two genes being paralogs (Douglas 

et al., 2005).  

 

Figure 3. Representation of NSD1 and NSD2 proteins with their most important domains. Figure 

inspired by  Zhang et al., 2021 and created with BioRender.  

Hypomorphic, heterozygous mutations in both NSD1 and NSD2 lead to developmental syndromes. 

Sotos Syndrome, caused by NSD1 loss of function, and Wolf-Hirschhorn Syndrome, resulting from 

NSD2 functional deficiency, both display common phenotypic outcomes, such as craniofacial 

anomalies, cardiac disabilities and intellectual impairment. However, they differ in other 

characteristics, e.g. while Sotos Syndrome patients experience accelerated growth, individuals with 

Wolf-Hirschhorn Syndrome are usually characterized by growth retardation (Tatton-Brown and 

Rahman, 2007; Barrie et al., 2019). As mentioned in the previous sections of this thesis, mutations 

in both NSD1 and NSD2 can cause cancer or contribute to its progression. Different types of NSD1 

mutations have been implicated in tumorigenesis, as both loss- and a gain-of-function ones have 

been shown to drive the disease. Likewise, mutations in NSD2 have been also implicated in cancer, 

only in this case the majority of such mutations are of a gain-of-function nature. Interestingly, loss-

of-function mutations of NSD1 and NSD2 have been found in laryngeal cancer and both were 

linked to positive disease outcome, nominating the two proteins as independent favorable 

prognostic biomarkers for this type of cancer (Peri et al., 2017). 

NSD1 and NSD2 co-expression has been investigated previously in both HPV(-) and HPV(+) 

HNSCC (Gameiro et al., 2021).  These two molecularly distinct subtypes were characterized in 

this context by, e.g. showing that HPV(+) HNSCCs had significantly elevated levels of expression 

of NSD1, NSD2 (and NSD3) in comparison to both HPV(-) HNSCCs and to normal tissues. This 

data also showed that levels of NSD1 and NSD2 within the HPV(-) subtype HNSCC are 

comparable (see: Figure 4) (Gameiro et al., 2021). This, in turn, presents a convenient starting point 
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for conducting studies in HPV(-) HNSCCs where NSD1 and NSD2 functions could be compared 

and contrasted. 

Furthermore, the individual HNSCC samples seem to display a non-mutually exclusive expression 

of NSD paralogs, i.e. the expression of NSD1, NSD2 and NSD3 is likely to be coordinately 

regulated, according to the pairwise analysis presented in the study by Gameiro and colleagues. 

This means that tumors expressing elevated levels of NSD1, displayed high levels of NSD2 and 

this was true for both HPV(-) and HPV(+) HNSCC tumors (Gameiro et al., 2021).  

 

Figure 4. Expression of NSD1 and NSD2 genes in HNSCC sorted by the HPV status. 

Normalized RNA-seq data from TCGA database was used. Numbers in brackets indicate the 

number of samples in each analysis. Statistical p value degree of significance is represented as: 

* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; ns – not significant. This data and the 

figure were adapted from Gameiro et al., 2021 by permission. 

1.7.4.2 Differences 

NSD1 and NSD2 are both H3K36-specific di-methyltransferases but their functions are not 

interchangeable. In terms of head and neck cancers, wild-type expression of NSD2 was insufficient 

to compensate for the loss of H3K36me2 levels in NSD1 deficient cells, which indicated that the 

enzymatic activity of NSD2 in HNSCC seemed somewhat limited. Its paralog, NSD1 was therefore 

suggested to be the dominating H3K36-specific methyltransferase in that setting (Papillon-

Cavanagh et al., 2017). On the other hand, in this same type of cancer, NSD2 activating mutations 
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were found to increase H3K36me2 levels and contribute to tumor progression. In that scenario, 

NSD2 was overexpressed, which consequently increased the H3K36me2 levels, while NSD2 

knockdown delayed cell proliferation (Saloura et al., 2015). It could be therefore concluded that in 

HNSCC, these two enzymes are redundant and that they both exert an effect on H3K36 di-

methylation when mutated but the consequences coming from mutations in NSD1 vs in NSD2 are 

not the same.  
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1.8 Thesis rationale, hypothesis and objectives 

1.8.1 Rationale 

Very little is known about the functional differences between NSD1 and NSD2. If both genes 

acquire mutations in HNSCC and such mutations lead to divergent outcomes, then the H3K36 

methylase function in the two enzymes must differ; for example, one of them might act as a leading 

di-methylase, while the other might be assisting. Or, perhaps, the activities of the two writers might 

affect different regions of the genome.  

HPV(-) HNSCCs are the less “fortunate” subtype. Clinical outcomes after currently available 

treatments in HPV(-) HNSCC patients are much worse in comparison to HPV(+) patients. Also, 

the survival of the HPV(-) patients is lower (Powell et al., 2021). This highlights a pressing need 

for uncovering the molecular mechanisms behind this disease in order to identify and explore 

potential therapeutic targets.  

HPV(-) HNSCCs are also a favorable system for studying NSD1 and NSD2, in spite of their higher 

expression in HPV(+) HNSCCs. This is because mutations in NSD1 and NSD2 are more frequently 

found in HPV(-) cancers, so studying this subtype would enable potential clinical benefits to a 

wider group of patients (Seiwert et al., 2015; The Cancer Genome Atlas Network, 2015).  

1.8.2 Thesis objectives and hypothesis 

In the light of the discrepancies between NSD1 and NSD2 function in HNSCCs, and the need for 

a better understanding of the molecular events in this group of cancers, the main objectives of this 

thesis is to dissect, compare and contrast the functional differences between NSD1 and NSD2. 

In this thesis I will test the following hypothesis: “NSD1 is the leading H3K36-specific di-

methyltransferase in HPV(-) HNSCC while NSD2 contributes to shaping the epigenetic 

landscape in this cancer setting.” 

In order to test the hypothesis, I will generate a stable NSD2 knockout (NSD2KO) in HPV(-) 

HNSCC cell lines Cal27 and FaDu, which are wild-type for NSD1. NSD1KO lines are already 

available for comparisons. The H3K36me2 protein levels in NSD1KO and NSD2KO will be 

studied and the differences in the epigenetic landscape will be investigated by evaluating the 

changes of the levels of H3K36me2. The differences in gene expression will be also addressed in 

this thesis.  
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Chapter 2: Methodology 

2.1 Cell culture 

Two HNSCC patient-derived NSD1-wildtype cell lines: Cal27 (ATCC, CRL-2095) and FaDu 

(ATCC, HTB-43) were used in this work. Cells were cultured in Dulbecco’s modified Eagle 

medium (DMEM:F12; Invitrogen) with 10% fetal bovine serum (FBS; ThermoFisher) and 1% 

Penicillin-Streptomycin (ThermoFisher). Drosophila S2 cells were cultured in Schneider’s 

Drosophila medium (ThermoFisher) that contained 10% heat-inactivated FBS and 1% Penicillin-

Streptomycin (ThermoFisher). All cell lines tested negative for mycoplasma contamination. 

2.2 CRISPR-Cas9 mediated gene editing and establishment of stable knockout 

cell lines 

To produce stable knockout cell lines of Cal27, Ribonucleoprotein (RNP)-mediated CRISPR-Cas9 

genome editing experiment was conducted with the use of the Alt-R CRISPR-Cas9 System (IDT). 

Synthetic crRNA guides were designed to form duplexes with Alt-R CRISPR-Cas9 tracrRNAs, 

ATTO 550 (IDT) and coupled to the Alt-R S.p. Cas9 Nuclease V3 in accordance with the IDT 

instructions for ‘‘Cationic lipid delivery of CRISPR ribonucleoprotein complexes into mammalian 

cells.’’ Transfection was performed using Lipofectamine CRISPRMAX reagent (Thermo Fisher 

Scientific) with a lower volume than the company’s protocol (with the ratio of 0.05 to RNP). To 

ameliorate transfection, Cas9 PLUS Reagent (Thermo Fisher Scientific) was used. The transfected 

cells were incubated for 48 h. This was followed by single ATTO550+ cell sorting into 96-well 

plates to grow independent cell populations from single clones. 

To produce stable knockout cell lines of FaDu, nucleofection-mediated CRISPR-Cas9 genome 

editing experiment was performed with the use of the Alt-R CRISPR-Cas9 System (IDT). 

Nucleofection was run at Amaxa program E0-120 (Lonza). The electroporated cells were incubated 

for 72 h. Single ATTO550+ cells were sorted into 96-well plates. For both Cal27 and FaDu cell 

lines, the clones were expanded and verified by MiSeq sequencing of the target loci. To generate 

NSD2-KO isogenic lines in Cal27 and in FaDu, two guide sites were targeted simultaneously 

(guide 1: GCAGCUCGGAGUCUUCCCGUGUUUUAGAGCUAUGCU and guide 2: 

CGGGUGUUUAAUGGAGAACCGUUUUAGAGCUAUGCU). The primer sequences used for 

screening the target region are F- GCATCTGGGCTGGATATT and R- 

CCTGTTCCTTCTCGCCTTGT. 



43 
 

2.3 Western blotting 

Pellets of 1 million cells per sample were prepared by collecting and counting cells using automatic 

Countess counter. Cells were spun down, washed with PBS and spun down once again. This was 

followed by the removal of the supernatant and flash freezing. Such cell preparations were then 

stored at -80C. On the day of the experiment, the pellets were thawed on ice and a mixture of 100ul 

of 1x RIPA buffer from 10x (cell signaling #9806) with 1:100 Proteinase inhibitors cocktail 

(P8340, Sigma) and 0.1mM of PMSF was added to them. The samples were vortexed three times: 

first time before, second time during, and third time after the on-ice incubation period of one hour. 

The samples were then spun down at 4C for 10 minutes, at the maximum speed. The supernatant 

was collected to new tubes, and protein concentration was measured using BCA-Pierce Protein 

assay ThermoScientific/Pierce (23227). Sample volumes of equal protein concentration (40ug for 

NSD1, 30ug for NSD2) were mixed with water and 1X Laemmli Buffer (from premade 6X 

Laemmli Buffer containing 0.35M Tris HCl pH 6.8, 30% Glycerol, 10% SDS, 20% Beta-

mercaptoethanol, 0.04% Bromophenol blue, water) to obtain the volume of 35uL each. 

For H3K36me2 blots, RIPA extraction and BCA were not performed. Instead, cell pellets 

underwent Laemmli lysis with 1X Laemmli Buffer (from premade 6X Laemmli Buffer containing 

0.35M Tris HCl pH 6.8, 30% Glycerol, 10% SDS, 20% Beta-mercaptoethanol, 0.04% 

Bromophenol blue, water). Cell suspensions were then boiled for 5 minutes and transferred to 

bioruptor tubes. Samples were sonicated 10x in intervals of 30s run and 20s break. Sample volumes 

of 10uL were loaded onto the gel. Equal amounts of all-blue (1610373, Biorad) and unstained 

(1610363, Biorad) protein standards were also mixed and loaded. Samples were then run on stain-

free TGX 4%–15% gradient pre-cast gels (4568084, Biorad), in 1x TrisGlycine running buffer 

(1610732, Biorad). For NSD1 blot, the gel was run for 2/3 of its length. For NSD2 and H3K36me2 

blots, the gel was run for its full length. For gel-to-membrane protein transfer, Bio-Rad trans-blot 

Turbo Transfer system was used with the RTA kit low fluorescence including the PVDF membrane 

(Trans-Blot Turbo RTA Mini LF PVDF Transfer Kit, 1704274) according to manufacturer 

instructions. The gel was cross-linked on Bio-Rad imager system. Whole protein images were 

captured on both gel and membrane. The approach of using total lane density of transferred protein 

as a control was adopted, as it was shown to be more reliable than the alternative approach of using 

a housekeeping gene (Taylor et al., 2013).  The membrane was blocked for 1h in 5% bovine serum 

albumin (BSA) diluted in TBS-tween 0.1% (TBSt), and incubated with the primary antibody 
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overnight rotating at 4C (For NSD1 blot: 1ug/ml NeuroMab mouse monoclonal anti-NSD1 

(N312/10) sold by Antibodies Inc. (75-280); for NSD2 blot: 1ug/ml mouse monoclonal anti-

WHSC1/NSD2 clone 29D1 by Millipore (MABE191); for H3K36me2 blot: 1ug/ml rabbit 

monoclonal anti-di-methyl-histone H3 (Lys36) C75H12 by Cell Signaling (2901). All antibodies 

were in 5% BSA diluted in TBS-tween 0.1% (TBSt). Three washes of 5 minutes each on a shaker 

were done using TBSt before and after the 1h incubation of the membranes with 1:10000 with 

either goat anti-mouse-HRP (Jackson Immunoresearch, 115-035- 003) for NSD1 and NSD2 blots 

or goat anti-rabbit-HRP (Jackson Immunoresearch, 111-035-144) in 5% BSA in TBSt. ECL Clarity 

(1705060) or Clarity Max (1705062) from BioRad were used to image the protein. 

2.4 Histone acid extraction, histone derivatization, and analysis of post-

translational modifications by nano-LC-MS 

Cell frozen pellets were lysed in nuclear isolation buffer (15 mM Tris pH 7.5, 60 mM KCl, 15 mM 

NaCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM sucrose, 10 mM sodium butyrate, 0.1% v/v b-

mercaptoethanol, commercial phosphatase and protease inhibitor cocktail tablets) containing 0.3% 

NP-40 alternative on ice for 5 min. Nuclei were washed in the same solution without NP-40 twice 

and the pellet was slowly resuspended while vortexing in chilled 0.4 N H2SO4, followed by 3h 

rotation at 4 C. After centrifugation, supernatants were collected and proteins were precipitated in 

20% TCA overnight at 4C, washed with 0.1% HCl (v/v) acetone once and twice using acetone 

only, to be resuspended in deionized water. Acid-extracted histones (5–10 mg) were resuspended 

in 100 mM ammonium bicarbonate (pH 8), derivatized using propionic anhydride and digested 

with trypsin as previously described (Sidoli et al., 2016). After the second round of propionylation, 

the resulting histone peptides were desalted using C18 Stage Tips, dried using a centrifugal 

evaporator and reconstituted using 0.1% formic acid in preparation for liquid chromatography-

mass spectrometry (LC–MS) analysis. Nanoflow liquid chromatography was performed using a 

Thermo Fisher Scientific. Easy nLC 1000 equipped with a 75 mm 3 20-cm column packed in-

house using Reprosil-Pur C18-AQ (3 mm; Dr. Maisch). Buffer A was 0.1% formic acid and Buffer 

B was 0.1% formic acid in 80% acetonitrile. Peptides were resolved using a two-step linear gradient 

from 5% B to 33% B over 45 min, then from 33% B to 90% B over 10 min at a flow rate of 300 

nL min1 . The HPLC was coupled online to an Orbitrap Elite mass spectrometer operating in the 

positive mode using a Nanospray Flex Ion Source (Thermo Fisher Scientific) at 2.3 kV. Two full 

mass spectrometry scans (m/z 300–1,100) were acquired in the Orbitrap Fusion mass analyzer with 



45 
 

a resolution of 120,000 (at 200 m/z) every 8 data-independent acquisition tandem mass 

spectrometry (MS/MS) events, using isolation windows of 50 m/z each (for example, 300–350, 

350–400.650–700). MS/MS spectra were acquired in the ion trap operating in normal mode. 

Fragmentation was performed using collision-induced dissociation in the ion trap mass analyzer 

with a normalized collision energy of 35. The automatic gain control target and maximum injection 

time were 5 3 105 and 50 ms for the full mass spectrometry scan, and 3 3 104 and 50 ms for the 

MS/MS scan, respectively. Raw files were analyzed using EpiProfile 2.0 (Yuan et al., 2018). The 

area for each modification state of a peptide was normalized against the total signal for that peptide 

to give the relative abundance of the histone modification. 

2.5 Cross linking (Preparation for ChIP Sequencing) 

Cells of the approximate number of 10 million per sample were crosslinked with 1% formaldehyde 

(Sigma) for 10 minutes at room temperature. 125nM Glycine was then added for 5 minutes to cease 

the reaction. Fixed cells were washed with ice-cold PBS, scraped off the plates, collected and 

washed again two more times with ice-cold PBS. Cell pellets were flash frozen and stored at -80C. 

2.6 Chromatin Immunoprecipitation followed by Sequencing (ChIP-Seq) 

500ul of Cell Lysis Buffer (5 mM PIPES-pH 8.5, 85 mM KCl, 1% (v/v) IGEPAL CA-630, 50 mM 

NaF, 1 mM PMSF, 1 mM Phenylarsine Oxide, 5 mM Sodium Orthovanadate, EDTA-free Protease 

Inhibitor tablet) was added to each of the thawed cell pellet, which was followed by resuspension. 

Samples were incubated on ice for 30 minutes and centrifuged. 500ul of Nuclei Lysis Buffer (50 

mM Tris-HCl pH 8.0, 10 mM EDTA, 1% (w/v) SDS, 50 mM NaF, 1 mM PMSF, 1 mM 

Phenylarsine Oxide, 5 mM Sodium Orthovanadate and EDTA-free protease inhibitor tablet) was 

added to each pellet and well mixed. This was followed by a 30 minute incubation on ice. 

BioRuptor UCD-300 was utilized to sonicate the lysed nuclei. The program of 60 cycles, in the 

intervals of 10 seconds ON and 20 seconds OFF at maximum intensity was used. Every 15 cycles, 

the samples were chilled in 4C water cooler for around 3 minutes and centrifuged. The sonication 

efficiency of a reversely cross-linked and purified sample was verified by gel electrophoresis, based 

on the 150-500bp criteria. SDS levels of the chromatin were reduced to 0.1% followed by 

concentration using Nanosep 10k OMEGA (Pall). In order to enable quantification of the total 

levels of histone modifications after the sequencing, 2% of sonicated Drosophila S2 cell chromatin 

was spiked in the samples. Next, the ChIP reaction for histone marks was performed on a 
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Diagenode SX-8G IP-Star Compact using Diagenode automated Ideal ChIP-seq Kit for Histones. 

After washing, Dynabeads Protein A (Invitrogen) were incubated for 10 hours with 1.5 million 

cells of sonicated cell lysate, specific antibodies (rabbit monoclonal anti-H3K36me2 CST 2901, 

rabbit monoclonal anti-H3K27me3 Cell Signaling Technology 9733, and rabbit polyclonal anti-

H3K27ac Diagenode C15410196), and protease inhibitors. This was followed by a 20-minute wash 

cycle using the provided wash buffers (Diagenode Immunoprecipitation Buffers, iDeal ChIP-seq 

kit for Histone, C01010173). 

ChIP samples were reversely cross-linked on a heat block at 65C for 4 hours. The reaction was 

followed by 30-minute treatment with 2uL RNase Cocktail at 65C, and afterwards, a 30-minute 

2uL Proteinase K treatment at 65C. Next, the samples were purified with QIAGEN MinElute PCR 

purification kit (QIAGEN) following the manufacturer’s protocol. Simultaneously, the input 

samples (containing chromatin from about 50,000 cells) were reversely cross-linked and DNA 

isolation was performed complying with the same protocol. Kapa Hyper Prep library preparation 

reagents (Kapa Hyper Prep kit, Roche 07962363001) were used to prepare ChIP libraries, in 

accordance with the manufacturer’s protocol. The libraries were sequenced with the use of Illumina 

HiSeq 4000 at 50bp single reads or NovaSeq 6000 at 100bp single reads. 

2.7 RNA Sequencing 

1-million cell pellets were collected, and total RNA was extracted: cells were washed with PBS, 

spun down and stored at –80C. AllPrep DNA/RNA/miRNA Universal Kit (QIAGEN) was used 

following the manufacturer’s instructions including the DNase treatment option. Library 

preparation was performed with ribosomal RNA depletion according to the manufacturer’s 

instructions (NEB) using TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero 

Human/Mouse/Rat (Illumina) to achieve greater coverage of mRNA and other long non-coding 

transcripts. Paired-end sequencing (100 bp) was performed on the Illumina HiSeq 4000 or NovaSeq 

6000 platform. 

2.8 Quantification and Statistical Analysis 

2.8.1 Visualization 

Figures were created using BioRender, ggplot2 (Wickham, 2009), v3.3.0 or matpltlib (Hunter, 

2007) v3.2.1. Coverage/alignment tracks were visualized using python (Van Rossum and Drake, 
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2009) v3.7.5 with pyGenomeTracks (Ramirez et al., 2018) v3.2.1 or IGV (Robinson et al., 2011) 

v2.8.2. Sequence logos were generated using ggseqlogo (Wagih, 2017) v0.1.2.9 

2.8.2 Processing of sequence data 

Sequences were all aligned to the GRCh19 and GRCh38 analysis set. Reads from ChIP-seq and 

targeted sequencing for knock-out validation were mapped using BWA (Li and Durbin, 2009) 

v0.7.17 with default settings of the BWA-MEM algorithm. WGBS reads were adaptor and quality 

(Q10) trimmed using BBDuk from BBTools v38.73 (https://sourceforge.net/projects/bbmap) (t = 

10 ktrim = r k = 23 mink = 11 hdist = 1 tpe tbo qtrim = rl trimq = 10 minlen = 2) and aligned as 

well as deduplicated using BISCUIT v0.3.12 (https://github.com/zhou-lab/biscuit) with default 

options. Per-base methylation calling was performed with MethylDackel v0.4.0 

(https://github.com/dpryan79/MethylDackel) after excluding biased ends. RNA-seq reads were 

aligned using STAR (Dobin et al., 2013) v2.7.3a based on GENCODE (Frankish et al., 2019) 

Release 33 annotations with the ENCODE standard options. Gene expression quantification was 

performed via Salmon (Patro et al., 2017) v1.1.0 using default settings of the gentrome-based 

option. ENCODE blacklisted regions (Amemiya et al., 2019) were excluded from all analyses. 

Variants were identified with GATK (DePristo et al., 2011) v4.1.5.0 using HaplotypeCaller. 

2.8.3 ChIP-Seq analysis 

Raw tag counts were binned into windows using bedtools (Quinlan and Hall, 2010) v2.29.0 with 

intersectBed (-c) in combination with the makewindows command. Library size normalization 

consisted of dividing binned tag counts by the total number of mapped reads after filtering, while 

input normalization involved taking the log2 ratio of ChIP signals by those of the input (i.e., without 

immunoprecipitation) with the addition of pseudocount (1) to avoid division by 0. Additionally, 

quantitative normalization entailed the multiplication of original signal (either in CPM or as log2 

ratio over input) by the genome-wide modification percentage information obtained from mass 

spectrometry. 

Enrichment matrices for aggregate plots and heatmaps were generated through deepTools (Ramírez 

et al., 2016, 2018) v3.3.1 using bamCoverage/bamCompare (–skipZeroOverZero–centerReads–

extendReads 200) followed by computeMatrix (scale-regions–regionBodyLength 20000–

beforeRegionStartLength 20000–afterRegionStartLength 20000–binSize 1000). Genic regions 
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were taken as the union of any intervals having the “gene” annotations in Ensembl, and intergenic 

regions were thus defined as the complement of genic ones. The ratio of intergenic enrichment over 

neighboring genes was calculated by dividing the median CPM of intergenic bins over the median 

of flanking genic bins after excluding the 10 bins near boundaries (i.e., TSS/TES) to eliminate edge 

effects and the outer 5 genic bins on each end to keep a comparable number of bins between genic 

and intergenic regions. Unless otherwise stated, input-normalized enrichment in windows was used 

for analyses based on 10kb binned signals. Bins depleted in signal across all tracks (i.e., raw read 

count consistently lower than 100 in 10 kb bins) were excluded from further analyses. Identification 

of similarly behaving bin clusters were performed using HDBSCAN (McInnes et al., 2017) v0.8.24 

with identical parameters for all samples (minPts = 5000, eps = 5000), and the intersection of label 

assignments were taken for pairwise comparisons between individual samples of the two conditions 

to be compared. Overlap enrichment was determined with all the bins as the background set as 

implemented in LOLA (Sheffield and Bock, 2016) v1.16.0 for Ensembl (Yates et al., 2020) 97 

annotations (genes and regulatory build (Zerbino et al., 2015)). Intergenic or genic ratio for 

quantiles (as in the microplots along the diagonal in Figure 10) or groups of bins (as in the 

hexagonal clumping in panels of Figure 10) was computed by taking the ratio between the number 

of 10 kb bins completely overlapping annotated genes and those that fall entirely outside. Enhancer 

annotations (double-elite) were obtained from GeneHancer (Fishilevich et al., 2017) v4.14. 

H3K27ac peaks were called using MACS (Zhang et al., 2008) v2.2.6 (−g hs −q 0.01). Differentially 

bound peaks were identified using the bioconductor package DiffBind v2.14.0 (Ross-Innes et al., 

2012; https://bioconductor.org/packages/release/bioc/html/DiffBind.html). Distribution across 

gene-centric annotations was obtained using ChIPseeker (Yu et al., 2015) 1.22.1, whereas peak 

distance relative to TSSs was determined based on refTSS (Abugessaisa et al., 2019) v3.1. 

Differential motif activity was determined using GimmeMotifs (Bruse and Heeringen, 2018) 

v0.14.3 with maelstrom and input being differentially bound sites labeled as either up- or 

downregulated against a database of clustered motifs with reduced redundancy 

(gimme.vertebrate.v5.0). Motif density was calculated using HOMER (Heinz et al., 2010) v4.11 

with annotatePeaks (-hist 5). 

2.8.4 RNA-Seq analysis 

Differential gene expression analyses were performed using DEseq2 (Love et al., 2014) v1.26.0. 

Adjusted log fold changes (LFC) were calculated using apeglm (Zhu et al., 2019) v1.8.0. 
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Significantly differentially expressed genes were selected with a s-value (null hypothesis being 

|adjusted LFC| < 0.5) threshold of 0.05. Significance of consistency between NSD1-WT versus KO 

and NSD1-WT versus MT was evaluated using RRHO2 (Cahill et al., 2018) v1.0 with 

hypergeometric testing and stratified (split) presentation. Active genes were identified using 

zFPKM (Hart et al., 2013) v1.8.0 with a threshold of −3. Rank aggregation was performed using 

Robus-tRankAggreg (Kolde et al., 2012) v1.1 with aggregateRanks (method = RRA). Gene set 

enrichment analyses were performed using fgsea (Korotkevich et al., 2019) v1.12.0 with 

fgseaMultilevel (minSize = 15, maxSize = 500, absEps = 0.0) against MSigDB (Liberzon et al., 

2015) v7.1. 

2.8.5. Western blotting quantification 

Total protein stain-free image, blot chemiluminescence image and blot colorimetric image were 

acquired using BioRad ChemiDocTM Touch Imaging System and opened in BioRad Image LabTM 

6.0 software. The images were linked by creating a multichannel image. The chemiluminescence 

blot image and the colorimetric blot image were merged. The total protein image was selected as 

normalization channel (analysis toolbox - lane and bands -normalization channel - add channel) 

and the blot image was selected as the sample data. Low detection sensitivity was picked for 

detecting bands. Lanes were detected automatically and adjusted manually to match the lane 

boundaries. Lane that contained total protein was selected as the normalization lane (in this analysis 

is was consistently lane 2). The accuracy of the normalization was ensured by adjusting for and 

subtracting the correct amount of background (by selecting the total protein blot image and using 

the “adjust background” tool). The normalization lanes were synchronized for the total protein 

image and the blot image. Bands of interest were detected automatically and manually if the 

software failed to detect them. Lane profile tool was used to verify that the bands were captured 

correctly. These steps allowed the acquisition of the information about each lane including band 

number, volume intensity before normalization, normalization factor and volume after 

normalization (“Analysis table” tool) . The data was exported to Excel and values were obtained 

by multiplying normalization factor by adjusted band volume. Values were used for calculating the 

fold changes and performing unpaired student T tests.  
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2.8.6 Statistical Considerations 

Enrichment testing was performed using one-sided Fisher’s exact test of enrichment unless 

otherwise stated. P values were converted to symbols through: 0 “***” 0.001 “**” 0.01 “*” 0.05 

“” 0.1 “" 1. Logistic regression was performed using a generalized linear model as implemented in 

the R stats package (R v3.6.1, The R Project for Statistical Computing). Differences between 

NSD1-WT and KO as well as NSD2-WT and KO involved subtracting within lines before 

averaging across. For all the box plots, the lower and upper hinge correspond to the first and third 

quartile, and the upper whiskers extend to the largest value ≤ 1.5 * IQR and vice versa for the lower 

whiskers. 
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Chapter 3: Research Findings 

3.1 CRISPR/Cas9-directed knockout experiments lead to successful deletions in 

the NSD2 gene in Cal27 and FaDu cell lines 

CRISPR/Cas9-mediated NSD2 knockout in Cal27 and FaDu HNSCC cell lines enabled generation 

of stable clones carrying a frame-shift mutation in the NSD2 gene (Figure 5; Supplementary Figure 

1). Guides were selected according to their target proximity to the 5’end of the NSD2 gene – the 

reasoning was to introduce a frameshift at the beginning of the gene in order to increase the 

possibility of ceasing the production of its transcript. Clones were selected based on their genotype, 

by examining their sequence derived from MiSeq sequencing. For a complete list of selected clones 

including the sizes of deletions see Table 4.  
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Figure 5. Integrative Genome Viewer (IGV) snapshots of the NSD2 gene region targeted by 

CRISPR/Cas9 machinery. 

The clonal populations of cells shows to be consistently carrying a deletion in the first coding exon 

of the NSD2 gene in both Cal27 and FaDu cell lines. The colored fragments of reads indicate 

mismatched bases. Clone 4 and 5 in Cal27 (left) and clone 1 and 6 in FaDu (right) are shown as 

examples, representation of the remaining clones can be found in Supplementary Figure 1. 
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CLONE # TARGETED GENE DELETION SIZE (BP) HNSCC CELL LINE 

1 NSD2 178 Cal27 

3 NSD2 172 Cal27 

4 NSD2 172 Cal27 

5 NSD2 172 Cal27 

1 NSD2 172 FaDu 

6 NSD2 172 FaDu 

8 NSD2 172 FaDu 

1S NSD2 348* FaDu 

 

Table 4. Collection of clone numbers of NSD2KO generated in Cal27 and FaDu cell lines. 

These clones were used for subsequent experiments in this project. The deletion in clone 1S is not 

in-frame, as the deleted fragment of the gene encompasses a splice site upstream to the start of the 

exon, most likely leading to an exon skipping event; this exon is not divisible by three, therefore 

the deletion results in a frameshift. 
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3.2 NSD2-mutated clones of Cal27 and FaDu display significantly lower levels 

of NSD2 protein 

The established clones were further verified using Western blotting in order to confirm depletion 

of NSD2 protein. As expected, the NSD2KOs had displayed a nearly complete loss of the NSD2 

protein in comparison to wild type, in both Cal27 and FaDu cell lines (Figure 6). The very faint 

band appearing in the NSD2KO clones of Cal27 (Figure 6a) represents the trace amounts of NSD2 

protein being made, which, in comparison to wild type, is of a smaller molecular weight. The 

difference in size between the NSD2 protein detected in wild-type vs the NSD2 protein detected in 

NSD2KO is 11.4kilodaltons (kDa). This difference can be explained by the fact that the NSD2 

guides used in these knock-out lines, were targeting the beginning of the gene, so they have 

disrupted the wild-type open reading frame. Thus, in NSD2KO, the first START codon available 

3’ downstream to the second guide’s binding site was used for synthesis of an alternative transcript. 

As consequence, the part of the template - pre-mRNA and consequently mRNA - encoding the first 

104 amino acids of the wild-type protein, is missing, so those amino acids never get incorporated 

into the polypeptide chain of the NSD2 protein. The missing 104 amino acids are equivalent to a 

fragment of 11.4 kilodaltons (kDa). Therefore, in NSD2KO samples, the remaining NSD2 protein 

seen on the blot is 11.4kDa smaller than wild type (140.6kDa as opposed to 152kDa). The missing 

protein fragment in the NSD2KO clones does not encode anything obviously meaningful in protein 

function (e.g. the SET domain or the PWWP domain). However, the intensity of the NSD2 band 

in NSD2KO is drastically reduced in comparison to wild-type, so the remaining protein (even if 

functional) is present in very small quantities. NSD2 protein levels were significantly decreased 

(9.423 fold decrease compared to parental, unpaired T test p-value=0.0006). Relative intensities of 

the bands and loading controls have been included in Figure 6 and the Supplementary Figures 2-3. 
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Figure 6. Western blots of cell lysates of parental, unedited clones, NSD1KO and NSD2KO clones 

with anti-NSD2 antibody (mouse monoclonal anti-WHSC1/NSD2 clone 29D1 by Millipore) in 

Cal27 (a) and FaDu (b) cell lines including pictures of the whole membrane (loading controls).  

The CRISPR/Cas9-mediated deletion in the NSD2 gene resulted in almost complete reduction of 

NSD2 protein levels in clones 1, 3, 4 and 5 in Cal27 cell line (p value=0.0006 obtained using 

student’s unpaired  T test; relative band intensities shown in the table of Figure 6a), and complete 

depletion in clones 1, 6 and 1S in FaDu cell line (quantification was not performed in FaDu, as 

NSD2KOs showed no bands for NSD2 protein). Cropped images of the blot are presented with 

fragments of the membrane with total protein. NSD2KO clones are labeled in red. Pictures of gel 

and the whole membrane have been included in the supplementary material (Supplementary 

Figures 2-3).  
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3.3 NSD2-mutated clones of Cal27 and FaDu do not reduce the global 

H3K36me2 levels in comparison to wild-type 

 

Next, the effect of NSD2 depletion on global K36me2 levels was explored. Two different 

approaches of studying H3K36me2 levels were undertaken: Western blotting (Figure 7) and mass 

spectrometry (Figure 8). The Western blotting showed that in both Cal27 and FaDu, there was no 

significant change in the global H3K36me2 levels. In Cal27 (Figure 7a), statistical testing of the 

normalized and quantified experimental data focused on the difference between wild type and 

NSD2KO returned a p value of no statistical significance (1.28 fold increase comparing to parental; 

unpaired T test p= 0.1976). In FaDu (Figure 7b), two NSD2KO clones showed bands that appear 

fainter than wild type. However, after normalization and quantification, this difference between 

wild type and NSD2KO was not statistically significant (1.03 fold decrease comparing to parental, 

unpaired T test p=0.9182). Loading controls and relative intensities of the bands have been included 

in Figure 7 and in the supplementary data (Supplementary Figures 4-5). 

 

Mass spectrometry, an alternative technique applied for studying protein levels, was used to verify 

the results obtained from Western blotting. In addition to the parental, NSD2KO and NSD1KO 

samples, the experiments were expanded by the following samples: K36M overexpression (K36M 

OE) and NSD1/2 double-knockouts. K36M is a substitution of Lysine (K) to Methionine (M) at 

the 36th position of H3. It is a dominant negative suppressor of SET methyltransferases that target 

the H3K36 residue. Therefore, it is a strong negative control, and an important reference point 

when studying H3K36me2 levels. The NSD1/2 double knockouts (NSD1/2DKOs), allowed us to 

study the effect of the simultaneous depletion of both NSD1 and NSD2. Making comparisons 

between NSD1KO and NSD1/2DKO  as well as NSD2KO to NSD1/2DKO could be helpful in 

determining the sole contribution of each of the methyltransferases to shaping the H3K36me2 

landscape. Mass spectrometry experiments, similarly to what was observed in Western blotting, 

have shown that the H3K36me2 global levels were not significantly influenced by the loss of NSD2 

in FaDu - unpaired t test value  p=0.4088. In terms of Cal27, the statistical significance could not 

be assessed due to there being only one replicate of the parental sample. Altogether, we concluded 

that upon the loss of NSD2, a substantial change in the global H3K36me2 levels was not observed. 
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Figure 7. Western blots of cell lysates of parental, unedited clones and NSD2KO clones with 

anti-H2K36me2 antibody (rabbit monoclonal anti-di-methyl-histone H3 (Lys36) C75H12 by Cell 

Signaling) in Cal27 (a) and FaDu (b) cell lines including pictures of the whole membrane. 

NSD2KO clones are labeled in red. Relative band intensities shown in the tables; p values were 

obtained using student’s unpaired T test – for Cal27 p= 0.1976; for FaDu p==0.9182. Cropped 

images of the blot are presented with fragments of the membrane with total protein. Pictures of gel 

and whole membrane have been included in the Supplementary Figures 4-5.  



58 
 

 

 

 

Figure 8. Total H3K36me2 in Cal27 (top) and FaDu (bottom) obtained from mass spectrometry. 
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3.4 NSD2KO produces spread of H3K36me2 domains into intergenic regions in 

Cal27 and loss of H3K36me2 domains in intergenic regions in FaDu 

To further characterize the effect of NSD2KO on the genome-wide distribution of the H3K36me2 

mark, Chromatin Immunoprecipitation followed by Sequencing (ChIP-Seq) was performed (Figure 

9,10). In both cell lines, the comparison of parental (wild-type), NSD1KO and NSD2KO samples 

revealed substantial differences in H3K36me2 global patterns. In Cal27 cell line, we distinguished 

three types of regions across the genome: I) “All high” - a type of region with high H3K36me2 

signal in parental, NSD1KO and NSD2KO, which aligned with the active gene regions (genic); II) 

”NSD1KO low” - a type of region with low H3K36me2 signal in NSD1KO but high in parental 

and NSD2KO seen in intergenic regions; III) “NSD2KO high” - a type of region with high 

H3K36me2 signal in NSD2KO but low in parental and NSD1KO (found in intergenic regions). 

Examples of such regions are illustrated in Figure 9a-b). In FaDu cell line, the differences between 

wild-type, NSD1KO and NSD2KO were also remarkable, and while the first two groups aligned 

with those observed in Cal27, the third type of region - “NSD2KO high” – was not observed. 

Instead, in FaDu, an alternative type of region IV) “NSD2KO low” with low H3K36me2 signal in 

NSD2KO but high in parental and NSD1KO was found in intergenic regions. Moreover, some of 

the “NSD1KO low” regions also displayed reduced H3K36me2 in NSD2KO (Figure 9c-d). 

 

We wanted to represent the information obtained from ChIP-Seq experiments in a form that would 

allow us to include the entire genome. Therefore, we divided the genome into bins of a size of 10kb 

each, so that every bin represented a 10kb fragment of the genome. We then studied the levels of 

H3K36me2 in each of those bins and were able to classify regions as genic or intergenic (Figure 

10, “Intergenic vs genic ratio” panels). In Cal27 cell line, in NSD1KO we observed a previously 

demonstrated (Farhangdoost et al., 2021) loss of intergenic H3K36me2 relative to parental lines 

(cluster B). This cluster corresponds to regions described in the previous paragraph as II) “NSD1 

low”. The NSD2KO vs parental had shown a slight gain in intergenic H3K36me2 signal relative 

to parental (cluster D). This cluster corresponds to III) “NSD2 high” regions. In FaDu cell line, 

cluster B corresponding to “NSD1 low” regions, was also observed.  Comparison of NSD2KO and 

parental lines lead us to the discovery of cluster E which represented regions that lose H3K36me2 

signal in the absence of NSD2. This cluster corresponded to “NSD2KO high” regions and the 

overlapping regions that were lost in both NSD1KO and NSD2KO relative to parental. 
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The 10kb analysis illustrated that, on the genome wide scale, NSD2KO gives rise to an unexpected 

spread of H3K36me2 domains into the intergenic regions in Cal27 cell line and produces a loss of 

H3K36me2 domains in the intergenic regions in FaDu cell line.  
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Figure 9. Integrative Genome Viewer (IGV) tracks of parental, NSD1KO and NSD2KO samples 

in Cal27 (a,b) and FaDu (c,d) cell lines representing ChIP-Sequencing data.  
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Figure 10. Density plots in Cal27 (a) and FaDu (b) cell lines of wild-type vs NSD1KO and wild-

type vs NSD1KO where each data point represents a 10kb fragment of the genome. 

Cluster A represents genomic fragments with low H3K36me2 in wild-type, NSD1KO and 

NSD2KO; cluster B corresponds to group II “NSD1KO low”; cluster C corresponds to group I “All 

high”; cluster D corresponds to group III “NSD2KO high”; cluster E corresponds to group IV 

“NSD2KO low”. 
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3.5 NSD2KO displays comparable levels of NSD1 protein relative to parental 

We proposed a possible mechanism which could explain the observed increase of the H3K36me2 

levels in the NSD2KO relative to parental: a compensation mechanism where the absence of a 

given protein would result in the upregulation of its paralog. In our story, we wanted to test if the 

NSD1 protein levels would be elevated upon the depletion of NSD2.  

NSD1 protein levels were studied in Western blotting experiments (Figure 11a-b; Supplementary 

Figures 6-7). NSD1KO, NSD1/2DKO and NSD1KO NSD2OE (overexpression of NSD2 in the 

NSD1KO background) samples were used in this experiment as negative controls and showed very 

little to no presence of NSD1 protein. In FaDu (Figure 11a), three NSD1 isoforms were detected 

consistently throughout the samples that were expressing NSD1 protein. The existence of three 

NSD1 isoforms was demonstrated before, in the study by Tauchmann and Schwaller, 2021 

(Tauchmann and Schwaller, 2021). In FaDu cell line, NSD2KO clones displayed abundant levels 

of NSD1 protein but did not significantly differ from positive controls (parental and unedited 

clones) - unpaired T test (p=0.2833). In Cal27, the statistical significance could not be determined 

due to us having an insufficient number of the parental sample replicates. We concluded that the 

potential upregulation of NSD1 upon NSD2 loss is unlikely to be the case in both cell lines. 
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Figure 11. Western blots of cell lysates of parental, unedited clones, NSD1KO, NSD1/2DKO, 

NSD1KO NSD2OE and NSD2KO clones with anti-NSD1 antibody (NeuroMab mouse 

monoclonal anti-NSD1 (N312/10) sold by Antibodies Inc.) in FaDu (a) and Cal27 (b) cell lines 

including pictures of the whole membrane. 

NSD2KO clones are labeled in red. Relative band intensities are shown in the tables; in FaDu, 

p=0.2833 was obtained using student’s unpaired T test; in Cal27 the statistical significance could 

not have been addressed due to the insufficient number of parental sample replicates. Cropped 

images of the blot are presented with fragments of the membrane with total protein. Pictures of gel 

and whole membrane have been included in the Supplementary Figures 6-7. 
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3.6 NSD1KO displays lower levels of NSD2 in comparison to wild-type 

 

Next, we compared the NSD2 levels across our samples. In order to do that, Western blotting 

experiments for NSD2 were performed in both HNSCC cell lines (Figures 12a-b; Supplementary 

Figures 8-9). We observed an intriguing, unexpected further decrease of NSD2 in the NSD1KOs. 

This decrease was striking in Cal27 (17.8 fold decrease comparing to parental) but the insufficient 

number of parental replicates disabled inferring statistical significance. The change was not 

significant in FaDu (3.15 fold decrease comparing to parental, unpaired T test value p=0.2).   
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Figure 12. Western blots of cell lysates of parental, unedited clones, NSD1KO, NSD1/2DKO, 

NSD1KO NSD2OE and NSD2KO clones with anti-NSD2 antibody (mouse monoclonal anti-

WHSC1/NSD2 clone 29D1 by Millipore) in Cal27 (a) and FaDu (b) cell lines including pictures 

of the whole membrane. 

NSD2KO clones are labeled in red. Relative band intensities shown in the tables; in FaDu, p=0.2 

was obtained using student’s unpaired T test; in Cal27 the statistical significance could not be 

addressed due to the insufficient number of parental sample replicates. Cropped images of the blot 

are presented with fragments of the membrane with total protein. Pictures of gel and whole 

membrane have been included in the supplementary material (Supplementary Figures 8-9).
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3.7 Differential gene expression in NSD2KO vs parental shows fewer 

differentially expressed genes than in the comparison of NSD1KO vs 

parental 

 

In one of the cell lines, Cal27, we have also obtained RNA-Sequencing data. We wanted to see 

how the epigenetic changes affect gene expression. In NSD1KO we observed 1043 

downregulated and 378 upregulated genes relative to parental (Figure 13a) which was 

consistent with the effect of NSD1KO on the H3K36me2 levels. H3K36me2 maintains 

enhancer activity, therefore losing this histone mark has led to gene downregulation. NSD2KO 

was characterized by 75 genes of lower expression and 224 genes of higher expression, relative 

to parental lines (Figure 13b). NSD2KO showed regions of increased H3K36me2 activity in 

ChIP-Sequencing (Figure 9a-b; Figure 10a), and this unexpected finding was supported at the 

transcriptomics level by the observed gene upregulation (Figure 13b). Comparison in the 

transcriptomes between NSD1KO and NSD2KOs relative to parental lines have demonstrated 

that among the DEG (differentially expressed genes), there was an overlap of 34 upregulated 

genes and 39 downregulated genes. Overall, the expression data has illustrated that both 

NSD1KO and NSD2KO transcriptomes differed from parental lines and NSD1KO showed a 

greater number of DEGs than NSD2KO relative to parental lines. 
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Figure 13. Comparison of NSD1KO vs wild-type and NSD2KO vs wild-type gene expression 

data in Cal27 cell line. 

Volcano plots showing log2FC relative to parental for NSD1KO (a) and NSD2KO (b). The 

names in green represent the most differentially expressed genes with the highest log2FC and 

highest adjusted p values. log2FC relative to parental for each condition is represented in C 

with upregulated genes in the top panel and downregulated genes in the bottom panel (c). 

Upregulated (d) and downregulated (e) differentially expressed genes (DEGs) are shown for 

NSD1KO vs NSD2KO relative to parental. 

 

 

  



73 
 

Chapter 4: Discussion 

In my work, I have utilized the CRISPR-Cas9 editing tool to generate stable knockouts of the 

NSD2 gene in Cal27 and FaDu HPV(-) HNSCC cell lines. The edited clones were homozygotes 

for the NSD2 deletion - which was demonstrated in the MiSeq Sequencing data (Figure 5), and 

had little to no NSD2 protein left - which was illustrated in the Western blotting results (Figure 

6). The establishment of NSD2KO clones enabled me to study the function and contribution of 

NSD2 as a H3K36me2-specific methyltransferase by performing subsequent epigenetic 

analyses. It also enabled me to study the potential differences between the function of NSD2 

and its homologue, NSD1 in HPV(-) HNSCC. 

 

Previous results from our lab have shown that the NSD1 enzyme performs a crucial H3K36-

specific di-methyltransferase activity, especially in the intergenic regions of the genome, and 

that its loss leads to major perturbations of the epigenetic landscape (Farhangdoost et al., 2021). 

H3K36me2 global levels were consistently reduced in NSD1KO of Cal27 and FaDu cell lines 

in comparison to wild-type. Contrastingly, NSD2KO did not substantially change the total 

levels of H3K36me2 in comparison to wild-type, in both mass spectrometry and Western 

blotting experiments (Figure 7,8). While loss of NSD1 results in H3K36me2 reduction at the 

global scale, loss of NSD2 does not produce such prominent outcome, highlighting the 

difference between the two methyl-transferases. This data suggests that NSD1 is very likely to 

be primarily responsible for the deposition of the first two methyl marks on H3K36 in these 

HPV(-) HNSCC cell lines. 

 

It is indeed puzzling, as mutations in both NSD1 and NSD2 had been previously found in 

HNSCCs (Saloura et al., 2015; Seiwert et al., 2015; Papillon-Cavanagh et al., 2017). 

Interestingly, the NSD1-driven HNSCCs were due to loss of function mutations in NSD1, while 

in NSD2-driven tumors, the NSD2 mutations were gain-of-function. The NSD1 defects lead to 

the enzyme’s inactivity and promote oncogenesis by halting cellular differentiation (Papillon-

Cavanagh et al., 2017). Increased expression of NSD2 correlates with higher histological grade 

and knocking down NSD2 suppresses growth and impeded cell cycle progression (Saloura et 

al., 2015). Hence, losing NSD1 activity promotes oncogenesis but losing NSD2 activity 

hampers advancement of cancer. This suggests that different mechanisms could be responsible 

for tumorigenesis in NSD1-driven vs NSD2-driven HNSCC patients and indicates that the 
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differences we observed between the effects of NSD1KO vs NSD2KO on the phenotype could 

have been expected. 

However, in another study, increased H3K36me2 activity, whether due to high levels of NSD1 

or NSD2, was consistently unfavorable to HNSCC patients, and associated with smaller overall 

survival and faster disease progression in HNSCC (Gameiro et al., 2021). Tightly regulated 

state of homeostasis requires correct levels of H3K36me2 in the appropriate places of the 

genome. Thus, having too little or too much of H3K36me2 is going to disrupt cellular balance 

and may produce major phenotypic consequences, such as malignancy. In my work, global 

levels of H3K36me2 in NSD1KO and NSD2KO substantially differed – while NSD1KO 

produced a meaningful loss of the mark, NSD2KO did not affect the levels of the mark 

significantly (Figure 7,8). Looking at the total H3K36me2 levels delivered by Western blotting 

and mass spectrometry, I could therefore conclude that the activity of NSD2 is not 

compensating for the activity of NSD1 and the activity of NSD1 in the absence of NSD2 seems 

to be sufficient to maintain the appropriate levels of the mark globally. 

However, analysis of the genome-wide H3K36me2 distribution by ChIP-Sequencing with 

subsequent investigation of the genomic regions associated with H3K36me2 signal have 

demonstrated that NSD2KO differed from wild-type substantially. In Cal27, such differences 

were manifested by NSD2KO containing “NSD2KO high” regions of increased H3K36me2 

signal and producing a spread of H3K36me2 domains into the intergenic regions (Figure 9). 

Furthermore, the 10kb-bin analysis of the H3K36me2 signal revealed a cluster (cluster D) with 

increased H3K36me2 levels in NSD2KO compared to parental lines (Figure 10) which 

corresponded to the intergenic regions seen in the IGV tracks (Figure 9, areas highlighted in 

red). This could very neatly illustrate the subtle upregulation of H3K36me2 levels in NSD2KO 

which, although insignificant, had been observed in both mass spectrometry and Western 

blotting experiments. In the FaDu cell line, the H3K36me2 distribution was also different from 

parental, but was not characterized by the spread of the mark into the intergenic regions. Instead, 

we observed “NSD2KO low” intergenic regions – where H3K36me2 levels were high in 

parental and NSD1KO but low in NSD2KO. This is what we expected to see initially. There 

were some genomic regions affected by NSD1 loss (cluster B), and other regions affected by 

NSD2 loss (cluster E), indicating that both enzymes are important in maintaining correct 

patterns of H3K36me2 in the genome and illustrating their non-redundancy. The domains 

affected by NSD1 loss and those affected by NSD2 loss were both found in the intergenic 

regions. Moreover, some of the “NSD1KO low” regions with low H3K36me2 signal in 
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NSD1KO, also displayed reduction of this signal in NSD2KO. We could conclude that despite 

the NSD2KO in Cal27 and in FaDu being genetically identical knockouts, NSD2KOs exerted 

a different effect on the genome-wide H3K36me2 distribution in these two HNSCC cell lines, 

which indicates that the division of labor between NSD1 and NSD2 as methyltransferases can 

be context-dependent. 

 

This context-dependency could be further scrutinized. The H3K36me2 distribution in parental 

lines of the two cell lines shows differences which could explain the dissimilar effect of 

NSD2KO on the H3K36me2 phenotype. While Cal27 seems to have a more patchy H3K36me2 

distribution, in FaDu, it is much more uniform and does not show many domains of low 

H3K36me2  (Figure 14). Therefore, if the “baseline” levels of H3K36me2 varies between the 

two lines, then it is understandable that the effect of removing one of the H3K36-

methyltransferases can also differ between these lines. This question could be explored further, 

e.g. by looking at the expression levels of NSD1 and NSD2 in Cal27 vs FaDu cell lines. 

 

 

Figure 14. Integrative Genome Viewer (IGV) representative tracks of parental samples in 

Cal27 and FaDu cell lines (ChIP-Sequencing data).  
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When testing the hypothesis, we expected the NSD2KO to generate a loss in H3K36me2, which 

is indeed what we found in FaDu (Figure 9,10). However, in Cal27, we observed something 

completely unforeseen and counterintuitive - a gain in H3K36me2 - and that surely required 

further investigation. A possible explanation was proposed: a compensation mechanism in 

which case, we would expect the NSD1 protein levels to be elevated in NSD2KO, compensating 

for the loss of the NSD2 protein. This hypothesis, however, was refuted, as the levels of the 

NSD1 protein in NSD2KO versus parental lines were comparable for both HNSCC cell lines 

(Figure 11). A compensation mechanism could, however, be existent at the DNA regulation 

level and without the requirement for NSD1 protein upregulation. For example, NSD1 could 

be responsible for the maintenance and gain of the H3K36me2 mark in the NSD2KO, by 

ectopically occupying the chromatin sites that would have normally been occupied by NSD2. 

This hypothesis could be tested by performing ChIP-Seq experiments on the parental, NSD1KO 

and NSD2KO lines, with the purpose of identifying NSD1-specific and NSD2-specific sites. 

 

We also studied the levels of NSD2 across the samples and observed that, unexpectedly, the 

NSD1KO displayed lower levels of NSD2 in comparison to parental (Figure 12). In both 

HPV(+) and HPV(-) HNSCC a similar phenomenon was observed. Pairwise RNA expression 

analysis of NSD paralogs demonstrated that the expression of NSD1, NSD2 (and NSD3) was 

coordinately regulated, with all three paralogs having consistently low or consistently high 

levels in the given sample (Gameiro et al., 2021). Although this provides a possible explanation 

to what is represented in Figure 13, the mechanism behind such coordination of NSD proteins 

could be a subject of future investigation. 

 

The genic regions affected by NSD1KO and NSD2KO relative to parental in Cal27 cell line are 

shown in Figure 13. NSD2KO showed 75 genes of lower expression and 224 genes of higher 

expression compared to parental. Among the overexpressed genes were HSPB8 (heat shock 

protein family B small member 8) which contributes to cell proliferation and carcinogenesis, 

CDH10 (Cadherin 10) which mediates cell-cell adhesion, PCDHB8 and PCDHB10 

(Protocadherin Beta 8 and 10) which are both most likely involved in specific cell-cell 

connections. The upregulation of HSPB8 suggests that cancer progression could be promoted 

upon NSD2KO. The increased levels of CDH10, PCDHB8 and PCDHB10, involved in the 

establishment of cell-cell attachments, suggest in turn that NSD2KO could promote the shift on 

the EMT axis, where cells deprived of NSD2 become more epithelial-like. This mechanism was 

observed in pancreatic ductal adenocarcinoma, where NSD2 knockdown changed cellular 
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signature to less aggressive – less mesenchymal and more epithelial-like signatures (Yuan et 

al., 2020). 

 

Lastly, it is important to emphasise that the comparisons made between NSD1 and NSD2 and 

the similarities and differences explored in this work are specific to the context of Cal27 and 

FaDu cell lines in HPV(-) HNSCCs. Even between the two HNSCC cell lines, we observed 

major discrepancies between the effect of NSD2KO on the H3K36me2 genomic distribution. 

Therefore, if the NSD1 and NSD2 methyltransferase activities were compared in other 

biological contexts, perhaps their share in depositing H3K36me2 would look different. 
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Chapter 5: Conclusions and Future Directions 

5.1 Conclusions 

In this thesis, I characterized the similarities and differences between the two H3K36-specific 

di-methyltransferases: NSD1 and NSD2 in the context of HPV(-) HNSCCs. I have established 

that depletion of NSD1 in two HNSCC cell lines - Cal27 and FaDu - exerts a greater effect on 

the H3K36me2 global levels than a depletion of NSD2. This supports the hypothesis that NSD1 

is the leading H3K36 di-methyltransferase in this cancer context. Moreover, I have 

demonstrated that although loss of NSD2 does not result in a global reduction in H3K36me2 

levels, it does lead to major changes in the H3K36me2 distribution genome-wide.  

In Cal27 cell line, NSD2KO generates an unexpected gain of H3K36me2 and gives rise to the 

unforeseen spread of the mark into the intergenic regions. This increase in H3K36me2 signal 

is unlikely to be a consequence of a compensation mechanism at the level of adjusting protein 

expression, as upregulation of the NSD1 protein in NSD2KO was demonstrated to not be the 

case.  

In FaDu cell line, it instead produces a loss of H3K36me2 in the intergenic regions, similarly 

to NSD1KO. The “NSD1KO low” and “NSD2KO low” regions, however, do not overlap, 

indicating that the two enzymes are not redundant and that they might be collaborating and 

restricting the scope of the catalytic function of one another. In both Cal27 and FaDu, the 

regions affected by loss of NSD2 are yet to be further characterized. 

The RNA Sequencing data showed that genic regions affected by NSD1 vs NSD2 loss also 

differ substantially, supporting the idea that the two enzymes methylate H3K36 at different 

genomic regions. Furthermore, differential gene expression analysis showed that changes 

between NSD1KO and parental lines were greater than those observed between NSD2KO and 

parental lines, which also favored the hypothesis of NSD1 being the leading paralog in this 

biological context. 

Further examination of the differences between NSD1 and NSD2 function, modes of action 

and relevance is required in other contexts in order for these findings to be more biologically 

meaningful.  

  



79 
 

5.2 Future Directions 

The unexpected NSD2KO-induced increase in H3K36me2 in the Cal27 cell line generated 

questions and new subjects of investigation such as what is responsible for the deposition of the 

additional H3K36me2 in the NSD2KO clones. ChIP-Sequencing experiments identifying the 

NSD1 binding sites in the NSD2KO background should be performed to determine whether the 

NSD1 enzyme invades NSD2-specific genomic regions in the absence of NSD2. If it’s not 

NSD1, then perhaps one of the remaining di-methyltransferases, NSD3 or ASH1L. Subsequent 

experiments focusing on the role of these two enzymes in H3K36me2 deposition, including the 

conditions of NSD2 loss, would be an interesting continuation of this study. Studies focusing 

on the overexpression of NSD1 and NSD2 could deliver useful information on the gain-of-

function effect of these two enzymes and additional insight into the possible compensation of 

roles in the knockout backgrounds. Moreover, NSD3KO, NSD1/2DKOs and NSD1/2/3TKOs 

could be included in further analyses and comparisons in order to dissect the similarities and 

differences between the three NSD paralogs and define the role of NSD3 in this biological 

context. 

The ChIP-Sequencing results obtained in the FaDu cell line should also be further investigated. 

Regions that lose H3K36me2 are either NSD1KO-specific, NSD2KO-specific or mutual. 

Analysis focusing on what is the proportion each type of regions, including numbers and sizes 

of such regions and describing what differentiates them, should be one of the future directions. 

Moreover, characterizing these regions by assigning them their genomic function (enhancer 

activity, TEs, etc.) would be necessary in creating a more comprehensive story with a bridge 

between epigenetic and cellular function. 

Finally, exploring the cellular context dependency would be particularly relevant in providing 

a broader application of the presented results. The role of NSD paralogs could be explored in 

other types of cancer, especially those where mutations in NSD1 or NSD2 contributed to 

tumorigenesis and disease progression. Furthermore, the investigation could certainly expand 

beyond the cancer contexts in order to elucidate the basic biological mechanisms of the 

H3K36me2 deposition in the genome. 
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Chapter 7: Supplementary Material 

Figure 4 has been adapted from the study by Gameiro et al., 2021 after obtaining a written 

permission from the authors. 

 

 

 

Supplementary Figure 1. Integrative Genome Viewer (IGV) snapshots of the NSD2 gene 

region targeted by CRISPR/Cas9 machinery.   

The population of cells shows to be consistently carrying a deletion in one of the first exons of 

the NSD2 gene in both Cal27 and FaDu cell lines. The colored fragments of reads indicate 

mismatched bases. Clone 1 and 3 in Cal27 (left) and clone 1S and 8 in FaDu (right). 
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Supplementary Figure 2. Loading controls of the gel (left) and the membrane (right) from 

the Western Blotting experiment shown in Figure 6 (Western Blotting for NSD2 in Cal27 cell 

line). 
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Supplementary Figure 3. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 6 (Western blotting for NSD2 in FaDu cell 

line). 
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Supplementary Figure 4. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 7 (Western blotting for H3K36me2 in Cal27 

cell line). 
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Supplementary Figure 5. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 7 (Western blotting for H3K36me2 in FaDu 

cell line). 
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Supplementary Figure 6. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 11 (Western blotting for NSD1 in Cal27 cell 

line). 
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Supplementary Figure 7. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 11 (Western blotting for NSD1 in FaDu cell 

line). 
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Supplementary Figure 8. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 12 (Western blotting for NSD2 in Cal27 cell 

line). 
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Supplementary Figure 9. Loading controls of the gel (left) and the membrane (right) from 

the Western blotting experiment shown in Figure 12 (Western blotting for NSD2 in FaDu cell 

line). 

 

 

 

 

 

 

 


