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Abstract 

 

Myb-like, SWIRM and MPNs domain 1 (MYSM1) is a nuclear-chromatin binding protein with 

deubiquitinase (DUB) catalytic activity. In recently published studies, we demonstrated that 

MYSM1 maintains the expression of genes encoding ribosomal proteins in hematopoietic cells, 

and co-localizes to the promoters of these genes with the oncogenic transcription factor MYC. As 

the oncogenic activity of MYC is linked to induction of ribosome biogenesis and protein synthesis, 

we further tested the role of MYSM1 in the regulation of MYC oncogenic function, crossing the 

Eu-Myc mouse model of B cell lymphoma with the Mysm1-/- and Mysm1FL/FL CreERT2 lines to 

establish constitutive and inducible Mysm1-deletions in cancer cells. This demonstrated that the 

loss of MYSM1 protein expression can inhibit oncogenic activity of MYC in mouse models, 

making it a potential drug target for hematological malignancies.  

In the current study, we aim to analyze whether the loss of MYSM1 DUB catalytic activity can 

also delay the onset and progression of Eu-Myc tumors, as well as gain insights into the host 

immune cell infiltration within the tumor microenvironment. A novel mouse strain Mysm1D660N, 

expressing a catalytically inactive MYSM1, was crossed to the Eu-Myc mouse model of B cell 

lymphoma to generate mice of Eu-Myc Mysm1DN/DN, Eu-Myc Mysm1D660N/FL CreERT2, and control 

genotypes. Survival studies and adoptive tumor cell transfer studies demonstrated that the loss of 

MYSM1 catalytic activity in B-cell lymphoma is protective against disease onset and progression 

and is associated with increased immune cell presence and activation within the tumors. Our 

preliminary data also shows a co-localization of MYSM1 and MYC with the PRC1 complex at the 

promoters of genes encoding ribosomal proteins, suggesting their functional interactions in the 

regulation of ribosomal gene expression. These findings are an important step toward establishing 

MYSM1 as a potential drug target for MYC-driven hematological malignancies. 
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Résumé  

 

Myb-like, SWIRM and MPNs domain 1 (MYSM1) est une protéine de liaison à la chromatine 

nucléaire dotée d'une activité catalytique de déubiquitinase (DUB). Dans des études récemment 

publiées, nous avons démontré que MYSM1 maintient l'expression des gènes codant pour les 

protéines ribosomales dans les cellules hématopoïétiques, et se colocalise aux promoteurs de ces 

gènes avec le facteur de transcription oncogène MYC. L'activité oncogène de MYC étant liée à 

l'induction de la biogenèse des ribosomes et de la synthèse des protéines, nous avons testé le rôle 

de MYSM1 dans la régulation de la fonction oncogène de MYC, en croisant le modèle de souris 

Eu-Myc de lymphome à cellules B avec les lignées Mysm1-/- et Mysm1FL/FL CreERT2 pour établir 

des délétions constitutives et inductibles de Mysm1 dans les cellules cancéreuses. Cela a démontré 

que la perte d'expression de la protéine MYSM1 peut inhiber l'activité oncogène de MYC dans des 

modèles murins, ce qui en fait une cible médicamenteuse potentielle pour les hémopathies 

malignes.  

Dans la présente étude, nous souhaitons analyser si la perte de l'activité catalytique DUB de 

MYSM1 peut également retarder l'apparition et la progression des tumeurs Eu-Myc, et obtenir des 

informations sur l'infiltration des cellules immunitaires de l'hôte dans le microenvironnement 

tumoral. Une nouvelle souche de souris Mysm1D660N exprimant un MYSM1 catalytiquement 

inactif a été croisée avec le modèle de souris Eu-Myc de lymphome à cellules B afin de générer 

des souris de génotypes Eu-Myc Mysm1DN/DN, Eu-Myc Mysm1D660N/FL CreERT2 et de contrôle. Des 

études de survie et de transfert adoptif de cellules tumorales ont démontré que la perte de l'activité 

catalytique de MYSM1 dans les lymphomes à cellules B est protectrice contre l'apparition et la 

progression de la maladie, et est associée à une présence et une activation accrues des cellules 

immunitaires dans les tumeurs. Nos données préliminaires montrent également une co-localisation 
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de MYSM1 et MYC avec le complexe PRC1 au niveau des promoteurs des gènes codant pour les 

protéines ribosomiques, ce qui suggère leurs interactions fonctionnelles dans la régulation de 

l'expression des gènes ribosomiques. Ces résultats constituent une étape importante vers 

l'établissement de MYSM1 comme une cible médicamenteuse potentielle pour les hémopathies 

malignes induites par MYC. 
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1.1 – B cell Carcinogenesis 

   

In Canada alone it is expected that 233 900 new cancer cases will be diagnosed in 2022. Of these 

diagnoses 12 450 will be lymphomas, 11 400 and 1050 for Non-Hodgkin (NHL) and Hodgkin 

lymphoma (HL), respectively1. Currently NHL ranks 6th in terms of prevalence and 7th in terms of 

mortality while HL ranks 22nd in prevalence and 21st in mortality among all cancer types1. While 

clinically lymphomas are generalized as either Hodgkin or Non-Hodgkin, the diversity and 

classification of all possible lymphomas is extensive. The World Health Organization (WHO) 

currently classifies any haematolymphoid tumours into three groups based on cell type: B cell, T 

cell/NK cell and stroma-derived neoplasms2. B cell tumours specifically are classified into 4 

groups containing 19 sub-types with multiple specific cancers in each group. Of particular interest 

are tumours that fall within the mature B cell neoplasms classification as many of the Hodgkin and 

Non-Hodgkin lymphoma subtypes fall within this group2. Some examples of B cell lymphomas 

are: diffuse large B cell lymphoma (DLBCL), follicular lymphoma (FL), chronic lymphocytic 

leukemia (CLL)/small lymphocytic lymphoma (SLL), mantle cell lymphoma (MCL), marginal 

zone lymphoma, Burkitt lymphoma (BL) and lymphoplasmacytic lymphoma2. DLBCL is the 

leading form of non-Hodgkin lymphoma diagnoses and will be focused on in this review3. Burkitt 

lymphoma is a rare form of non-Hodgkin lymphoma but due to its etiology and use in research it 

will also be discussed3. To better understand B cell carcinogenesis, it is critically important to 

understand the etiology, pathophysiology and underlying molecular mechanisms of each unique 

subtype to be able to develop effective treatments. 
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1.1.1 – Diffuse large B cell Lymphoma Etiology and Mechanisms of Disease 

 

Diffuse large B cell lymphoma is the most common form of Non-Hodgkin B cell lymphoma 

comprising 30-40% of all diagnoses3. It is considered to be a heterogeneous disease indicating that 

is has several etiologies4,5. DLBCL can arise de novo (primary) or can result as progression or 

transformation from less aggressive non-Hodgkin lymphomas such as follicular lymphoma, 

mucosa associated lymphoid tissue (MALT) and small lymphocytic lymphoma (secondary)2,4. 

When attempting to classify DLBCL tumors genetic, immunophenotypic and morphological 

characteristics are considered and the cumulative presentation is what dictates the type and 

treatment of DLBCL2,4,5. DLBCL is classified into four groups: DLBCL not otherwise specified 

(DLBCL-NOS), DLBCL/ high grade B cell lymphoma with MYC and BCL2 rearrangements, 

EBV-positive diffuse B cell lymphoma and DLBCL associated with chronic inflammation2. 

DLBCL-NOS is the most common of the four forms of DLBCL. The cell-of-origin (COO) refers 

to the origin of the cell that gave rise to the DLBCL-NOS and is what is used to further categorize 

DLBCL-NOS into three primary groups4,6. These groups are referred to as germinal cell like-

DLBCL (GCB-DLBCL), activated blood B cell/activated B cell-DLBCL (ABC-DLBCL) and 

unclassified-DLBCL6.  

Most DLBCL lymphomas arise from mature B cell neoplasms that have experienced the germinal 

center (GC) reaction and are described as large cells with round to ovoid nuclei, vesicular 

chromatin, mature B cell phenotype and lack of criteria defining specific large B cell lymphoma 

entities2,4,6.  
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Figure 1: Genetic lesions associated with the DLBCL-NOS subtypes; blue indicates loss-of-function, red indicates 

gain-of-function. The coloured squares on the left indicate distinct categories that are impacted by the genetic lesion. 

The lesions are divided by DLBCL sub-types as well as lesions that are shared among the groups. Tx denotes 

chromosomal translocation, M denotes mutation, D denotes deletion and Amp denotes amplification. The percentages 

on the right refer to the percentage of DLBCL-NOSs that have these genetic lesions (image adapted from Laura 

Pasqualucci and Riccardo Dalla-Favera, Blood, 20184). 

Many genetic lesions can occur that eventually give rise to DLBCL. Highlighted in figure 1 are 

the breakdowns of the types of genetic lesions that occur within the DLBCL-NOS subtypes. It is 

evident that there are several etiologies that lead to the development of DLBCL, each of which has 

different mechanisms. More recent work done by Wright and colleagues aims to sort and classify 
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DLBCL into more specific sub-types based on their genetic profiles rather than the cell-of-origin 

method and argues that this form of classification has improvements for clinical treatment, as the 

genetic profile of each DLBCL drastically impacts its response to treatment7. This work along with 

many others solidifies the point that the heterogeneity of DLBCL contributes to its challenges for 

developing effective treatments.  

Of particular interest are genetic alterations involving MYC as they represent more aggressive 

cases of DLBCL that have decreased response to treatment and poor clinical outcomes8–10. 

Roughly 5-15% of diagnosed DLBCL are linked to rearrangements in c-Myc 9,11–15. C-Myc 

alterations can occur as a single hit, double hits with BCL2 or BCL6, or triple hits with both BCL2 

and BCL6 rearrangements8,11–14,16. Valera’s study, which consisted of 219 cases of DLBCL, found 

that 3% of cases were MYC single-hit, 4% were double and/or triple-hit, 2% had MYC 

amplifications (greater than 4 gene copies) and 19% had MYC gains (3-4 gene copies). Cases that 

had MYC single, double or triple-hits and MYC amplifications but not MYC gains were associated 

with unfavourable outcomes for overall and progression-free survival9. These chromosomal 

rearrangements result in the over expression of MYC protein, which often leads to increased and 

uncontrolled proliferation17,18. DLBCL that have either double or triple hit gene rearrangements 

are referred to as double-hit lymphomas (DHL) and triple-hit lymphomas (THL) respectively and 

have been recently reclassified into a separate group of DLBCLs mentioned previously: diffuse 

large B-cell lymphoma/ high grade B-cell lymphoma with MYC and BCL2 rearrangements2.  

Many DHL and THL have intermediate phenotypes between DLBCL and Burkitt lymphoma19,20. 

To better understand the full spectrum of DLBCL it is important to also review the etiology and 

mechanisms of disease for Burkitt lymphoma. 
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1.1.2 – Burkitt Lymphoma Etiology and Mechanisms of Disease 

 

Burkitt lymphoma is one of the more aggressive forms of B cell lymphoma, while rare in adults, 

it is commonly associated with children and highly prevalent in equatorial Africa21–23. In the US it 

also represents 20-30% of pediatric lymphoma cases but only about 1-2% of NHL cases in adults22–

24. Overall however, it is still one of the rarer forms of B cell lymphoma relative to the rest3. It 

commonly presents with rapidly enlarging masses of the jaw or periorbital region and is most often 

associated with extranodal sites such as CNS, kidneys, adrenals, gonads, and gastrointestinal 

tract22,23. It is described as an aggressive, mature B cell neoplasm composed of CD10+, BCL6+, 

BCL2-/weak, high Ki67 index (>95%) and an IGH::MYC juxtaposition medium-sized B cells with 

a germinal center phenotype2. Up until recently the WHO classified BL into three subtypes: 

endemic, sporadic and immunodeficiency-associated Burkitt lymphoma; it has now since been 

changed to EBV-positive, EBV-negative and immunodeficiency associated Burkitt lymphoma2. 

This change was due to recent findings that have shown that the grouping of EBV-positive/EBV-

negative BLs had more distinct molecular features, regardless of epidemiological context2. For 

instance, while both EBV-positive and negative BLs share mutations within coding regions 

impacting BCR and PI3K signaling and apoptotic pathways, EBV-positive BLs show significantly 

higher levels of somatic hypermutation particularly within noncoding regions2,25,26.  

BL was first linked to chromosomal translocations of MYC on chromosome 8 to immunoglobulin 

heavy chain (IGH) on chromosome 14 in humans in the late 1970’s to early 1980’s27–29. It was 

also linked less frequently to MYC translocations on the κ light chain on chromosome 2 or the λ 

light chain on chromosome 22. All of these translocations result in constitutive over-expression 

and activation of MYC, transforming it into and oncogene that promotes growth and 
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proliferation27–29. Since then many studies have been done to identify other genetic drivers of BL 

that work in conjunction with MYC to drive tumorigenesis25,26. 

While understanding the etiology of B cell lymphomas solves one part of the problem, 

understanding how DLBCL and BL can evade the immune system and how they respond to current 

treatments is critical in identifying areas of research to enhance the development of more effective 

therapies.  

1.2 – Antitumor Immunity in B Cell Lymphoma   

 

As established, MYC is a potent driver of multiple subtypes of B cell lymphoma. As such, it is 

important to understand how MYC aberrations impact antitumor immunity. It is also of interest to 

understand how DLBCL and BL are currently treated to potentially determine new avenues for 

therapeutic development.  

1.2.1 – Role of Dendritic Cells in Antitumor Immunity 

 

Dendritic cells (DC) are a type of immune cells that play a central role in the initiation of antigen-

specific immunity and tolerance. Their main function is to serve as a connection between the 

adaptive and innate immune response as antigen presenting cells (APC). DCs are considered to be 

professional APCs that are responsible for sampling and presenting antigens to T cells, in addition 

to providing immunomodulatory signals through cytokines and cell-to-cell contacts. DCs are able 

to sample their environment through surface and intracellular receptors that recognize pathogen 

associated molecular patterns (PAMPs) and danger associated molecular patterns (DAMPs)30–32.  

There are several subsets of DCs that are characterized by their distinct expression of surface 

markers and cytokines which have been reviewed in-depth here32. Briefly, there are conventional 

type1 DCs (cDC1), conventional type 2 DC (cDC2), plasmacytoid DCs (pDCs) and monocyte 
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derived DCs (MoDCs). A favourable antitumor immune response is largely dependent on the 

ability of DCs to present tumor-associated antigens (TAA) to T cells (particularly CD8+ T cells). 

In mice cDC1s are associated with superior cross-presentation of antigens leading to stronger 

CD8+ T cell immune response, while also supporting Th1 polarization of CD4+ T cells. cDC2s 

responses are context dependent but have been found to induce CD4+ T cell immunity in cancer. 

pDCs are generally poor APCs but have been implicated to be involved in cancer cell killing 

indirectly through increased IFNγ production leading to NK cell activation. MoDCs are found to 

both enhance and inhibit antitumor immune responses32.  

The subtype of DCs that are present and the factors they secrete can largely affect the Immune 

response. Generally, the presence of DCs in the tumor microenvironment (TME) has been found 

to be a positive predictor of survival in DLBCL33, however lymphoma-exposed DCs expressing 

CCAAT/enhancer-binding protein β (C/EBPβ) in Eu-Myc mice were found to promote tumor cell 

maintenance and survival34. Work done by Scheuerpflug and colleagues highlights the use of 

immune checkpoint blockade (ICB) and how it positively impacts the antitumor immune response 

to B cell lymphoma. This was achieved by enhancing DCs ability to activate T cells as well as 

increasing the expression of costimulatory molecules and cytokine secretion to favor Th1 

polarization of immune response35. In summary, DCs play a vital role in orchestrating both pro- 

and antitumor immune responses.   

1.2.2 – Role of Macrophages in Antitumor Immunity 

 

Macrophages are a heterogeneous group of innate immune cells that arise from adult hematopoietic 

stem cells (HSC) or from embryonic precursors (fetal yolk-sac and fetal liver). Macrophages that 

arise from embryonic precursors contribute to tissue-resident macrophage populations while 

macrophages that arise from HSCs are either peripheral monocyte-derived macrophages or tissue-
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resident macrophages. They are involved in various processes such as tissue remodeling, wound 

healing, antigen presentation and phagocytosis36,37.  

Macrophages that are involved in the immune response to tumors are known as tumor associated 

macrophages (TAM), and traditionally such macrophages have been categorized into a binary 

phenotype of M1 or M2 macrophages. TAMs have since been identified to fall within a spectrum 

between M1 and M2 phenotypes. TAMs have largely been shown to be pro-tumorigenic when 

expressing M2 polarization and antitumorigenic when expressing M1 polarization36–39. The 

polarization of macrophages is largely dependent on the TME and the tumor immune 

microenvironment (TIME). Macrophages that are exposed to hypoxic and highly fibrous 

microenvironments within tumors in conjunction with cytokines that are polarized in a Th2 

response (IL-4, IL-13, IL-10) develop immunosuppressive phenotypes and are often marked by 

high expression of CD163 (M2). These macrophages then continue to promote a pro-tumorigenic 

environment through several mechanisms such as T cell exhaustion/suppression through immune 

checkpoint interactions, and recruitment of regulatory T cells (Tregs).  In contrast, macrophages 

that are exposed to a Th1 polarized microenvironment express high levels of CD68 and continue 

to drive the immune response in an antitumorigenic fashion, which has been reviewed in more 

detail by various groups36–40.  

In DLBCL several studies have shown that TAMs with M2 polarization are a predictor of poor 

prognosis for progression-free and overall survival41,42. Work done by Shen and colleagues 

demonstrated that the number of CD163+ M2 macrophages correlated negatively with DLBCL 

prognosis and found that macrophage depletion led to suppressed tumor growth in mouse 

xenograft models of DLBCL41. This demonstrates how macrophages can drastically impact the 

outcome for patients with DLBCL. However, innate immune cells are only one part of the immune 
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response to cancer, and cells from the adaptive immune system are also critical and are discussed 

below. 

1.2.3 – Role of T Cells in Antitumor Immunity  

 

T cells have long been established as some of the main players in the immune response to cancer. 

Both CD4+ and CD8+ T cells are intimately involved in promoting antitumor immunity. CD8+ 

cytotoxic T cells are responsible for cell mediated killing of tumor cells through engagement of 

major histocompatibility complex (MHC) class I antigen presentation, and subsequent tumor cell 

lysis via granzyme and perforin. As a result, CD8+ T cells directly contribute to antitumor 

immunity43,44. CD4+ T cells are able to both directly and indirectly exert antitumor immune 

responses. Upon engagement of T cell receptor (TCR) through MHC class II restricted antigen 

presentation, CD4 + T helper cells are able to indirectly promote an antitumor immune response 

through secretion of various cytokines and chemokines (such as IFNγ) that promote the activation 

of CD8+ T cells, recruitment of natural killer (NK) cells and M1 macrophages (ultimately 

polarizing to a Th1 response)45,46. More recently, it has been shown that a subset of CD4+ T cells 

is able to directly exert cytotoxic functions, in an MHC class II restricted manner, through the 

release of granzyme B and perforin in an antigen specific fashion. They are referred to as CD4+ 

with cytotoxic activity (CD4+ CTL)47. The details of how CD4+ and CD8+ T cells are to promote 

antitumor immune response are beyond the scope of this review but have been covered in depth 

here43–46. However, CD4+ T cells are also able to promote pro-tumorigenic responses by 

promoting angiogenesis (Th17 response) and suppression of tumor infiltrating lymphocytes (TIL) 

through Foxp3+ Regulatory T cells (Tregs)45. 

T cell dysregulation also plays a role in unfavourable immune responses to cancer. T cell 

dysregulation can be caused by various factors that all lead to T cell exhaustion. 
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Immunosuppressive cells or factors from the TME are able to push T cells to exhaustion. For 

example, TGF-β is a cytokine that induces the expression of immune checkpoint markers such as 

TIM-3, PD-1 and CTLA-4, while also inhibiting the secretion of IFNγ and granzyme B in CD8+ 

T cells, to promote T cell exhaustion48,49. Prolonged TCR stimulation with lack of co-stimulatory 

molecules can also push T cells to exhaustion leading to dysfunction43,48,49. While T cells play a 

central role in antitumor immunity, they are heavily influenced by the TME and TIME. As such, 

determining how T cells respond in relation to other immune cells is of great importance to better 

understand the complexities of antitumor immunity in cancer.  

1.2.4 – Role of B Cells in Antitumor Immunity 

 

Several reviews have been published that detail the role of B cells in both pro and antitumorigenic 

responses50,51. Pro-tumorigenic functions of B cells are largely attributed to a subset of B cells 

known as regulatory B cells (Bregs). Bregs play a role in the suppression of many cell types such 

as Th1, Th17, CD4+ T effector cells, CD8+ T cells and monocytes, while contributing to the 

activation of others such as Foxp3+ Tregs and altering the cytokine production of DCs52. These 

combined effects lead to tumor maintenance and immune evasion52,53. Conversely, the review done 

by Kinker and colleagues highlights the importance of well-organized tertiary lymphoid structures 

(TLS) within tumors of varying cancer types, as they could promote the activation of B cells with 

antitumor effects50. These B cells within well-formed TLSs (AID+/BCL6+, differentiated memory 

and plasma cells) were found to impact antitumor immunity through tumor-antigen presentation, 

antibody production and tumor-killing potential. Interestingly, studies have also shown that the 

presence of B cells from TLSs is associated with an improved response to both immunotherapeutic 

and chemotherapeutic treatments in patients with melanoma (with metastatic lymph node 

involvement) and breast cancer54,55. 
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Evidently, the role of DCs, macrophages, T cells and B cells within the antitumor immune response 

is multifaceted and complex and requires the formation of appropriate structures and cell-to-cell 

communication to illicit favourable responses. Therefore, understanding of the immune response 

specifically within the context of MYC-driven cancers becomes important in defining the 

landscape for B cell lymphoma. 

1.2.5 – Impact of Aberrant MYC Expression on Antitumor Immunity in B Cell Lymphoma 

 

MYC overexpression within lymphoid malignancies has a wide-ranged impact on the antitumor 

immune response. The effects can be seen within antigen presentation, expression of adhesion and 

costimulatory molecules, T cell tolerance, innate immunity, apoptosis, and metabolism. An in-

depth review of these topics can be found here56. The findings are briefly summarized below.  

MYC overexpression results in evasion of immune surveillance via impaired T cell recognition 

for both cytotoxic and helper T cells. This is due to MYC overexpression impacting HLA antigen 

presentation. It has an impact on both HLA class I and class II molecules57,58. MYC overexpression 

leads to downregulation of class I molecules57 and reduced peptide presentation via class II 

molecules as a result of decreased expression of the class II editor HLA-DM58. A wide range of 

co-stimulatory and adhesion molecules such as lymphocyte function-associated antigen-1 (LFA-

1), vascular cell adhesion molecule-1 (VCAM-1), CD40 and CD80 are all downregulated when 

MYC is overexpressed59–61. These all have impacts in T cell stimulation and activation56,59–61. In 

innate immunity, MYC overexpression is associated with high levels of CD47 expression on tumor 

cells, leading to decreased recruitment of macrophages and decreased tumor phagocytosis62,63.  

Aberrant MYC expression negatively impacts the antitumor immune response in B cell lymphoma 

through several avenues. This may provide some insight as to why patients experience poorer 
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prognosis when MYC aberrations are present and highlights the importance of MYC function 

within B cell lymphoma. 

1.2.6 – Current Treatments for Diffuse Large B Cell Lymphoma and Burkitt Lymphoma 

  

DLBCL is currently treated with regimen known as R-CHOP which consists of an anti-CD20 

antibody (Rituximab) and four chemotherapeutic drugs cyclophosphamide, doxorubicin 

hydrochloride, vincristine and prednisone. This treatment is administered every 21 days for 6-8 

cycles64,65. While this is effective for the majority of patients, roughly 30% relapse and of these 

relapsed patients the majority have DHL (MYC and BCL2)64,65. Standard intensive treatment for 

relapsed patients consists of  high-dose polychemotherapy and autologous stem cell transplantation, 

which only cures a minority of patients66. Several reviews have been done to identify reasons for 

the failure of standard treatment such as tumor heterogeneity, tumor microenvironment and host 

variabilities67, as well as identifying avenues for novel treatment development such as CAR T cell 

therapies, immune checkpoint inhibitors and molecular pathway inhibitors67–69. 

BL is highly susceptible to chemotherapy, however intensive treatments fare better in children as 

toxicity becomes of greater concern when BL is diagnosed in adults70. Treatment choice for BL is 

done based on risk stratifications that have been reviewed here23,71,72. The two standard approaches 

that are often chosen are either DA-EPOCH-R (dose-adjusted etoposide, doxorubicin, 

cyclophosphamide, vincristine, prednisone, and rituximab) and CODOX-M/IVAC 

(cyclophosphamide, doxorubicin, vincristine, ifosfamide, cytarabine and etoposide)71. BL has a 

high survival rate of 80-90% but cases that do not respond or relapse after primary treatment are 

also treated with autologous stem cell transplantation70. 

While current treatments for BL are largely effective, the treatment of DLBCL still remains an 

area where the current standard is not as effective with roughly 30% of patients experiencing 
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relapse, especially when MYC aberrations are involved. Therefore, targeting MYC as a therapeutic 

intervention is of great importance as it is correlated with poor prognosis in DLBCL. 

1.3 – MYC 

  

The Myc gene family is a group of regulatory genes that consists of c-Myc (MYC), n-Myc (MYCN) 

and l-myc (MYCL)73–79. The three genes are paralogs and function as pleiotropic transcription 

factors, that modulate global gene expression and play a role in various cellular processes such as 

proliferation, differentiation, cell cycle, metabolism, and apoptosis80–83. While all three genes have 

similar functions, they are differentiated regarding timing of expression and tissue specificity 

throughout development76. As MYC is ubiquitously expressed throughout development and is 

implicated to be dysregulated in up to 70% of all cancers74,84,85, it is of critical importance to 

understand its function, and will be focused on here.  

1.3.1 – c-Myc as an Oncogene  

 

MYC, as mentioned previously, is encoded by the gene c-Myc and is located on chromosome 8 

within locus 8q24.21 and is approximately 6kb in length75,77. It contains 3 exons and 4 promoters, 

with promotor 2 being responsible for the production of the majority of MYC transcripts75. MYC 

protein is estimated to be involved in the regulation of ~15% of all genes86. Unsurprisingly, as a 

result MYC is highly regulated at the transcriptional and post-translational modification stages75,87. 

At the chromosomal level, the MYC gene is regulated through multiple signalling pathways, cis- 

regulatory elements, chromatin remodeling, transcription factors and its own auto-suppression. An 

in-depth review of the mechanisms for c-Myc regulation can be found here75,87 and some 

highlighted examples are as follows. Almost every major pathway that is involved in cell 

proliferation and quiescence impacts the MYC promoter and either directly or indirectly regulates 

MYC transcription, with WNT, Hedgehog and Notch being a few examples 75,87. Far upstream 
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sequence elements (FUSE) and nuclease hypersensitivity element III 1 (NHEIII1) are cis-

regulatory elements within the MYC gene and can form non-canonical DNA structures, such as 

G-quadruplex configurations, thereby impacting transcription75,87. This along with various other 

forms of chromatin remodeling and MYC protein itself acting as its own suppressor and activator 

tightly control its expression75,87. 

However, there are many common genetic alterations that result in the transformation of MYC 

into an oncogene. The two most common errors that occur are gene amplification and translocation 

but point-mutations within enhancer and coding regions also occur84,85,88. Gene amplification, 

taking place through genome doubling or tandem duplications, is the most commonly observed 

marker of MYC dysregulation in various human cancers74,89. In the context of B cell lymphoma, 

MYC translocations with one of three immunoglobulin genes on chromosomes 2, 14 or 22 results 

in constitutive overexpression of MYC leading to the development of lymphomas88,90. Point 

mutations can also occur likely due to somatic hypermutation and also result in dysregulated 

expression of MYC protein. An example of this are mutations at the N-terminal region around the 

two major phosphorylation sites which impact protein stability leading to impaired proteasomal 

degradation as well as negative regulation of MYC88,91,92. C-Myc oncogenic activity requires 

additional mutagenic events for tumor formation as evidenced by the predictable delay in tumor 

onset in various models93. These tumorigenic effects of MYC are observed in both humans and 

mice93. 

Understanding the impacts of c-Myc alterations on MYC protein structure and function are of the 

utmost importance to better understand how MYC can potentially be targeted in cancer therapies.  
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1.3.2 – MYC Structure  

  

When transcribed, MYC is a 439 amino acid protein which consists of an N-terminal 

transactivating domain (TAD), a central region and a C-terminal DNA binding domain.  The N-

terminal TAD is comprised of the MYC homology boxes (MB) o, I and II subdomains that are 

involved in the regulation of protein stability as well as transcriptional activity76,94,95. MBI in 

particular has a motif (canonical phosphodegron) which contains residues S62 and T58 that 

regulate the stability of MYC through sequential and hierarchal phosphorylation76,91. Residue S62 

is phosphorylated by RAS/MEK/ERK/CDK2, which primes residue T58 to be phosphorylated by 

GSK3β followed by dephosphorylation of S62 by PIN-I and PP2A, and results in MYC being 

targeted by SCFFBXW7 for Ub-proteosome-mediated degradation76,91. This phosphorylation is 

antagonised by phosphorylation of S67, which is proximal to residue S62, by Aurora B Kinase 

counteracting GSK3β phosphorylation and leading to MYC stability76,96. MBII is the most studied 

region of the MYC TAD, and is considered fundamental for MYC biological activity and 

indispensable for full MYC oncogenic activity in vivo, which has been reviewed in depth here 

75,76,94 and demonstrated here97. The central region is comprised of MBIIIb and MBIV which are 

involved in MYC cell transformation76,83,98. The C-terminal domain contains a basic helix-loop-

helix leucine zipper (bHLH-LZ) which plays a key role in DNA binding99,100. MYC preferentially 

binds to the canonical E box sequence 5’-CACGTG-3’ of target gene promoters at physiological 

levels. When MYC is deregulated, it is also able to bind the far more abundant non-canonical E 

box 5-CANNTG-3’ sequence101,102. The bHLH-LZ is also involved in the stabilization with its 

obligate heterodimer partner MAX, which is essential for its oncogenic activity99,103. As a result 

of its structure the MYC is an intrinsically disordered protein with various transient states and at 

steady-state levels has a short half-life of 20-30 minutes104,105. 
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Figure 2: MYC structure and binding sites for a few major MYC-interacting proteins; the N-terminal TAD, 

central region and C-terminal DNA binding domain are shown from left to right respectively (image adapted from 

Madden. Et al, Molecular Cancer, 2021106)  

1.3.3 – The Role of MYC in Ribosomal Biogenesis  

 

Functionally, as mentioned previously, MYC plays a role in various cellular processes such as 

proliferation, differentiation, cell cycle, metabolism, and apoptosis80–83. Of particular interest is 

the role of MYC in ribosome biogenesis. By regulating the expression of auxiliary factors that are 

required for rRNA processing, ribosome assembly and the export of mature ribosomal subunits 

from the nucleus into the cytoplasm, MYC is intricately involved in several steps of ribosomal 

biogenesis107. This has been reviewed extensively by several groups and can be found here107–109. 

Briefly, MYC has been shown to promote ribosome biogenesis by enhancing the RNA pol I-

dependent transcription of rRNA through chromatin remodeling and co-factor recruitment, and 

also the RNA pol II-dependent transcription of genes encoding structural ribosomal proteins, 

factors for rRNA processing (such as fibrillarin, nucleolin and nucleophosmin), and factors 

involved in ribosomal subunit export and translation initiation 107,108,110–115.  
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1.3.4 – The Role of MYC in B Cell Development 

  

In addition to non-cell specific functions, MYC is also involved in cell specific processes. In B 

cells MYC is required for germinal center formation (GC)116. MYC is initially expressed when 

mature B cells encounter antigen and are activated with the assistance of T cells triggering the 

germinal center formation. Subsequent up-regulation and expression of BCL6 leads to MYC 

suppression as it directly binds to its promoter117,118. The transition from MYC to BCL6 expression 

is associated with formation of the dark zone and leads to expansion of highly proliferative 

centroblasts118. Upon up-regulation of NF-KB and IRF4, in a select subpopulation of B cells within 

the light zone, MYC is re-expressed and BCL6 is down-regulated. This subset of light zone, MYC-

positive cells is associated with high-affinity BCRs and are ready to enter the dark zone again for 

subsequent rounds of somatic hypermutation, which propels the GC reaction. Cells that are MYC-

negative in the light zone are primed to exit the GC as memory cells or early plasmoblasts118.  

Given the critical role of MYC as a proto-oncogene in various forms of cancer it has become a 

target of great interest for therapeutic drug development.  

1.3.5 – MYC as a Drug Target 

 

For decades MYC has been dubbed the “undruggable drug target”. This is due to its intrinsically 

disordered nature, lack of available ligand binding domains, as well as concerns for damaging off-

target effects for normal proliferative cells75,76. The majority of the efforts for drug development 

has centered around indirectly targeting MYC through its various associated transcription factors 

such as its dimerization partner MAX. More recent studies have aimed to identify the 

conformationally stable transient states of MYC when it is bound to its co-factors. Work done by 

Macdonald and colleagues119 identified the X-ray crystal structure for a component of MYC in 

complex with WDR5 and proposed that small molecules that bind in the “MYC site” of WDR5 
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could be developed to disrupt the MYC-WDR5 protein interaction. The same group had previously 

found that the interaction between MYC and WDR5 was essential for tumor maintenance in B cell 

lymphoma120 indicating that interfering with these protein interactions is a promising avenue for 

inhibition of MYC driven cancers. The structure for MYCN-Aurora-A kinase-binding was also 

characterized, and the interruption of this protein interaction could be induced by altering Aurora-

A kinase conformation through selective Aurora-A kinase inhibitors. Interruption of this 

interaction resulted in the destabilization of MYCN and subsequent degradation, which is of 

importance as MYCN’s increased stability is one factor shown to drive neuroblastoma. This 

illustrated the role of MYCN-Aurora-A kinase binding in neuroblastoma and how targeting MYC 

co-factors could lead to promising cancer therapeutics121. Han and colleagues also found that 

small-molecule inhibitors for MYC could suppress tumor growth and enhance immunotherapy by 

increasing MYC degradation and synergizing with anti-PD1 immunotherapy122. 

While significant progress has been made in recent years to identify potential drugs for MYC 

driven cancers, none have progressed beyond clinical trial phases I/II; a review of the current 

prospective drug targets for MYC can be found here76. Some other targets for inhibiting MYC 

oncogenic functions currently being studied in pre-clinical or phase I/II clinical trials are: MYC-

MAX, MAX:MAX, Aurora- A kinase, PLK1, PP2A and USP776. These findings open the door for 

research into new MYC interacting co-factors as potential drug targets. 

1.4 – Myb-like, SWIRM, MPNs Domain 1 (MYSM1)  

 

Our lab has recently demonstrated that loss of MYSM1 in hematopoietic stem cells results in 

downregulated ribosomal protein gene expression and  increased activation of p53 stress response 

pathway123.  The work done by Lin and colleagues from our lab further demonstrated that the loss 

of MYSM1 in mouse models of B cell lymphoma led to delay in tumor onset and progression, also 
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via the downregulation of ribosomal gene expression and protein synthesis in the tumor 

cells124.This in conjunction with the work done by Jiang and colleagues125, demonstrating that 

MYSM1 and MYC interact in B1a cells, prompts the idea that MYSM1 may be of importance in 

MYC regulation. As a result, MYSM1 will be discussed in-depth within this section of the 

literature review.   

1.4.1 – MYSM1 Structure  

 

Myb-like, SWIRM, MPNs Domain 1 (MYSM1) is an 828 amino acid protein within the JAMM 

metalloprotease family. It is a deubiquitinating (DUB) enzyme with histone H2AK119ub as one 

of its substrates126. The three distinct domains that make up MYSM1 are the SANT, SWIRM and 

MPN domains. The N-terminal SANT domain is structurally similar to the DNA-binding domain 

of the transcription factor MYB, is able to bind DNA in vitro, and is required for MYSM1 

association with histones in vivo126,127. The SWIRM domain of MYSM1 most closely resembles 

the Swi3 subfamily of SWIRM domains and forms an HTH-related fold which has 5 α-helices. 

However, the MYSM1 SWIRM domain lacks DNA binding activity which more closely resembles 

the LSD1 subfamily of SWIRM domains 127. Lastly, the C-terminal MPN (Mpr1/Pad1 N-terminal) 

metalloprotease domain is the catalytic domain of MYSM1. It is characterized by Zn2+-binding 

and has a JAMM (JAB1-MPN-MOV34) motif with a canonical sequence of 

EXnHSHX7SX2D
126,128. The MPN domain functions as an isopeptidase that selectively hydrolyzes 

linkages between ubiquitin/ubiquitin-like proteins and their target proteins or between ubiquitin 

monomers within a polymeric chain128.     

1.4.2 – Roles of MYSM1 and PRC1 as Epigenetic Regulators of Gene Expression 

 

The role of MYSM1 in the regulation of hematopoiesis and immune cell development has been 

covered in detail in this review126. Of particular interest, is MYSM1’s role in the epigenetic 
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regulation of gene expression. As stated previously, MYSM1 modifies histone tails by 

deubiquitinating histone H2AK119, which is a repressive epigenetic mark. As the result, MYSM1 

is considered to function as an activator of gene expression126–128. 

The epigenetic landscape that controls gene expression in mammals is very complex with multiple 

protein complexes that each play a role in either activation or suppression of gene expression. In 

opposition to MYSM1, polycomb repressive complex 1 (PRC1) is involved in the silencing of 

gene expression through ubiquitination of histone H2AK119 129. PRC1 is an E3 ubiquitin ligase 

complex and is composed of several proteins: RING1A/RING1B catalytic subunits, one of 6 

polycomb group RING finger (PCGF) proteins (PCGF1-6), and a host of auxiliary subunits that 

are dictated by the PCGF proteins. 

PRC1 can form either canonical or variant complexes. The canonical complex involves PCGF2 or 

PCGF4 with one of 5 chromodomain-containing paralogues (CBX2, CBX4, CBX6, CBX7, 

CBX8), and a polyhomeotic (PHC) subunit (PHC1, PHC2 or PHC3). Conversely, variant PRC1 is 

composed of PGCF1-6, RING1 and YY1-binding protein (RYBP) or YAF2 and various additional 

subunits that are dictated by the respective PCGF components. An in-depth review of the proteins 

that make up the various PRC1 complexes can be found here129.  
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Figure 3: Overview of PRC1 composition for variants PRC1.1-1.6; all 6 variants of PRC1 have been shown above 

and their corresponding auxiliary proteins. The figure summarizes the current understanding of PRC1 complexes. The 

numbers surrounding the PCGF complexes correspond to type of domains present and are denoted in the legend on 

the left (image adapted from Vidal and Starowicz, Experimental Haematology, 2017130).  

In the context of MYC driven lymphomas, variant PRC1.6  is of particular interest as it is a MYC-

interacting complex131. Work done by Tanaskovic and colleagues demonstrated that loss of PCGF6 

in Eu-Myc mice leads to accelerated lymphomagenesis in a manner that appears to be independent 

of PRC1.6. However, they did not fully rule out the contribution of the formation of PRC1.6 

complex (containing MGA/MAX) as an antagonist to MYC/MAX-dependent transcription in 

other B cell lymphoma models132. As referenced previously, work done by Thomas and colleagues 

found that the loss of WDR5 was protective in MYC driven B cell lymphoma using the Eu-Myc 

mouse model120. While this study did not directly asses the role of PRC1 within the context of 

lymphoma, it is important to note that WDR5 is a component of variant PRC1.6, suggesting that 

this work should be further expanded to see if the essential MYC-WDR5 interactions observed 

could be due to the involvement of PRC1.6.120,129,130 These findings contribute to our 

understanding of how MYSM1 and PRC1 are able to regulate gene expression, as well as providing 



37 
 

further insight into the potential interactions between PRC1 and MYC and how they might 

subsequently interact with MYSM1. 

1.4.3 – Further Defining the Relationship Between MYSM1 and MYC in B Cell Lymphoma  

 

To further address the relationship between MYSM1 and MYC in the context of B cell lymphoma, 

the Eu-Myc mouse model was used throughout my thesis and in previously published work from 

our lab. Eu-Myc mice were first established and described by Adams and colleagues in 1985 and 

are a model that closely resembles BL, with the c-Myc oncogene under the control of IGH enhancer 

resulting in  development of lymph node tumors and death by 4 months of age29. Our lab further 

bred Eu-Myc mice with either constitutive or inducible loss of MYSM1 protein (Eu-MYC Mysm1-

/-, Eu-MYC CreERT2 Mysm1fl/fl). These mice were used to assess the impacts of the loss of MYSM1 

on the onset and progression of B cell lymphoma124. It was found that the loss of MYSM1 protein 

in B cell tumors resulted in repressed induction of ribosomal protein genes, reduced cellular protein 

synthesis rates, increased levels of p53 tumor suppressor, and ultimately delayed onset and 

progression of B cell lymphoma. This study also identified 45 shared genome-binding sites 

between MYC and MYSM1 that were within 1kb of the nearest gene transcription start site. Of 

these 45 binding sites, 28 were localized near the genes encoding ribosomal proteins, while 4 

others were near the genes encoding translation factors. Together, this work suggests that MYSM1 

and MYC may co-regulate ribosomal protein genes and that loss of MYSM1 inhibits MYC 

oncogenic function124.    

However, to further develop MYSM1 as a potential drug target for B cell lymphoma, 

understanding the impacts of MYSM1 catalytic activity on tumor progression has yet to be done 

and is the focus of my thesis. To establish Eu-Myc mice with a constitutive or inducible loss of 

MYSM1 catalytic activity, Eu-Myc mice were bred with a novel mouse strain that was developed 
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and characterized in our lab that expresses catalytically inactive MYSM1133. Using CRISPR/Cas-

9 mediated genome editing, these mice were developed to express a catalytically inactive MYSM1 

as a result of a point mutation within exon 16 of Mysm1 (Mysm1D660N). The point mutation resulted 

in a single amino acid substitution of aspartic acid 660 to an arginine within the catalytically active 

MPN domain. These mutant mice Mysm1DN/DN presented with the same phenotypes as the full 

Mysm1- knockouts and demonstrated that the deubiquitinase catalytic activity of MYSM1 is 

essential for its in vivo functions 133. 

By using these novel mice, we aim to further address whether MYSM1 may be an effective drug 

target in treating MYC-driven B cell lymphomas, by assessing the impact of the loss of MYSM1 

catalytic activity on lymphoma disease progression. The hypothesis and rationale for my thesis 

have been elaborated on in Chapter 2. 

1.4.4 – DUBs as Drug Targets 

 

While my thesis aims to further identify MYSM1 as a potential drug target for B cell lymphoma, 

it is important to highlight the legitimacy of using DUBs as drug targets. Several reviews have 

been done that aim to define DUBs as novel and promising targets for cancer therapy134–136. The 

appeal of DUBs as drug targets arises from their key role in many cellular processes that are often 

pathogenic (such as cancer), and they also contain a well-defined active site, ideal for small-

molecule inhibitors. One such example is USP7 which is involved in the regulation of MYC and 

MYCN stability137. Work done by Schauer and colleagues using breast cancer cell line MCF7 

found that selective inhibition of USP7 via XL177A leads to cancer cell killing through a p53-

dependent mechanism138. This work and many others have led to the development of several 

inhibitors targeting USP7 that are currently in clinical trials in various cancers, as summarized 

here76. This demonstrates that DUBs are a viable option for cancer therapeutics and establishes the 
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groundwork to continue to investigate MYSM1 as a potential drug target for MYC-driven B cell 

lymphoma. 
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Chapter 2: Rationale and Objectives  
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2.1 – Overview 

 

Given that non-Hodgkin lymphomas are the 6th most common form of cancer, ranking 7th in 

mortality in Canada, and will affect more than 12 000 new people within the year, it is imperative 

to find more specific and effective treatments1. The challenge in developing specific and effective 

treatments for B cell lymphoma arises due to the complex etiology and heterogeneity of the disease. 

Current standard of treatment varies slightly among the subtypes of B cell lymphoma but the most 

common practice for DLBCL is R-CHOP therapy, which comprises chemotherapy plus the 

rituximab anti-CD20 monoclonal antibody64–66,70. In the event of cancer relapse alternative 

immunotherapy, targeted drug therapies and autologous stem cell transplants are often the next 

step. Effective drug therapies require high specificity and minimal off target effects, and the 

development of more target-specific drugs is urgently needed. 

 

MYSM1 is a nuclear deubiquitinase (DUB) that targets histone H2A-K119ub and acts as an 

epigenetic regulator of gene expression in hematopoiesis and immunity126. Previous work in our 

lab showed that an inducible deletion of Mysm1 gene was strongly protective against B cell 

lymphoma onset and progression in the Eu-Myc mouse model, in which the disease is driven by 

MYC overexpression from the immunoglobulin heavy chain locus enhancer29,124. Adoptive 

mouse-to-mouse tumor cell transfers demonstrated that the loss of MYSM1 in the tumor cells was 

sufficient for this protective activity, but did not rule out additional MYSM1 functions in the tumor 

microenvironment or antitumor immunity. At the cellular and molecular level, the loss of MYSM1 

in tumor cells was associated with downregulation of the MYSM1/MYC co-regulated genes 

encoding ribosomal proteins and translation factors, reduced protein synthesis rate, and increased 

levels of p53 tumor suppressor protein124. 
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2.2 – Rationale and Hypotheses 

 

I. To further develop MYSM1 into a potential drug target, testing the effects of the loss of MYSM1 

DUB catalytic activity on lymphoma onset and progression is essential, as this more closely 

mimics the expected effects of a pharmacological inhibitor. To do this, our lab has established a 

Mysm1D660N mouse strain (to be abbreviated Mysm1DN) that expresses a catalytically inactive 

MYSM1133. In my research project, this mouse strain was crossed to the Eu-Myc and Mysm1FL 

CreERT2 mouse strains124,139. We therefore derived cohorts of Eu-Myc B cell lymphoma mice with 

either constitutive or tamoxifen-induced loss of MYSM1 catalytic activity: Eu-Myc Mysm1DN/DN 

and Eu-Myc CreERT2 Mysm1FL/DN, respectively, as well as the appropriate control mouse groups. 

We hypothesize that the loss of MYSM1 catalytic activity in Eu-Myc tumors will result in 

protection against B-cell lymphoma progression. 

 

II. Adoptive mouse-to-mouse tumor cell transfers demonstrated that the loss of MYSM1 in the 

tumor cells was sufficient for protection against the disease, but did not rule out additional MYSM1 

functions in the tumor microenvironment or antitumor immunity124. Indeed, MYSM1 is expressed 

in many immune cell types and has complex effects in the regulation of immune cell development 

and activation125,126,133,139. The role of MYSM1 specifically in antitumor immunity however has 

not been previously investigated, and will be studied in the current research project. 

We hypothesize that the loss of MYSM1 catalytic activity in Eu-Myc tumors will not only 

affect the tumor cell physiology but also the tumor infiltrating immune cells, with possible 

effects on antitumor immunity. 
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III. Our previous studies implicated MYSM1 as a co-regulator of the MYC-target genes encoding 

ribosomal proteins and translation factors (to be abbreviated as RP-genes)123, and we proposed that 

this activity underlies the protective effect of MYSM1-loss against MYC-driven lymphoma. 

MYSM1 binds MYC125, localizes at the known MYC-binding sites within RP-gene promoters124, 

and the loss of MYSM1 results in reduced RP-gene expression and protein synthesis123,124,126,139. 

However, the mechanisms through which MYSM1 regulates RP-genes remains poorly understood.  

 

MYSM1 is primarily known as a DUB for histone H2A-K119ub126, which is a repressive 

epigenetic mark deposited on chromatin by the polycomb repressive complex 1 (PRC1)129,130. 

Traditionally, PRC1 and H2AK119ub were known to mediate stable gene repression during 

cellular differentiation129–131, however recent studies implicated specifically the PRC1.6 variant of 

the complex in the regulation of housekeeping transcriptional programs129,131. 

 

We hypothesize that MYSM1 may regulate the expression of genes encoding ribosomal 

proteins and translation factors in cross-talk with PRC1.6. Here I will test for co-localization 

of PRC1.6 at the known MYSM1/MYC binding sites within such gene promoters.  

 

2.3 – Objectives and Scope 

 

Aim I: To test if the loss of MYSM1 catalytic activity protects from MYC driven lymphoma 

To determine the protective effects of catalytically inactive MYSM1, Eu-Myc mice were bred with 

the novel mouse strain Mysm1DN that expresses a catalytically inactive MYSM1D660N,133. 

a. Survival studies comparing Eu-Myc Mysm1DN/DN mice against mice of control genotypes were 

conducted, testing the effect of a constitutive loss of MYSM1 catalytic activity on B cell lymphoma. 
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b. A mouse model allowing a tamoxifen-induced loss of MYSM1 catalytic activity was established 

(Eu-Myc CreERT2 Mysm1FL/DN), with the appropriate control groups. These mice were used in 

adoptive mouse-to-mouse tumor cell transfer experiments, testing the effect of a tumor-intrinsic 

loss of MYSM1 catalytic activity on lymphoma disease progression. 

 

Aim II: To explore the effect of the loss of MYSM1 catalytic activity on antitumor immunity 

a. Tumors with a loss of MYSM1 catalytic activity were compared against tumors of control 

genotypes for immune cell infiltration. Comprehensive flow cytometry protocols quantifying most 

major immune cell types and analyzing their activation and polarization states were used. 

b. A pilot mouse-to-mouse tumor cell transfer study was conducted to test the effects of a selective 

loss of MYSM1 catalytic activity in the tumor microenvironment on lymphoma disease 

progression. 

 

Aim III. To explore how MYSM1 and MYC co-regulate ribosomal protein gene expression 

For this purpose, we investigated the co-localization of the MYSM1 and MYC binding sites at the 

promoters of genes encoding ribosomal proteins and translation factors (RP-genes) with the 

binding sites of PRC1.6. The studies encompassed: a) bioinformatics meta-analyses of published 

ChIP-seq datasets, followed by b) validation with ChIP-qPCR assays in murine B cell lymphoma 

cell lines. 
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Chapter 3: Materials and Methods  
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3.1 – Materials and Methods for Mouse Survival Studies  

 

3.1.1 – Mouse Strains 

 

Mice used for all experiments were maintained under specific pathogen-free conditions. Mouse 

line B6.Cg-Tg(IgHMyc)22Bri/J, conventionally referred to as Eu-Myc, is a widely used model to 

study B cell lymphoma. It develops tumors due to overexpression of MYC under the control of 

the immunoglobulin heavy chain locus enhancer29,124. Novel mouse line Mysm1D660N (herein 

referred to as Mysm1DN) was recently generated in our lab to study the effects of the loss of 

MYSM1 catalytic activity; aspartic acid 660 was mutated to an asparagine within the MPN 

catalytic domain resulting in a functionally inactive MYSM1 protein, as described here133. 

Mysm1DN mice were bred with the Eu-Myc strain and the Mysm1FL/FLCreERT2 strain to generate 

mice of Eu-Myc Mysm1DN/DN, Eu-Myc Mysm1FL/DNCreERT2, Eu-Myc Mysm1FL/FLCreERT2 and 

control Eu-Myc Mysm1FL/+CreERT2 genotypes124,139.   

3.1.2 – Mouse-to-Mouse Tumor Adoptive Cell Transfer  

 

To determine the effects of inducible loss of MYSM1 catalytic activity on onset and progression 

of B cell lymphoma, adoptive tumor cell transfer experiments were performed, as described here. 

Cryopreserved tumor cells from mice of Eu-Myc Mysm1FL/DNCreERT2 and control Eu-Myc 

Mysm1FL/+CreERT2 genotypes were thawed at 37ºC for 30-60 seconds. Cells were then resuspended 

in phosphate-buffered saline pH 7.4 (PBS, Thermo Fisher Scientific) and injected at 1.0x106 cells 

per mouse intravenously into recipient wild type C57BL/6 mice that had been subjected to 3.5 Gy  

whole-body irradiation. The recipients then received intraperitoneal injections of tamoxifen or 

vehicle corn oil as described below124,139. Mouse health and survival were monitored over 

subsequent 100 days. 
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To determine the effects of a selective loss of MYSM1 catalytic activity in the tumor 

microenvironment on cancer disease progression, adoptive tumor cell transfer experiments were 

performed as follows. Cryopreserved tumor cells from mice of Eu-Myc genotype were thawed at 

37ºC for 30-60 seconds. Cells were then resuspended in PBS and injected intravenously at 1.0x106 

cells per mouse into recipient mice of Mysm1FL/DNCreERT2, Mysm1FL/FLCreERT2 and 

Mysm1FL/+CreERT2 C57BL/6 genotypes that had been subjected to 3.5Gy whole-body irradiation. 

The recipients then received intraperitoneal injections of tamoxifen as described below124,139. 

Mouse health and survival were monitored over subsequent 100 days.  

3.1.3 – Tamoxifen Mouse Treatment 

 

To generate inducible loss of MYSM1 catalytic activity in tumor baring CreERT2 transgenic mice, 

the mice were injected intraperitoneally with tamoxifen (Sigma-Aldrich, T5648) in sterilized corn 

oil at 0.12mg/gram per injection, with 8 doses administered in total over 16 days. This was done 

after mice received intravenous injections of tumors. Control mice of the same genotypes were 

injected with vehicle corn oil (Sigma-Aldrich). Tamoxifen-induced Mysm1FL allele deletion was 

verified in the previous work of our research team, as described here124,133,139. 

3.1.4 – Ethics Approval  

 

All mouse experiments were in accordance with the guidelines of the Canadian Council on Animal 

Care and approved by McGill Animal Care Committee under the animal use protocol AUP-7643. 

3.1.5 – Statistics   

 

Statistical analyses for mouse survival used Mantel-Cox and Gehan-Breslow-Wilcoxon tests in 

Prism version 9.0 (GraphPad Inc.); p<0.05 was considered significant. 
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3.2 – Materials and Methods for the Analysis of MYSM1-Catalytically Inactive Eu-Myc 

Tumors 

  

3.2.1 – Harvesting of Lymph Node Tumors  

 

Mice that reached clinical endpoint with a body condition (BC) score of less than two with swollen 

lymph nodes were euthanized humanely according to animal use protocol AUP-7643. Masseter, 

axillary and inguinal lymph node tumors were harvested. Tumors were then rinsed with PBS. 

Tumors were homogenized manually between two frosted glass slides (Thermo Fisher Scientific, 

12-550-343) into 10mL of ice-cold PBS in a 10 cm tissue-culture (TC) dish (Corning, C353003 

(08-772E)). The tumor suspension was filtered through 40µm sterile filter (VWR, 28145-477) with 

a 10mL syringe (BD Biosciences, B302995(361042472)) into a 15mL centrifuge tube (Thermo 

Fisher Scientific, 0553859B). Cells were then centrifuged at 700rpm for 7 minutes at 4ºC. Cells 

were resuspended into 10mL of B cell lymphoma freezing media, which consists of 10% dimethyl 

sulfoxide (DMSO, Sigma-Aldrich, D8418-100ML), 20% FBS and 70% B cell lymphoma culture 

media (BCM). BCM was prepared with 45% IMDM (Life Technologies, 12440053), 45% DMEM 

(Life Technologies, 11995073), 10% FBS, 100U/mL penicillin and 100µg/mL streptomycin. Cells 

were aliquoted at 1mL into 2mL cryovials (Corning, C431386(03-374-059)) and frozen at -80ºC 

in a Mr.FrostyTM freezing container (Thermo Fisher Scientific, 5100-0001) containing isopropanol 

(Thermo Fisher Scientific, BP26181) for 24 hours. The frozen cell vials were subsequently moved 

to storage containers and kept at -80ºC for short-term storage or in liquid nitrogen for long-term 

storage.  

3.2.2 – Cell Preparation for Flow Cytometry Analysis 

 

The flow cytometry analysis was performed on cryopreserved tumor cell samples of Eu-Myc 

Mysm1Δ/DNCreERT2 and control Eu-Myc Mysm1FL/DNCreERT2 genotypes, previously harvested from 



49 
 

mice subjected to tamoxifen or corn-oil treatment, respectively. The vials of cells were thawed at 

37ºC for 30-60 seconds. Cells were washed in pre-warmed B cell lymphoma culture media (BCM) 

and centrifuged at 700rpm for 7 minutes. Then the cells were resuspended in 1mL of BCM for 

counting. A 1:20 dilution using trypan blue (Life Technologies, 15250061) was done before 

loading 10µL onto a hemocytometer. The absolute cell number was then calculated, and cells 

plated for flow cytometry staining.   

3.2.3 – Cell Staining for Flow Cytometry Analysis  

 

Mouse tumor cells were plated at 4.0x106cells/well in a 96-well u-bottom plate (Falcon, 

351177(08-772-54)). Viability Dye eFluor® 506 (eBioscience, ThermoFisher Scientific) was used 

at 1:1000 dilution in PBS for 20 minutes on ice to discriminate dead cells. Following viability 

staining, the cells were stained for surface-markers in PBS with 2% FBS for 20 minutes on ice 

using the following antibodies:  Panel 1, BUV395-conjugated anti-mouse CD45 (30-F11, BD 

Biosciences); PerCPCy5.5-conjugated anti-mouse CD3 (17A2, BioLegend); PerCPCy5.5-

conjugated anti-mouse CD19 (6D5, BioLegend); PerCPCy5.5-conjugated anti-mouse NK-1.1 

(PK136, BioLegend); PerCPCy5.5-conjugated anti-mouse Ly6G (1A8, BioLegend); PerCPCy5.5-

conjugated anti-mouse TER119 (TER-119, BioLegend); BUV737-conjugated anti-mouse CD11c 

(N418, eBioscience); BV650-conjugated anti-mouse MHCII (M5/114.15.2, BioLegend); BV785-

conjugated anti-mouse F4/80 (BM8, BioLegend); PE-Cy7-conjugated anti-mouse CD64 (X54-

5/7.1, BioLegend); eFluor450®-conjugated anti-mouse CD45R/B220 (RA3-6B2, eBioscience); 

APC-Cy7-conjugated anti-mouse XCR1 (ZET, BioLegend); PE-conjugated anti-mouse 

CD172a/SIRPa (P84, BioLegend); APC-conjugated anti-mouse CD371/CLEC12A 

(5D3/CLECL12A, BioLegend); FITC-conjugated anti-mouse CD317/PDAC-1 (927, BioLegend); 

Panel 2, APC-Cy7-conjugated anti-mouse Ly6G (1A8, BioLegend); PerCPCy5.5-conjugated anti-
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mouse Ly6C (HK1.4, BioLegend); PE-Cy7-conjugated anti-mouse CD274/PD-L1 (10F.9G2, 

BioLegend); PE-conjugated anti-mouse CD80 (16-10A1, eBioscience); APC-conjugated anti-

mouse CD86 (GL-1, BioLegend); FITC-conjugated anti-mouse CD40 (HM40-3, BioLegend); 

Panel 3, BUV395-conjugated anti-mouse CD3 (145-2C11, BD Biosciences); BUV737-conjugated 

anti-mouse CD4 (RM4-5, BD Biosciences); BV650-conjugated anti-mouse CD8 (53-6.7, 

BioLegend); APC/e-Fluor® 780-conjugated anti-human/mouse CD45R/B220 (RA3-6B2, 

eBioscience); PE-conjugated, anti-mouse CD27 (LG.3A10, BioLegend); eFluor® 450-conjugated 

anti-mouse CD11b (M1/70, eBioscience); PE-Cy7-conjugated anti-mouse CD279/PD1 (29F.1A12, 

BioLegend); BV785-conjugated anti-mouse CD223/LAG-3 (C9B7W, BioLegend); Alex-Fluor® 

488-conjugated anti-mouse CD366/TIM3 (8B.2C12, eBioscience); Panel 4, APC-Cy7-conjugated 

anti-mouse CD8a (53-6.7, BioLegend); PerCPCy5.5-conjugated anti-mouse/human CD44 (IM7, 

BioLegend); BV650-conjugated anti-mouse CD45R/B220 (RA3-6B2, BioLegend); BV785-

conjugated anti-mouse CD62L (MEL-14, BioLegend); PE-conjugated anti-T-bet (4B10, 

BioLegend); BV421-conjugated anti-mouse RORγt (Q31-378, BD Biosciences); Alexa-Fluor® 

647-conjugated anti-GATA3 (16E10A23, BioLegend); FITC-conjugated monoclonal anti-FoxP3 

(FJK-16s, eBioscience); PE-Cy7-conjugated anti-mouse CD152/CTLA-4 (UC10-4B9, 

BioLegend); BV785-conjugated rat IgG1, K Isotype (RTK2071, BioLegend); Alexa-Fluor® 488-

conjugated rat IgG1, K Isotype (RTK2071, BioLegend); PE-conjugated mouse IgG1 K Isotype 

(MOPC-21, BioLegend); BV421-conjugated mouse IgG2a K Isotype (MOPC-173, BioLegend) 

and Alexa-Fluor® 647 mouse IgG2b K Isotype (MPC-11, BioLegend); Panel 5, PE-conjugated 

anti-mouse IgM (RMM-1, BioLegend). Duplicate antibodies in each panel are not listed here but 

can be found in section 3.2.4. Isotype controls were performed for LAG-3, TIM3, T-bet, RORγt 

and GATA3, and each isotype control was run twice on one sample from each group. For the 
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intracellular staining of T cell lineage specific transcription factors, mouse tumor cells were fixed 

and permeabilized using the FoxP3 Transcription Factor Staining Buffer Set (00-5523-00, 

eBioscience), according to the manufacturer’s protocol. Compensation was performed with BDTM 

CompBeads (BD Biosciences). The data was acquired on BD Fortessa and analyzed with FACS 

Diva (BD Biosciences) and FlowJo (TreeStar, BD Biosciences) software.  

3.2.4 – Flow Cytometry Staining Panels 

 

 Panel 1 – Dendritic Cells                              Panel 2 – Myeloid Cells 

CD45 BUV395 

CD3 PerCPCy5.5 

CD19 PerCPCy5.5 

NK1.1 PerCPCy5.5 

Ly6G PerCPCy5.5 

TER119 PerCPCy5.5 

CD11c BUV737 

MHCII BV650 

F4/80 BV785 

CD64 PeCy7 

B220 eFluor450 

XCR1 APCCy7 

CD172a/Sirpa PE 

CLEC12A APC 

PDCA1 FITC 

 

Panel 3 – T Cells (cell-surface)                   Panel 4 – T Cells (cell-surface and intracellular) 

 

 

 

 

 

 

 

 

 

CD45 BUV395 

B220 eFluor450 

Ly6G APCCy7 

Ly6C PerCPCy5.5 

CD11c BUV737 

F4/80 BV785 

MHCII BV650 

PD-L1 PE-Cy7 

CD80 PE 

CD86 APC 

CD40 FITC 

CD3 BUV395 

CD4 BUV737 

CD8 APC-Cy7 

CD44 PerCPCy5.5 

B220 BV650 

CD62L BV785 

Fixation & 

Permeabilization 

Tbet PE 

RORγt BV421 

GATA3 AF647 

FoxP3 FITC 

CTLA4 PE-Cy7 

CD3 BUV395 

CD4 BUV737 

CD8 BV650 

CD44 APC 

NK1.1 PerCPCy5.5 

B220 APC-eFluor780 

CD27 PE 

CD11b eFluor450 

PD1 PE-Cy7 

LAG3 BV785 

TIM3 AF488 
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Stain 5 – Lymphoma cells  

CD19 PerCPCy5.5 

B220 eFluor450 

IGM PE 

MHCII BV650 

PD-L1 PE-Cy7 

CD86 APC 

CD40 FITC 

 

3.2.5 – Flow Cytometry Gating Strategies 

 

The gating to identify and analyze different immune cell populations was done using FlowJo 

software (TreeStar, BD Biosciences) and the gating strategies are presented in the Supplemental 

Figures section (S1-S4).  

3.2.6 – Statistics 

 

Prism version 9.0 (GraphPad Inc.) was used for statistical analysis. Student’s two-tailed t-test was 

performed for two datasets; p<0.05 was considered significant. 

3.3 – Materials and Methods for the Analysis of MYSM1, MYC and WDR5 DNA binding 

 

3.3.1 – Ba/F3 Cell Culture 

 

Frozen stocks of murine pre-B cell line, Ba/F3 (DSMZ, ACC 300), were thawed at 37ºC for 30-

60 seconds. Cells were then washed in Ba/F3 specific media, which consists of 84% RPMI-1640 

(Gibco, 11875119), 10% fetal-bovine serum (FBS, Gibco, 12483-020), 6% WEHI media as a 

source of IL-3, 100U/mL penicillin and 100µg/mL streptomycin (Winset) and 2mM L-glutamine 

(Life Technologies, 609-065-EL). Cells were centrifuged at 1250rpm for 3 minutes, then counted 

and plated at 1.0x106cells/mL. They were passaged every two days until a total of 20 million cells 

in exponential growth phase was reached. Cell culture was performed as described previously123.  
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3.3.2 – ChIP-qPCR 

 

ChIP and subsequent enrichment was quantified with qPCR as previously described with minor 

modifications123. The antibody targets were anti-WDR5 (D9E1I, 13105, Cell Signaling 

Technolgies) and anti-MYSM1 (ab193081, EPR18657, Abcam). The antibodies were washed 4 

times with medium stringent washes and the chromatin sonicated as per the same protocol. All 

qPCRs were performed on a StepOnePlus instrument with Power SYBR Mastermix (Applied 

Biosystems, Life Technologies). The primers used targeted the following genes: Rsp10, Rsp24, 

Rpl7, Rpl9, Rpl11, Rpl13, Eef1g and PomC, were purchased from IDT Technologies, and their 

sequences are listed below. 

Table 1: ChIP-qPCR Primer Sequences 

Target Gene (mm9) Forward Sequence Reverse Sequence 

Rps10 199 bp downstream 

(Chr17:27,771,920- 27,771,988) 
gtggccttcaaactcctctc actcagagtcgactgaagaaga  

 

 

Rps24 0 bp upstream TSS (5’UTR) 

(Chr14:25,309,903- 25,310,020) 
cttgcgcgttgatatgattgg gataagcgacggatagtgctg 

 

 

 

 

Rpl7 141 bp downstream 

(Chr1:16,094,250- 16,094,373) 
ctcagtttgctcctggtactg tgtatctgagtgtagcctgga 

 

 

  

Rpl9 8 bp upstream 

(Chr5:65,782,562- 65,782,678) 
caaacagaggatgggttcagatt gccctgacggattacaagaac 

 

 

 
 

Rpl11 70 bp upstream 

(Chr4:135,609,214- 135,609,356) 
cggatggagacggatgaaag ctcgtttgtctgcctagaagaa 

 

 

 
 

Rpl13 18 bp upstream 

(Chr8:125,626,232- 125,626,358) 
cacttccctttcgcctgattt ggcagagactcacctcctatac 
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Eef1g 197 bp downstream 

(Chr19:9,041,728- 9,041,874) 
gctccggtgattagggtcac ctccaggccctagaaaccat 

 

 

  

POMC 744 bp downstream 

(Chr12:3,953,603- 3,955,695) 
aggcagatggacgcacataggtaa tccacttagaactggacagaggct 

 

 

 
 

 

3.3.3 – Genomic Snapshots  

 

Genomic snapshots were generated using Bigwig files from various published ChIP-seq 

datasets123,140–142. Files were visualized using IGV143. The reads were mapped to the mm9 

reference genome. Read enrichment was compared to input DNA from the same cells for all 

respective sequences. Enrichment of protein binding at the following gene targets Rsp10, Rsp14, 

Rsp24, Rpl7, Rpl9, Rpl11, Rpl13 and Eef1g was assessed, and the target proteins with their 

respective cell types are summarized below. 

Table 2: Summary of Public ChIP-seq Datasets Used to Analyze for Protein Binding at 

Ribosomal Gene Promoters, including Cell Types, Proteins, and Citations. 

Protein  Cell Type  Citations 

MYSM1 Ba/F3 Belle & Wang et. al, JCI Insights, 2016123 

MYC HPC7 Wilson et. al, Blood, 2016142 

RING1B Resting B Cells Frangini et. al, Molecular Cell, 2013141 

Cbx7 Resting B Cells Frangini et. al, Molecular Cell, 2013141 

WDR5 Resting B Cells Kieffer-Kwon et. al, Molecular Cell, 2017140 

HDAC2 Resting B Cells Kieffer-Kwon et. al, Molecular Cell, 2017140 

Ezh2 Resting B Cells Frangini et. al, Molecular Cell, 2013141 
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Chapter 4: Results  
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4.1 – Loss of MYSM1 Catalytic Activity is Protective Against MYC Driven B cell Lymphoma  

 

4.1.1 – Overview of the Study Design 

 

To assess the effects of the loss of MYSM1 catalytic activity on lymphoma onset and progression, 

mice with a constitutive and inducible loss of MYSM1 activity were established, and their survival 

compared against mice of control genotypes. For this purpose, Eu-Myc B cell lymphoma mouse 

strain was crossed with a novel mouse strain Mysm1DN that expresses a catalytically inactive 

MYSM1133, and with the CreERT2 Mysm1FL mouse strain that allows tamoxifen induced deletion 

of the Mysm1FL allele, as validated in our recent studies124,139. 

 

Figure 4. Loss of MYSM1 catalytic activity leads to an increased survival of Eu-Myc mice. (A) Survival curves 
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of Eu-Myc mice of Mysm1FL/+, Mysm1FL/FL (n= 69 for both Mysm1FL/+ and Mysm1FL/FL combined), Mysm1FL/DN (n=59), 

and Mysm1DN/DN (n=6) genotypes, where DN represents the D660N catalytically inactive allele of MYSM1. Mice 

homozygous for the Mysm1DN allele show significant increase in survival compared to the other three groups. Mantel-

Cox and Gehan-Breslow-Wilcoxon tests were used to evaluate the data; p-value <0.0001 (B) Schematic demonstrating 

the adoptive Eu-Myc tumor cell transfer experiments. Tumors were harvested from Eu-Myc CreERT2 mice of 

Mysm1FL/DN and Mysm1FL/+ genotypes. Cohorts of wild type recipient mice were irradiated with 3.5Gy and received 

an intravenous injection of 106 tumor cells, followed by intraperitoneal injections of tamoxifen (TMX) or control corn 

oil (CO). Tamoxifen is known to activate CreERT2 and induce the Mysm1FL allele deletion in the tumor cells. The 

survival of the recipient mice was monitored until the clinical endpoint. (C) Survival curves from two independent 

adoptive tumor cell transfer experiments conducted as shown in (B), with tumor cells of the same genotypes but from 

different donor mice. Trial 1 (left) and trial 2 (right) each used n= 8-10 recipient mice per group, sex- and age-matched 

between the groups. Although the exact time-course of Eu-Myc lymphoma disease progression varied between the 

two trials, a significant increase in survival with the TMX-induced loss of MYSM1 catalytic activity in the tumor 

(blue) was observed in both trials; curves were statistically evaluated using the Mantel-Cox and Gehan-Breslow-

Wilcoxon tests, p<0.0001.    

 

4.1.2 – Prolonged survival of Eu-Myc mice homozygous for catalytically inactive MYSM1 

 

To assess the effect of a constitutive loss of MYSM1 catalytic activity, we compared the survival 

of Eu-Myc Mysm1DN/DN and Eu-Myc Mysm1DN/FL mice against mice of control genotypes. The 

control group included littermate mice of Eu-Myc Mysm1FL/+ and Eu-Myc Mysm1FL/FL genotypes 

that retained normal MYSM1 activity (as no tamoxifen treatment was applied in the study). Such 

control mice showed no difference in survival between each other or when compared to previously 

published datasets from Eu-Myc Mysm1+/+ mice144. 

 

We observed significantly prolonged survival of Eu-Myc Mysm1DN/DN mice homozygous for the 

catalytically inactive MYSM1 relative to control Eu-Myc mice (Figure 4A). Furthermore, there 
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was some trend toward prolonged survival of Eu-Myc Mysm1DN/+ mice heterozygous for the 

catalytically inactive MYSM1 relative to the control group (Figure 4A). This demonstrated the 

protective effect of a constitutive loss of MYSM1 catalytic activity against B cell lymphoma. 

 

4.1.3 – Prolonged survival of mice with an induced loss of MYSM1 catalytic activity in the tumors  

 

To study the effects of an inducible loss of MYSM1 catalytic activity on lymphoma disease 

progression, tumor cells were harvested from Eu-Myc CreERT2 mice of test Mysm1FL/DN and control 

Mysm1FL/+ genotypes. Such tumors were adoptively transferred via an intravenous injection into 

cohorts of wild type recipient mice at 106 cells per mouse. The recipient mice were then treated 

with tamoxifen to activate CreERT2 and induce the Mysm1FL to Mysm1Δ allele conversion, leaving 

either ‘catalytically-dead’ Mysm1Δ/DN or control Mysm1Δ/+ tumors (Figure 4B). Additional cohorts 

of recipient mice were treated with vehicle corn oil, and these mice are expected to retain the 

expression of active wild type MYSM1 in the tumors from the Mysm1FL allele. Mouse survival 

across the four recipient groups was tracked and the findings are presented here (Figure 4C). 

 

A strong increase in the survival of recipient mice baring tumors that lost MYSM1 catalytic 

activity (Mysm1Δ/DN) was observed relative to the recipient mice baring control tumors (Mysm1Δ/+ 

or Mysm1FL/DN). Two experiments were performed and the significant protective effect was seen 

in both experiments (Figure 4C). Importantly, a significant proportion of the mice with tumors that 

lost MYSM1 catalytic activity had full remission and survived past the trial endpoint (Figure 4C). 

This indicates that loss of MYSM1 catalytic activity within the tumor is strongly protective against 

lymphoma progression. 
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4.2 – Loss of MYSM1 Catalytic Activity in Eu-Myc Tumors Modulates Antitumor Immunity  

 

4.2.1 – Overview of Study Design  

 

In the adoptive tumor cell transfer study presented above, wild type recipient mice baring Eu-Myc 

tumors with an induced loss of MYSM1 catalytic activity (Mysm1Δ/DN) demonstrated significantly 

prolonged survival compared to mice baring control tumors (Mysm1Δ/+ or Mysm1FL/DN) (Figure 4B-

C). To assess if in addition to the effects on tumor cell physiology, the loss of MYSM1 catalytic 

activity within the tumor may also affect antitumor immunity, the Eu-Myc tumor cells of test and 

control Mysm1-genotypes from this experiment were harvested and analyzed by flow cytometry 

for immune cell infiltration. Many immune cell populations were quantified, measuring each cell 

type as a percentage of total live cells within the tumor, and immune cell activation was also 

assessed. Respective results are as follows.  
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Figure 5. Increased infiltration of immune cells into the Eu-Myc tumors expressing a catalytically inactive 

MYSM1 (Mysm1Δ/DN) relative to control tumors (Mysm1FL/DN). Data is from the wild type recipient mice that 

received Eu-Myc CreERT2 Mysm1FL/D660N tumor cells followed by either tamoxifen (n=5) or a control corn-oil treatment 

(n=3). Tamoxifen is known to activate CreERT2 and induce the Mysm1FL allele deletion in the tumor cells. An increase 

in immune cell infiltration is demonstrated in tumors lacking MYSM1 catalytic activity, and unpaired t-test revealed 

significant increases in CD4+ T cells, CD8+ T-cells, plasmacytoid dendritic cells (pDC), conventional dendritic cell 

type 2B (cDC2B), macrophages, and monocytes; p-values are abbreviated as * p<0.05, ** p<0.01, *** p<0.001, and 

**** p<0.0001. Cells were gated as shown in the Supplemental Figures S1-S4. 
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4.2.2 – Increased immune cell infiltration in Eu-Myc tumors lacking MYSM1 catalytic activity 

 

We observed that the loss of MYSM1 catalytic activity within the Eu-Myc tumors led to increased 

immune cell infiltration into the tumor. Immune cells the frequencies of which were significantly 

increased in Mysm1Δ/DN relative to control Mysm1FL/DN tumors include: CD4+ T-cells, CD8+ T-

cells, plasmacytoid dendritic cells (pDCs), conventional cDC2B dendritic cells, monocytes, and 

macrophages (Figure 5). While the frequency of NK cells, NKT cells, cDC1 and cDC2A 

conventional dendritic cells, and neutrophils did not show a statistically significant increase, an 

upward trend in the abundance of these cell types was also observed in the tumors lacking MYSM1 

catalytic activity (Mysm1Δ/DN) relative to control tumors (Mysm1FL/DN) (Figure 5). 

 

4.2.3 – Increased immune cell activation in tumors lacking MYSM1 catalytic activity  

 

Tumor infiltrating macrophages were compared for the expression of MHCII, co-stimulatory 

molecules CD80, CD86, and CD40, and checkpoint marker PD-L1, comparing tumors lacking 

MYSM1 catalytic activity (Mysm1Δ/DN) relative to control tumors (Mysm1FL/DN).  We observed a 

significant increase in the levels of CD40, CD86 and MHCII on macrophages in the tumors lacking 

MYSM1 catalytic activity, while PD-L1 levels showed an upward trend but were not significantly 

increased (Figure 6A-B). 

  

Tumor infiltrating CD8+ T cells were classified into naïve (CD62L+CD44-) and effector memory 

(CD62L- CD44+) subsets. In the tumors lacking MYSM1 catalytic activity (Mysm1Δ/DN), there was 

an increase in the proportion of effector memory CD8+ T cells and corresponding reduction in the 

proportion of naïve CD8+ T cells (Figure 6B-C). However, the proportion of CD8+ T cells 

expressing the exhaustion marker CTLA4 was not elevated (Figure 6B). Overall, this indicates an 

increase in immune cell activation in tumors lacking MYSM1 catalytic activity. 
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Figure 6. Increased activation of immune cells in the Eu-Myc tumors expressing a catalytically inactive MYSM1 

(Mysm1Δ/DN) relative to control tumors (Mysm1FL/DN). (A) Analysis of the expression of CD86, MHCII, CD40, 

CD80 and PDL1 markers on tumor associated macrophages, gated as live CD45+ B220- CD64+ Ly6C- Ly6G- cells; 

MFI – mean fluorescence intensity. Upregulation of CD86, MHCII, and CD40 on macrophages in the tumors 

expressing catalytically inactive MYSM1 is demonstrated. (B) Normalized histogram overlays for the respective 

markers in (A) the corn oil treated control Mysm1FL/DN (red) and tamoxifen treated Mysm1Δ/DN (blue) cohorts. (C) 

Increase in the proportion of CD44+CD62L- effector memory CD8+ T cells, without upregulation of the CTLA4 
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exhaustion marker, in tumors expressing a catalytically inactive MYSM1 (Mysm1Δ/DN). (D) Representative flow plots 

for CD8+ T cells data in (C). Significance was measured via unpaired t-test; p-values are abbreviated as * p<0.05, ** 

p<0.01, *** p<0.001, and **** p<0.0001.  

 

4.3 – Testing the Impact of the Loss of MYSM1 catalytic activity in tumor microenvironment 

 

4.3.1 – Overview of Study Design 

 

While a selective loss of MYSM1 or its catalytic activity in the Eu-Myc tumor cells is strongly 

protective against lymphoma disease progression (Figure 4C)124, the effects of altered MYSM1 

activity in the tumor microenvironment on lymphoma progression remain unknown. In the current 

pilot study Eu-Myc CreERT2 mice of Mysm1FL/FL, Mysm1FL/DN, and control Mysm1FL/+ genotypes 

were engrafted with wild type Eu-Myc lymphoma cells. The mice were subsequently treated with 

tamoxifen, to activate CreERT2 and induce the Mysm1FL to Mysm1Δ allele conversion, resulting in 

Mysm1Δ/Δ ‘deficient’, Mysm1Δ/DN ‘catalytically-dead’, or control Mysm1Δ/+ tumor 

microenvironments, without affecting the genotype of the wild type Eu-Myc tumors (Figure 7A). 

Mouse survival across the groups was monitored and the results are presented below. 
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Figure 7: Loss of MYSM1 catalytic activity in the tumor microenvironment does not affect survival (A) 

Schematic of the experiment, demonstrating recipient mice of CreERT2Mysm1FL/+, CreERT2Mysm1FL/FL, and 

CreERT2Mysm1FL/DN genotypes receiving wild type Eu-Myc tumors, followed by tamoxifen to activate CreERT2 and 

induce the Mysm1FL allele deletion. (B) Survival curves for recipient mice with an induced loss of MYSM1 (red) or 

loss of its DUB catalytic activity (blue) upon injection with wild type Eu-Myc tumors. The recipient mice were of 

CreERT2Mysm1FL/+ (control, n=7), CreERT2Mysm1FL/FL (n=11), and CreERT2Mysm1FL/DN (n=6) genotypes, and sex and 

aged matched between the experimental groups. Mantel-Cox and Gehan-Breslow-Wilcoxon tests revealed no 

significant differences in survival between the three groups. 

 

4.3.2 – Loss of MYSM1 catalytic activity in the tumor microenvironment does not affect survival  

  

No significant differences in the survival were observed between tumor baring mice of Mysm1Δ/Δ 

MYSM1-deficient, Mysm1Δ/DN ‘catalytically-dead’, or control Mysm1Δ/+ genotypes (Figure 7B). 
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The experimental mice died within a time frame very consistent with tumor induced mortality in 

past Eu-Myc tumor cell transfer experiments (Figure 4C)124, however unusually in this study many 

animals did not have obvious tumors at the time of euthanasia. Our experience argues against 

tamoxifen or Mysm1-ablation being the cause of death, as recent studies with tamoxifen-induced 

Mysm1-ablation in CreERT2 Mysm1FL/FL and CreERT2 Mysm1FL/DN mice, without tumor engraftment, 

did not cause significant mortality up to 30-weeks after the treatment133. Therefore, our preliminary 

data suggests that the loss of MYSM1 or its catalytic activity in the tumor microenvironment does 

not affect survival of tumor baring mice, however the current study should be repeated, including 

further control groups, and the cause of death thoroughly assessed. 

 

4.4 – Co-localization of MYSM1, MYC, and PRC1.6 binding sites at ribosomal gene 

promoters 

 

4.4.1 – Overview of Study Design  

 

Previous studies by our research team indicated that MYSM1 promotes the expression of MYC-

target genes encoding ribosomal proteins and translation factors (RP-genes)123, however the 

mechanisms through which MYSM1 regulates such genes remain poorly understood. MYSM1 is 

a known DUB for histone H2AK119ub123,125,126,133,139, and MYC was recently shown to interact 

with one of the polycomb complexes that deposit H2AK119ub on chromatin, namely PRC1.6131. 

Here we hypothesize that MYSM1 may regulate the expression of genes encoding ribosomal 

proteins and translation factors in cross-talk with PRC1.6. We therefore investigate the co-

localization of the MYSM1 and MYC binding sites at such gene promoters with the binding sites 

of PRC1.6, using: a) bioinformatics meta-analyses of published ChIP-seq datasets, and b) 

validation with ChIP-qPCR assays in murine B cell lymphoma cell line Ba/F3. 

 



66 
 

 

Figure 8. Exploring the mechanisms of gene regulation by MYSM1: co-localization of the MYSM1 and MYC  

binding at ribosomal gene promoters with the binding sites of PRC1. (A) Enrichment of PRC1 at the gene-

proximal MYSM1 DNA binding sites, corresponding primarily to the promoters of genes encoding ribosomal proteins 

and translation factors. Data is from the following public ChIP-seq datasets: RING1B, EZH2, and CBX7 from resting 

B cells (Frangini et al., 2013), PCGF6 from B lymphoma (Tanaskovic et al., 2022), WDR5 from resting B cells 

(Kieffer-Kwon et al., 2017), and MYC and MAX from hematopoietic progenitor cells HPC7 (Wilson et al., 2016, 

further information and citations are provided in Table 2). (B) Genomic snapshots of select genes encoding ribosomal 
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proteins and translation factors, with the gene structure in the top panel and ChIP-Seq tracks from the datasets listed 

in (A) in the panels below. Co-localization of MYSM1, MYC, RING1B, WDR5, and to a lesser extent CBX7 binding 

at the genes is demonstrated. (C) ChIP-qPCR assay conducted in the Ba/F3 murine B cell lymphoma line, showing 

the binding of MYSM1 and WDR5 at the common sites proximal to the genes encoding ribosomal proteins and 

translation factors. Reproduced in two independent experiments. 

 

4.4.2 – Meta-analyses of public ChIP-Seq data: enrichment of PRC1.6 at MYSM1 binding sites 

 

To test for the co-localization of MYSM1 genomic binding sites with the binding sites of polycomb 

repressor complexes, our previously published MYSM1 ChIP-seq datasets from pre-B Ba/F3 cells 

and multipotent progenitor HPC7 cells123 were consolidated with public polycomb ChIP-seq data 

from B lymphocytes. This included ChIP-seq datasets for the PRC1 catalytic subunit E3 ubiquitin 

ligase RING1B, for PRC2 catalytic subunit EZH2, for the CBX7 subunit of canonical PRC1, and 

for PCGF6 and WDR5 subunits of variant PRC1.6140,141. Previously analyzed ChIP-seq datasets 

for MYC and its dimerization partner MAX from the HPC7 cells were also included into the 

analyses142.  

 

As in our previous studies, MYSM1 genomic binding sites were classified as gene-proximal or 

gene-distal, corresponding to <1kb and >1kb from the nearest transcription start site, respectively, 

and the gene-proximal sites localized to the promoters of genes encoding ribosomal proteins and 

translation factors (RP-genes)123,124. The binding of MYC and MAX at such MYSM1 binding sites 

was observed (Figure 8A), as in our previous studies124. Importantly, we also observed the binding 

of the PRC1 E3 ubiquitin ligase catalytic subunit RING1B, but not of the PRC2 catalytic subunit 

EZH2 at such sites, suggesting PRC1 but not PRC2 binding. Among other PRC1 complex proteins 

we observed the binding of the CBX7 subunit of canonical PRC1, and of the PCGF6 and WDR5 
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subunits of variant PRC1.6 (Figure 8A). Genomic snapshots of the ribosomal protein genes Rsp10, 

Rsp14, Rsp24, Rpl7, Rpl9, Rpl11, Rpl13 and translation factor gene Eef1g further demonstrate the 

overlap in the genomic binding sites of MYSM1, MYC, RING1B, and WDR5 at these gene 

promoters (Figure 8B). We acknowledge the contribution and supervision of research assistant 

HanChen Wang for these bioinformatics analyses. 

 

4.4.3 – ChIP-qPCR validation of WDR5 binding at the MYSM1 binding sites of ribosomal genes 

 

ChIP-qPCR assays were conducted in the pre-B cell line Ba/F3 to test for the binding of WDR5 

and MYSM1 at the previously characterized MYSM1 binding sites within the promoters of genes 

encoding ribosomal proteins and translation factors. Increased enrichment for both MYSM1 and 

WDR5 was observed at all RP-genes tested relative to an off-target site within control PomC gene 

(Figure 8C). PCGF6 was not included into the analyses due to a lack of ChIP-grade commercial 

antibodies. WDR5 is known to associate with other protein complexes apart from PRC1.6145. 

However, in addition to the ChIP-qPCR data shown above, the binding of RING1B at such sites 

has been shown by HanChen Wang in our research team (unpublished). Cumulatively these data 

support our hypothesis that the binding of WDR5 in this case indicates  the recruitment of PRC1.6. 
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Chapter 5: Discussion  
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5 – Discussion  

 

Our study explored MYSM1 as a potential drug target for MYC-driven B cell lymphoma. 

Specifically, we analyzed the effects of the loss of MYSM1 catalytic activity on lymphoma disease 

onset and progression and concluded that the loss of MYSM1 catalytic activity is protective against 

B cell lymphoma (Figure 4). As the next step, to better understand how the loss of MYSM1 

catalytic activity affects disease progression, it will be important to assess its effects on the tumor 

cells. Previous work done by Lin et al. and colleagues from our lab demonstrated that a full loss 

of MYSM1 in lymphoma cells resulted in a reduced expression of the MYC/MYSM1 co-regulated 

genes encoding ribosomal proteins, reduced protein synthesis, elevated levels of p53 tumor 

suppressor, and increased tumor cell death124. These data were acquired using RT-qPCR to 

determine the expression of genes encoding ribosomal proteins, OPP-incorporation assays to 

measure protein synthesis rates, intracellular flow cytometry to measure p53 protein levels, and 

viability dye and Annexin V staining assays to measure tumor cell survival in culture. Going 

forward, it is of great interest to repeat these assays with tumors that lack MYSM1 catalytic activity 

and to determine if the same effects are observed as with the full loss of MYSM1 protein. We 

anticipate that a similar response will be observed in tumors that lack MYSM1 catalytic activity 

as seen in tumors with full loss of MYSM1. 

All the data presented here and in our previous studies have been acquired exclusively in mice. 

While animal research is essential to develop proof of concept, the next milestone in our research 

program would require the use of human tissues to test if the mechanisms described here are also 

conserved in humans. To do this we could use human lymphoma cell lines, such as U-2946, which 

is an established human DLBCL line that contains the t(8;14) chromosomal translocation and 

strongly overexpresses MYC. This cell line has already been validated and used as a model to test 
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inhibitors of a BCL2 family protein MCL1 146. Using CRISPR-Cas-9 system the U-2946 cell line 

could be edited to express a catalytically inactive MYSM1 with the D669N mutation, which is 

equivalent to the D660N mutation in our mouse models. Upon validation of these cell lines, they 

could be analyzed against control cells for differences in cell viability and proliferation, expression 

of ribosomal genes, and protein synthesis rates, to test if the mechanisms seen with the loss of 

MYSM1 catalytic activity in murine tumors are also conserved in human.  

As reviewed in Chapter 1, DUBs have become appealing drug targets to treat various diseases, 

including cancer, and one of the most common methods chosen is the development of small 

molecule inhibitors that target the active site of DUBs. For example, small molecule inhibitors of 

USP7 such as P22077, GNE-6640, GNE6776, FT671 and XL177A are currently in pre-clinical 

development to treat various forms of cancer76. To develop a small molecule inhibitor for MYSM1 

the first step would be to perform high-throughput screening using compound libraries, followed 

by structure-activity relationship (SAR) studies of validated hits, as suggested by this review147. 

This would allow for the identification of potential compounds that inhibit MYSM1, either by 

targeting its catalytically active MPN domain or by acting as allosteric inhibitors. To perform these 

screens, protocols for large-scale purification of MYSM1 protein have already been established 

by our collaborators (Dr. Bhushan Nagar, McGill-Biochemistry)148.  They have also established a 

fluorogenic assay with the Ub-rhodamine-110 substrate for MYSM1 catalytic activity, and such 

an assay can be used both in the high-throughput screen and for the follow-up evaluation of the 

inhibitory activity of select compounds identified by the screen. 

We have also shown that loss of MYSM1 catalytic activity within tumor cells enhances immune 

infiltration and activation in the tumors (Figures 5-6). The mechanism by which MYSM1 affects 

tumor cell recognition by immune cells can now be analyzed. Tumor cells are known to modulate 
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immune responses in various ways, and for lymphoma cells in particular, several reviews have 

been done that summarize these mechanisms 149–151. Such mechanisms can include production of 

various secreted immunosuppressive factors, disruption of antigen presentation via the 

downregulation of MHCI and MHCII molecules on the tumor cells, downregulation of the 

costimulatory B7 family proteins such as CD80 and CD86, and an upregulation of checkpoint 

markers such as PD-L1 to interfere with immune mediated killing of the tumor. To address how 

the loss of MYSM1 catalytic activity impacts immune modulation by tumor cells we could analyze 

and compare the ‘secretome’ of MYSM1-deficient and control tumors in culture, and measure 

their expression of MHC, co-stimulatory, and checkpoint markers. We could also perform an 

immune-mediated tumor killing assay, by transducing tumor cells to express ovalbumin as a model 

antigen, co-culturing them with OT-I CD8+ T cells specific for ovalbumin peptides, and measuring 

tumor cell killing using flow cytometry as done by Pimentel and colleagues152, comparing control 

and Mysm1-mutant tumors. This would test how well the immune system is able to recognize 

tumors of varying MYSM1 genotypes and characterize how the tumors with and without MYSM1 

catalytic activity modulate the immune response. 

Our preliminary results also suggest that the loss of MYSM1 catalytic activity in the tumor 

microenvironment does not affect disease progression (Figure 7B). As the mice from this study 

did not develop obvious tumors, cancer could not be confirmed as the cause of death, however 

given our previous experience with this model, it is unlikely that their death was due to another 

cause. Nevertheless, this study needs to be repeated, to validate cancer as the cause of death, and 

to immunophenotype the mice with flow cytometry, assessing the effects of a systemic MYSM1-

loss on immune cell development in the bone marrow and on immune cell numbers and activation 

states within the tumors. In the future, we can specifically interrogate the effects of MYSM1-loss 
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in the different immune cell lineages on lymphoma disease progression by engrafting wild type 

Eu-Myc tumor cells into mice with a lineage specific loss of MYSM1, for example in DCs (CD11c-

cre Mysm1FL/FL), myeloid cells (LysM-cre Mysm1FL/FL), or T cells (Lck-Cre Mysm1FL/FL), 

comparing against control Mysm1-wild-type CD11c-cre, LysM-cre, or Lck-Cre mouse cohorts. 

Most of the mouse strains for this study are already available. We hypothesize that the deleterious 

effects of the loss of MYSM1 on immune cell production balance against its positive effects on 

immune cell activation, resulting in an overall a neutral effect of MYSM1 loss on antitumor 

immunity. 

Lastly, our study indicates that the binding sites of MYSM1 and MYC at the ribosomal gene 

promoters co-localize with the binding sites of WDR5 (Figure 8). WDR5 alone does not 

demonstrate the involvement of PRC1.6, as it is also a known component of other chromatin 

remodeling complexes124. However, in conjunction with work done by HanChen Wang 

(unpublished), which identified the co-localization of RING1B to the same sites at the promoters 

of ribosomal protein genes, this suggests the involvement of WDR5 in a PRC1.6 dependent 

manner. PRC1.6 has been shown to interact with MYC to regulate gene expression through histone 

H2A-K119ub131. In neuroblastoma, PRC1 and MYCN were found to co-repress the transcription 

of enzymes involved in fatty acid metabolism via modification of histone H2A-K119ub, resulting 

in decreased tumor suppression153. In contrast Tanaskovic’s study revealed that the loss of the 

PRC1.6 subunit PCGF6 in Eu-Myc mice resulted in accelerated lymphomagenesis, which they 

suggest to be independent of PRC1.6132. However, they did not look into the involvement of 

RING1A/B in this context and therefore cannot fully rule out the possibility of regulation via 

PRC1.6. To further establish that MYSM1 cooperates with these transcriptional and epigenetic 
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regulators to modulate ribosomal gene expression, it will be of interest to assess the effects of 

MYSM1-loss on WDR5 and RING1B binding at these gene promoters.  

Additionally, it is important to address that the ChIP-seq datasets for MYSM1 and other 

transcriptional and epigenetic regulators incorporated into the ChIP-data meta-analysis in our work 

(Figure 8) were not derived from primary Eu-Myc tumor cells, but instead from murine lymphoma 

cell lines, primary non-transformed B cells, or primary HSPCs. While our current work focussed 

on the analysis of MYSM1 interactions with MYC and PRC1 at ribosomal gene promoters, MYC 

and PRC1 are also known to be involved in the transcriptional regulation of other cellular processes. 

It would therefore be of interest to perform MYSM1 ChIP-seq in Eu-Myc tumor cells using our 

previously established protocol123, to reveal its interactions with MYC and PRC1 at other gene 

promoters. It will also be important to perform ChIP-seq analyses for MYC, PRC1 proteins 

RING1B and WDR5, and the histone mark H2AK119ub, comparing Eu-Myc tumor cells from 

control and Mysm1-mutant mice, to test the effects of MYSM1 loss-of-function. In conjunction 

with ChIP-seq, performing ATAC-seq on these same cells would allow us to gain insight into the 

chromatin accessibility and epigenetic landscape of B cell tumors that lack MYSM1 catalytic 

activity relative to controls. This is of interest as MYSM1 and PRC1 are important antagonistic 

epigenetic regulators of histone-H2AK119. These data would provide novel insight into the 

genome-wide chromatin accessibility within B cell lymphoma tumors that lack MYSM1 catalytic 

activity to further understand how MYSM1 is able to modulate the progression of MYC driven 

tumors. 

Transcriptional programs of ribosome biogenesis and protein synthesis play a central role in 

cellular transformation and cancer. Our work advances the understanding of the epigenetic 
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regulators of such transcriptional programs in cancer cells and suggests MYSM1 as a novel drug-

target for their inhibition. 
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6 – Conclusion  

 

In summary, our work establishes the importance of MYSM1 catalytic activity in the onset and 

progression of B cell lymphoma. Eu-Myc mice that lack MYSM1 catalytic activity experience 

delayed onset of tumors and ultimately increased survival. These effects may be partially attributed 

to the impact of the loss of MYSM1 catalytic activity on antitumor immunity, whereby tumors that 

lack MYSM1 catalytic activity have increased immune cell infiltration and immune cell activation 

relative to control tumors. Our preliminary results also suggest that a selective loss of MYSM1 in 

the tumor microenvironment does not impact disease progression. Finally, we have begun to 

explore how MYSM1 may interact with MYC and PRC1.6 to co-regulate the expression of genes 

encoding ribosomal proteins and translation factors. However, to further develop MYSM1 as an 

effective drug target for B cell lymphoma, the protective effects of MYSM1 loss against the disease 

need to be validated in a human experimental system. Furthermore, the effects of the loss of 

MYSM1 on the tumor microenvironment need to be further investigated, and we are planning to 

repeat and expand the results shown in Figure 7B. This and the development of small-molecule 

inhibitors targeting MYSM1 are the critical next steps to establish MYSM1 as a viable drug target.  
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Figure S1 

 
 

Figure S1. Flow cytometry gating strategy for CD4+ and C8+ T cells. FlowJo was used to analyze the data. All 

major subpopulations were gated on singlets and live B220- cells within the tumor. Arrows help to show the gating 

hierarchy.  
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Figure S2 

 

 
 

Figure S2. Flow cytometry gating strategy for NK and NKT cells. FlowJo was used to analyze the data. All major 

subpopulations were gated on singlets and live B220- cells within the tumor. Arrows help to show the gating hierarchy.   
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Figure S3 

 
 

Figure S3. Flow cytometry gating strategy for DCs. FlowJo was used to analyze the data. All major 

subpopulations were gated on singlets and live CD45+ cells within the tumor. Arrows help to show the gating 

hierarchy.   
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Figure S4 

 

 

Figure S4. Flow cytometry gating strategy for monocytes, macrophages, and neutrophils. FlowJo was used to 

analyze the data. All major subpopulations were gated on singlets and live CD45+ and B220- cells within the tumor. 

Arrows help to show the gating hierarchy.   
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