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MYSM1 deficiency has been identified in patients with B cell lymphopenia, 

hypogammaglobulinemia, primary immune deficiency and bone marrow failure. MYSM1 is a 

known deubiquitinase that acts on histone H2A to promote gene expression. MYSM1 also 

functions in cellular responses to DNA injury and patients with loss of MYSM1 have increased 

sensitivity to DNA damaging agents. The specific role and function of MYSM1 in DNA damage 

responses has yet to be determined. Here, I have shown that MYSM1 does not mediate generation 

or repair of DSBs, but rather acts to attenuate and terminate DNA damage signaling after repair. 

Loss of MYSM1 results in persistent DNA damage response signaling characterized by persistent 

53BP1 foci and ATM activity, whereas MYSM1 overexpression results in premature DDR 

resolution without break repair. These results demonstrate that MYSM1 plays an important role in 

the resolution of DDR signaling, a vital component of genomic integrity and lymphocytic 

development. 
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Our lab first became interested in studying MYSM1 when a newborn baby presented with 

B cell lymphopenia resulting from a mutation in MYSM1. B cells are an essential component of a 

healthy immune system, and the role of MYSM1 in B cell development or maintenance had not 

yet been explored in depth. 

1.1 B Cell Development 

As a component of adaptive immunity, B cells are responsible for producing antibodies 

necessary to fight infection and other deleterious agents. B cells are hematopoietic cells that begin 

development in the bone marrow. An important stage of B cell development includes deliberate 

generation of programmed DNA double-strand breaks (DSBs) to assembly the genes needed for 

generation of a diverse repertoire of antibodies. 

1.1.1 The role of B cells in the immune system 

B cells fulfill an important role in the immune system by producing antibodies and 

maintaining antigen memory. Antibodies are first expressed as B cell surface receptors, also known 

as antigen receptors. Antigens are small molecular components of pathogens that can activate an 

immune response. Antibodies will bind to any pathogens that present their target antigen and either 

neutralize pathogenic activity (neutralizing antibodies) or designate the pathogen for degradation 

by other immune system components. 

A mature B cell expresses a unique antigen receptor that is specific to a single antigen. 

When an immature B cell in the lymph node encounters an antigen that activates its receptor, it is 

stimulated to both replicate and produce more antibodies that will bind to the target antigen 

(Murphy & Weaver, 2017). Upon stimulation by an activating antigen, a B cell will activate a 

variety of cellular processes including proliferation and antibody secretion. These secreted 
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antibodies bind their designed target to neutralize it or designate it for degradation by other 

components of the immune system. 

After the infection has been cleared, some remaining B cells develop into memory B cells 

to maintain antibody recall. The maintenance of these memory B cells and their associated 

antibodies allows the immune system to protect against reinfection and mount a faster and more 

effective response on future encounters with target antigen/pathogen. This is the foundational 

principle of vaccination. By presenting the immune system with attenuated pathogenic antigens, 

we can train the immune system and B cells, in particular, to recognize these antigens and develop 

protective antibodies. Upon infection by the more virulent strain of a pathogen, the immune system 

is already trained and prepared to defeat it with significantly more success than a primary infection. 

1.1.2 Early B cell development 

B cells begin development through differentiation from hematopoietic stem cells (HSCs) 

in the bone marrow. HSCs proceed through development in a stepwise fashion to produce a variety 

of different cell types. The common lymphoid progenitor (CLP) stage is responsible for the 

development of the adaptive immune system. At this stage, different transcription factors are 

activated that direct the cell into either B or T lymphocyte lineages. Activation of the transcription 

factors PAX5, EBF1, PU.1, Ikaros, and E2A promote differentiation to B cells (Vilagos et al., 

2012). These five transcription factors cooperate to commit progenitor cells to the B cell lineage 

promoting differentiation of CLP to the prepro-B cell stage (Mandel & Grosschedl, 2010). B cell 

development then proceeds in a stepwise fashion through a series of defined stages until reaching 

the immature B cell stage (Fig 1.1). 
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Following B cell specification, the next stages of development coordinate assembly of the 

B cell antigen receptor, which is required for continued B cell development and for B cell function. 

The number of pathogenic agents far outweighs the number of genes in the human genome, so 

antibody genes cannot be encoded directly. To overcome this limitation, antigen receptor diversity 

is induced through recombination of antigen receptor (i.e., antibody) gene to vastly expand the 

antibody repertoire. 

Recombination and assembly of the antigen or immunoglobulin receptor (Ig) requires 

generation and repair of programmed DSBs to facilitate expression of the mature antigen receptor. 

The antigen receptor is comprised of two proteins: the heavy chain (IgH) immunoglobulin and the 

ligh chain (IgL) immunoglobulin, which are assembled and expressed at distinct developmental 

stages. IgH gene is rearranged at the pro-B stage, and IgL gene is rearranged at the pre-B stage 

(Fig 1.1). Once the cell leaves the prepro-B stage and enters the pro-B stage of development, 

recombination of IgH is initiated (Helmink & Sleckman, 2012; Kim et al., 2015; Teng & Schatz, 

2015). Successfully expressed IgH associates with a surrogate light chain (VpreB). Together, these 

two proteins form the pre-B cell receptor (pre-BCR). Pre-BCR signaling triggers proliferation and 

clonal expansion of large pre-B cells. After this proliferative burst, cells exit the cell cycle and 

transition to the small pre-B cell stage, where IgL recombination is initiated. Pairing of IgH and 

IgL forms the B cell receptor (BCR). Signaling through the BCR triggers emigration out of the 

bone marrow and into peripheral lymphoid organs, specifically to lymph nodes and spleen. 
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Figure 1.1 B cell development. Cells are committed to the B cell lineage with expression of E2A 

and EBF1 transcription factors. At the pro-B stage, V(D)J recombination occurs at IgH to create 

the mature IgH. Expression of IgH with VpreB forms the pre-BCR. Pre-BCR signaling promotes 

transition to the pre-B stage. Pre-B cells initially undergo a proliferative burst, then trigger 

recombination at IgL to form the mature IgL. Expression of both IgH and IgL chains forms the 

mature B cell receptor and promotes transition to immature B cell stage. Immature B cells then 

migrate out of the bone marrow for further development. Created with Biorender.com. 
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1.1.3 V(D)J recombination 

The diversity of B cell antigen receptors is encoded through gene recombination. Germline 

antigen receptor genes contain a non-functional second exon that contains two-to-three regions 

with multiple potential gene segments in each of these regions. These segments are known as the 

variable (V), diversity (D), and joining (J) regions of the antibody gene locus. Recombination of 

these gene segments, paired with an error-prone repair process, allows for sufficiently large 

antibody diversity. The IgH gene contains V, D, and J segments, whereas the IgL genes contain 

only V and J gene segments. The process of recombination of these antibody gene regions is known 

as V(D)J recombination and is exclusive to developing B cells. V(D)J recombination is essential 

for B development, maturation, and diversification. Errors in the process block B cell 

differentiation with resultant B cell lymphopenia, hypogammaglobulinemia (low antibodies), and 

immune deficiency.  

V(D)J recombination is initiated by the recombination activating gene endonuclease 

complex (RAG) comprised of a heterodimer of two RAG1 and two RAG2 proteins (Fig. 1.2). This 

complex is exclusively expressed in developing B and T cells. RAG binds DNA at two recognition 

signal sequences (RSS) in antigen receptor genes and cleaves the DNA to generate two double-

stranded DNA breaks (DSBs). The DNA ends of these two breaks are then localized to each other. 

Repair is mediated through non-homologous end joining (NHEJ), an error-prone mechanism that 

directly ligates broken DNA ends together. NHEJ repair generates both a coding join contained in 

the mature antibody gene, and a signal join contained in the excised DNA. 
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Figure 1.2 V(D)J recombination. The RAG endonuclease complex, comprised of a heterodimer 

of two RAG1 and two RAG2 proteins, binds to DNA at two recognition signal sequences (RSS) 

and generates two DSBs. The broken DSBs are joined by NHEJ. ATM activates NHEJ to repair 

the breaks while RAG sequesters the unnecessary signal ends. Created with Biorender.com. 
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1.2 DNA Damage Responses 

DNA damage is highly deleterious to cell survival, so effective monitoring of damage and 

appropriate repair is paramount. DNA can suffer damage in a variety of ways, and cells have a 

robust response to ensure proper recognition of damage and error-free repair. 

1.2.1 Sources of DNA damage 

DNA damage can be generated by both exogenous and endogenous agents. Exogenous 

DNA damage comes from external agents including UV radiation or chemotherapy and generally 

is toxic to the genome. This type of damage occurs randomly at any stage in the cell cycle. 

Endogenous DNA damage comes from within the cell and includes errors of replication, oxidizing 

agents generated during metabolism (reactive oxygen or nitrogen species), or deliberate 

programmed breaks. These types of endogenous damage can be cell cycle-specific. Replication 

injury can only occur in proliferating cells, whereas metabolic damage can occur in proliferating 

or arrested cells responding to infection. 

Regardless of mechanism of injury, DSBs trigger a conserved cellular response to ensure 

proper repair or activation of cell death if not repaired. However, in the case of programmed RAG-

mediated DSBs, a second cell type-specific developmental response is also initiated (Bednarski et 

al., 2016; Johnston et al., 2023). 

1.2.2 Mechanisms of DNA repair 

There are several methods for repairing DSBs. The most common processes are 

homologous recombination (HR) and non-homologous end-joining (NHEJ). HR is an error-free 

process that utilizes the sister chromatid as a template for the repair of the DSB, ensuring error-
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free repair. Consequently, this method of repair is only available during or after DNA replication. 

When DSBs occur in G1 before replication when no sister chromatid is available, or in instances 

of rapid repair, the error-prone process of NHEJ is employed (Shibata & Jeggo, 2020a). NHEJ is 

also the sole mechanism used for the repair of programmed breaks during antigen receptor gene 

assembly, and will be the focus of this next section. 

1.2.3 Non-homologous end-joining and DNA damage signaling 

In developing lymphocytes, NHEJ facilitates repair of RAG-mediated DSBs. After a DSB 

occurs, DNA ends are bound by Ku to prevent further damage and keep broken DNA ends in close 

proximity (Shibata et al., 2018). The MRN complex, consisting of MRE11, RAD50, and NBS1, 

senses the DSBs and recruits the serine-threonine kinase ataxia telangectasia-mutated (ATM). As 

a serine/threonine kinase, ATM phosphorylates hundreds of proteins to activate and propagate a 

DNA damage response (DDR) (Kitagawa & Kastan, 2005). One such phosphorylation target is 

histone H2AX. This phosphorylation event forms γH2AX, an important marker of DNA damage 

(Fig. 1.3A). The DDR signal transducer MDC1 binds to γH2AX and recruits the E3 ligase RNF8. 

RNF8 is ubiquitinates H2A at lysine (K) 13 or 15. This ubiquitination event (hereafter abbreviated 

as H2AK15Ub) is unique to DNA damage signaling. It facilitates recruitment of another E3 ligase 

RNF168, which then extends and amplifies H2A ubiquitination (Huen et al., 2007; Mailand et al., 

2007; Mattiroli et al., 2012; Wang & Elledge, 2007). Alternatively, it may be that RNF8 

ubiquitinates other targets during DDR that recruit RNF168, and it is the latter ligase that is 

responsible for H2A ubiquitination. The precise dynamics of H2A ubiquitination in response to 

DNA damage are still an ongoing area of investigation. Regardless H2A must be ubiquitinated at 

K15 for the recruitment of downstream DDR factors like p53 binding protein 1 (53BP1). 
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53BP1 is a vital component of NHEJ-mediated DSB repair. It binds to both γH2AX and 

H2AK15Ub to localize to the site of a break and competes with HR regulator BRCA1 to direct 

repair towards NHEJ by suppressing the DNA end resection necessary for HR-mediated repair. 

53BP1 contains several domains responsible for binding other proteins in DDR to facilitate a 

variety of functions. The protein-binding domains breast cancer carboxy-terminal (BRCT), 

ubiquitin-dependent recruitment (UDR), and Tudor bind to multiple different chromatin marks at 

sites of DSBs: γH2AX, H2AK15Ub, and methylated H4K20 (H2K20me2), respectively (Shibata 

& Jeggo, 2020b). In addition, the BRCT domain is responsible for binding and activating p53, a 

critical regulator of proliferation and apoptosis. 53BP1 is phosphorylated by ATM (Baldock et al., 

2015; Kitagawa & Kastan, 2005; Lee et al., 2010), which allows recruitment of RIF1 to activate 

the Shieldin complex and inhibit DNA end resection (Shibata & Jeggo, 2020b). 

Nucleases including Artemis and MRE11 of the MRN complex process the broken DNA 

ends by catalyzing removal of nucleotides and revealing microhomologies (Ma et al., 2002; 

Moshous et al., 2001; Shibata & Jeggo, 2020a). DNA Ligase IV then works in conjunction with 

XRCC4 or PAXX to repair the DSBs (Chang et al., 2017). Because of nuclease-dependent 

processing of DNA ends, NHEJ often results in small insertions and deletions of nucleotides. This 

mechanism contribute to diversity of Ig genes but can be deleterious at other genomic locations. 
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Figure 1.3 DNA damage signaling in V(D)J recombination. (A) After generation of a RAG-

mediated DSB, ATM is activated and phosphorylates hundreds of proteins including H2AX. E3 

ligases RNF8 and RNF168 are recruited to γH2AX and subsequently ubiquitinate H2A to form 

H2AK15Ub. 53BP1 binds to H2AK15Ub to promote DSB repair through NHEJ. (B) After the 

break is repaired, H2A must be deubiquitinated to resolve 53BP1 foci and turn off DDR signaling. 

Created in Biorender.com. 
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1.2.4 Canonical DNA damage responses 

The DNA damage response activates a variety of signaling pathways divided amongst 

repair, cell cycle arrest, and cell death. In addition to previously described NHEJ repair, ATM also 

phosphorylates KAP1 at serine 824 to promote chromatin relaxation (White et al., 2006). This 

permits the recruitment of other repair and signaling factors (Ziv et al., 2006). 

ATM phosphorylates CHK2 at threonine 68 to promote cell cycle arrest while the damage 

is repaired (Ahn et al., 2000; Matsuoka et al., 2000; Melchionna et al., 2000). CHK2 is a checkpoint 

kinase that regulates progression through the cell cycle. Phosphorylation of CHK2 by ATM 

triggers a cyclin-dependent kinase (CDK) signal cascade resulting in cell cycle arrest in G2. This 

prevents the cell from entering mitosis and replicating with damaged DNA which can result in 

deleterious DNA lesions, such as deletions or translocations. 

As previously stated, DNA damage can also activate cell death pathways through 53BP1 

focus formation and activation of p53. 53BP1 activates p53 through association with the DUB 

USP26, which then deubiquitinates K48-linked poly-Ub from p53 to stabilize its protein 

expression and activate p53-mediated cellular programs (Cuella-Martin et al., 2016; Olsson et al., 

2007; Rizzotto et al., 2021). However, this function of 53BP1 may be independent of its role in 

NHEJ (Cuella-Martin et al., 2016). p53 activation in response to DNA damage is also mediated 

through phosphorylation of p53 by kinases ATM and CHK2, among others (Olsson et al., 2007). 

p53 triggers cell cycle arrest in G1 through expression of p21, a CDK inhibitor. Prolonged p53 

signaling eventually triggers cell death through expression of pro-apoptotic proteins including 

PUMA and BAX (Helmink & Sleckman, 2012). 



13 

 

1.2.5 Non-canonical DNA damage responses 

In addition to this canonical response to DNA damage, RAG-mediated DSBs uniquely 

initiate an additional, developmental signal cascade in developing B cells (Bednarski et al., 2016; 

Johnston et al., 2023). This non-canonical response has a variety of roles, including suppression 

of RAG expression, allelic exclusion of the antigen receptor gene to prevent additional 

recombination, and pro-survival signals to prevent cell death while DSB repair is mediated 

(Bednarski et al., 2016; Glynn & Bassing, 2022; Helmink & Sleckman, 2012). 

The transcription factor NF-κB is activated by ATM in response to RAG-mediated DSBs. 

Inactive NF-κB is sequestered by inhibitor of NF-κB α (IκBα). After DSB generation and 

activation of ATM, IκBα is marked for proteasomal degradation, releasing NF-κB which then 

translocates to the nucleus and activates transcription (Dunphy et al., 2018; Miyamoto, 2011). In 

response to RAG DSBs, NF-kB coordinates a broad genetic program. One of the gene targets is 

the pro-survival factor PIM2 (Bednarski et al., 2012). PIM2 counters p53 activity to inhibit 

apoptotic signaling and also suppresses cytokine signals to support cell cycle arrest. In 

combination, these functions of PIM2 allow for repeated attempts at Ig recombination if initial 

efforts are unsuccessful. 

In addition to canonical NF-κB, non-canonical NF-κB2 (p100) is expressed in response to 

RAG-mediated DSBs. After DSB generation through RAG, p100 is processed into its 

transcriptionally active form of p52. p52 translocates to the nucleus and activates other 

transcriptional programs. NF-κB2 triggers expression of the transcriptional repressor SPIC, which 

inhibits pre-BCR signaling and promotes allelic exclusion at the antigen receptor gene locus, 
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preventing generation of multiple simultaneous DSBs in other areas of the antigen receptor gene 

locus (Bednarski et al., 2016; Soodgupta et al., 2019). 

1.3  Ubiquitin in DNA damage responses 

Post-translational modification (PTM) of proteins serves a variety of cellular functions 

including cellular localization, enzymatic activity, and protein-protein interactions. Some of these 

modifications include phosphorylation, methylation, and ubiquitination. Ubiquitin (Ub) is a small 

protein of 76 amino acids that is involved in signaling for many cellular processes (Pickart & 

Eddins, 2004). Addition or removal of ubiquitin to associated proteins serves as a marker for 

activation, propagation, or suppression of protein activity and cellular processes. Ubiquitin can be 

ligated from its C-terminal glycine residue to a lysine residue on a target protein, though 

methionine, serine, or threonine are also occasionally used (Ikeda, 2023). Ubiquitin can be ligated 

to a target as a single moiety (monoubiquitin), or it can be ligated to itself to form polyubiquitin 

(poly-Ub) chains with various functions. These chains commonly extend from methionine 1 (M1), 

lysine 48 (K48), or lysine 63 (K63) of ubiquitin, though other residues of ubiquitin are also known 

to be ubiquitinated (K6, K11, K27, K29, K33; Fig 1.4). Different poly-Ub chains serve distinct 

functions. K48-linked poly-Ub chains designate proteins for degradation by the proteasome. M1- 

and K63-linked chains serve as scaffolds for cellular signal propagation, often in the context of 

cellular immune responses (Swatek & Komander, 2016). Notably, K27-linked chains have been 

shown to be ligated and extended from histones in a DNA damage-dependent context (Gatti et al., 

2015). Mixed and branched poly-Ub chains have also been observed (Kaiho-Soma et al., 2021; 

Ohtake et al., 2016). In addition, ubiquitin can be modified by phosphorylation or acetylation  
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Figure 1.4 Structural diagram of ubiquitin. (A, B) Alternate views of the 3D structure of 

ubiquitin (Huang et al., 2011). Possible residue targets for covalently-linked polyubiquitin chains 

are labeled in blue (methionine 1) or red (lysines). (C) Linear structure of ubiquitin. An E3 ligase 

connects Ub to its substrate by covalently linking glycine 76 (black) to a substrate, forming an 

isopeptide bond. Polyubiquitin chains have been demonstrated to extend from methionine 1 (blue), 

or any of the six lysines (red). 
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events, but the function of these modifications has largely yet to be determined (Swatek & 

Komander, 2016). 

1.3.1 Ligation of ubiquitin 

Ubiquitination is mediated by a group of 3 proteins generally known as E1 activating 

enzyme, E2 conjugating enzyme, and E3 ligating enzyme. The E1 enzyme activates ubiquitin by 

conjugating it to a cysteine residue on the E2 enzyme (Ikeda, 2023). The E3 ligase transfers 

ubiquitin from E2 and ligates it to the target substrate, usually forming an amide bond (Fig 1.5). 

The combination of E2 and E3 determines substrate specificity for ubiquitination. 

There are three types of E3 ligases: really interesting new gene (RING) ligases, 

homologous to E6-AP carboxyl terminus (HECT) ligases, and RING between RING (RBR) 

ligases. RING E3 ligases function by transferring Ub from the E2 ligase directly to the substrate 

(Metzger et al., 2012; Riley et al., 2013; Zheng & Shabek, 2017). Conversely, HECT E3 ligases 

contain a catalytic cysteine residue that forms a covalent linkage with Ub, removing it from the 

E2, before linking Ub to the substrate. RBR E3 ligases are a hybrid of the two: they include a 

canonical RING domain as well as a modified RING domain that contains a catalytic cysteine 

similar to HECT ligases. RING ligases are the most populous and are involved in every avenue of 

ubiquitination regulation and signaling (Metzger et al., 2012; Zheng & Shabek, 2017). Though 

less populous than RING ligases, HECT and RBR ligases are also involved in a variety of cellular 

processes where ubiquitin is necessary. 
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Figure 1.5 Ubiquitination pathways. (A) RING E3 ligases transfer Ub from an E2 directly to the 

substrate. (B) HECT E3 ligases form an intermediary step with Ub conjugated to the E3 ligase 

before transfer to the substrate. Created with Biorender.com. 
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1.3.2 Ubiquitin removal 

Deubiquitinases (DUB) are responsible for removing Ub from target proteins to block or 

reverse the original ubiquitination signal. There are approximately 100 known DUBs encoded in 

the human genome, and they are organized into seven families: Ub-specific proteases (USP), 

ovarian tumor proteases (OTU), Ub C-terminal hydrolases (UCH), Machado-Josephine domain 

(MJD) proteases, motif interacting with ubiquitin-containing DUB family (MINDY), monocyte 

chemotactic protein-induced proteins (MCPIP), and MPN domain proteases (Mennerich et al., 

2019). DUBs are divided into these families based on sequence and domain similarity. Six of these 

seven families are cysteine-dependent proteases, but the MPN domain DUBs are instead zinc-

dependent metalloproteases. 

USPs have the most diverse activity of the seven families. Various USPs have shown 

activity on monoubiquitinated substrates as well as different poly-Ub chains. OTU DUB activity 

is specific to poly-Ub chains, though different family members target different types of poly-Ub 

chains. They are therefore associated with Ub signal modification and attenuation (Clague et al., 

2019; Snyder & Silva, 2021). The structure of the UCH domain limits the members of this family 

to act solely on smaller molecular-weight substrates. Similar to OTU DUBs, MJD DUBs also have 

multiple Ub-binding domains, though it has yet to be determined if this confers poly-Ub chain 

specificity. MINDY DUBs are highly specific for K48 poly-Ub chains, and therefore are important 

in the regulation of proteasomal activity. The MCPIP family is recently discovered, and its 

members are responsible for regulating innate immunity and inflammation (Jin et al., 2021; Liang 

et al., 2010). 
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Unique among known DUBs are the MPN domain-containing proteases. As 

metalloproteases, their deubiquitinase activity functions distinctly from members of the other six 

families. Of the 12 members of this family, only 7 contain catalytic activity. These catalytic 

members contain a conserved catalytic site of the sequence EXnHXHX7SX2D. The catalytic 

residues serine (S), aspartate (D), and both histidines (H) coordinate Zn+2 binding and together 

with the glutamate residue they remove Ub from the target substrate through peptide bond 

hydrolysis (Pan et al., 2022; Sato et al., 2008). The MPN domain also contains two peptide loops, 

termed Ins-1 and Ins-2, that determine substrate specificity. The catalytic members of the MPN 

family display activity on K48- and K63-linked poly-Ub chains as well as monoubiquitinated 

substrates. 

1.3.3 Ubiquitination in gene regulation 

Ubiquitination and corresponding deubiquitination of histones, and H2A in particular, are 

important regulatory processes to control chromatin accessibility, gene expression, and DNA 

repair. H2A is monoubiquitinated at lysine 119 (H2AK119Ub) by the polycomb repressor complex 

1 (PRC1) to silence neighboring gene transcription (Vidal & Starowicz, 2017; Wheaton et al., 

2017). PRC1 complexes can contain a variety of different proteins depending on genetic targets 

(Vidal & Starowicz, 2017). Different PRC1 members can have specificity to different locations in 

the genome. However, virtually every complex contains an E3 ligase: either RING1A, RING1B 

(also known as RNF2), or BMI1 (Vidal & Starowicz, 2017). These E3 ligases are specific for H2A 

at lysine 119. Ubiquitination of H2A at this residue is associated with transcriptional repression. 

Other members of the complex regulate protein binding and association with various 

transcription factors to regulate gene expression (Vidal & Starowicz, 2017; Wang et al., 2004). 
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PRC1 is recruited to YYI in embryonic stem cells (Lu et al., 2018), or to RUNX1 binding sites in 

T cells and megakaryocytes (Yu et al., 2012). PRC1 activity is required for maintenance of 

hematopoietic stem cells (Lu et al., 2018; Rizo et al., 2009). In addition, PRC1 regulates expression 

of important B cell transcription factors EBF1 and PAX5 (Vidal & Starowicz, 2017). Without 

PRC1 activity, aberrant Ebf1 and Pax5 expression can result in B cell lymphomas. 

1.3.4 Ubiquitination in DNA damage responses 

Ubiquitin signaling is heavily involved in the activation and propagation of DDR. During 

activation of DDR, E3 ligases RNF8 and RNF168 are recruited and ubiquitinate H2A to form 

H2AK15Ub. In addition, PRC1 ubiquitination activity has been observed at the site of DSBs, 

indicating that H2AK119Ub may also be important for the DDR and DSB repair (Ginjala et al., 

2011; Ismail et al., 2010). Significant increases in K48- and K63-linked polyubiquitin chains have 

also been reported in response to DNA damage, though their substrates have yet to be determined 

(Elia et al., 2015). Consequently, deubiquitination is required for DDR attenuation and 

termination. Members of the USP DUB family (USP49, USP51) are known to act on H2AK15Ub, 

and loss of these DUBs results in persistent 53BP1 foci (Matsui et al., 2022; Z. Wang et al., 2016). 

BRCC36, an MPN domain protease, is necessary for proper HR-mediated repair; BRCC36 

deficiency results in excessive DNA end resection despite DSB repair (Ng et al., 2016). However, 

current evidence suggests that these are not the only DUBs involved in DSB repair. 

1.4 MYSM1: The H2A-DUB 

MYSM1 is a deubiquitinase that acts specifically on histone H2A. It contains 3 domains: 

a SANT domain, SWIRM domain, and an MPN domain (Fig 1.6). MYSM1 also contains an 

LxxLL motif that mediates protein-protein interactions (Plevin et al., 2005; Savkur & Burris, 
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2004). The SANT domain is necessary for DNA binding. The SWIRM domain is required for 

MYSM1 binding to deubiquitinase targets in the cytosol (Panda & Gekara, 2018). The MPN 

domain coordinates Zn2+ binding and catalyzes removal of Ub. In addition, MYSM1 contains 

several serine-glutamine or threonine-glutamine (SQ/TQ) motifs which are known targets of ATM 

(Kitagawa & Kastan, 2005; Matsuoka et al., 2007). MYSM1 is highly expressed in hematopoietic 

cell lineages and lymphocytes in particular, but it is also found at low levels in other tissues. 

 

 

Figure 1.6 Structural diagram of MYSM1. MYSM1 is 828 amino acids long. The SANT domain 

contains residues 116-167. The SWIRM domain contains residues 372-470. The MPN domain 

contains residues 577-709. MYSM1 is reported to be phosphorylated by ATM at serine residues 

234 and 267. Known MYSM1 mutations in human patients are labeled with red stars. c.1168G>T 

replaces residue 390 with a premature stop codon, resulting in a block in protein translation 

(Bahrami et al., 2016). c.1967A>G mutates histidine 656, a catalytic residue of MYSM1 (Le Guen 

et al., 2015). 
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1.4.1 MYSM1 in Innate immunity 

In addition to its nuclear activity, MYSM1 has been shown to act in the cytoplasm in 

response to damage- or pathogen-associated molecular pattern recognition receptor (PRR) activity 

(Panda & Gekara, 2018; Panda et al., 2015; Tian et al., 2020). MYSM1 removes poly-Ub chains 

to oppose activation of these PRRs and serves to prevent excessive overactivation. Specifically, 

loss of MYSM1 results in increased expression of pro-inflammatory cytokines including TNFα 

(Panda & Gekara, 2018; Panda et al., 2015). MYSM1 removes K63-linked poly-Ub chains from 

TRAF3 & 6 after PRR stimulation (Panda et al., 2015). MYSM1 also removes K63-linked chains 

from RIP2, as well as M1- and K27-linked chains (Panda & Gekara, 2018). Further, MYSM1 

represses the cGAS-STING pathway in innate immunity, likely by deubiquitinated STING (Tian 

et al., 2020). 

1.4.2 MYSM1 in gene expression 

MYSM1 acts to deubiquitinate H2A at K119 to oppose PRC1 activity and activate gene 

transcription (Fiore et al., 2020; Nijnik et al., 2012). MYSM1-dependent activation of protein 

expression has been evidenced in several developmental lineages, including hematopoiesis and 

lymphopoiesis. 

Loss of MYSM1 results in a defect in hematopoietic maintenance and differentiation, 

which can be rescued by loss of p53 (Belle et al., 2015). In MYSM1-deficient mouse models, 

hematopoietic progenitor cells (HPC) are significantly reduced, as well as downstream 

lymphocytic lineages like B and T cells. In addition, HSC number is significantly increased. 

Further, MYSM1 deficiency results in increased self-renewal of HSCs and reduced quiescence 

which could eventually result in exhaustion and depletion of the HSC compartment (Förster et al., 
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2015; Wang et al., 2013). MYSM1 activity is known to promote expression of hematopoietic 

transcription factors including Gfi1 (Belle & Nijnik, 2014; Wang et al., 2013). Indeed, MYSM1 

has been demonstrated to bind directly to promoter and enhancer regions of Gfi1 and 

deubiquitinating H2A in these regions to promote transcription. Loss of MYSM1 results in reduced 

expression of Gfi1 by maintaining H2AK119Ub at these regulatory regions. Exogenous expression 

of Gfi1 can in part recover these defects caused by MYSM1 deficiency, but it is evident that 

MYSM1 regulates more than Gfi1 alone in HSC maintenance and development. Intriguingly, 

double-deletion of both MYSM1 and p53 rescues this phenotype (Belle et al., 2015). It is possible 

that MYSM1 deletion activates pro-apoptotic pathways that are suppressed by deletion of p53 

signaling. 

In addition, MYSM1 is implicated in T cell development aside from its role in HSC 

maintenance and Gfi1 regulation (Förster, Boora, et al., 2017). When MYSM1 was deleted in a T 

cell-specific context (MYSM1fl/fl:CD4-cre), CD8 T cells were reduced, though minimal impact on 

CD4 T cells was observed. Remaining CD8 T cells display increased activation of apoptotic and 

necrotic signaling pathways, as well as increased T cell signaling after cytokine stimulation. 

Furthermore, loss of MYSM1 results in increased p53 signaling in CD8 T cells in response to 

irradiation. 

Similarly, MYSM1 is also necessary for B cell development in addition to its involvement 

in HSC maintenance. MYSM1 has also been shown to mediate initial expression of Ebf1, an 

important transcription factor required for B cell development. (Jiang et al., 2011), though 

MYSM1 does not appear to be required for continued Ebf1 expression later in development 

(Förster, Farrington, et al., 2017). EBF1 is required for B cell lineage priming. EBF1 deficiency 

results in a block of B cell development at the CLP stage (Vilagos et al., 2012; Zandi et al., 2008). 
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EBF1 is required for expression of canonical B cell markers like B220, and loss of EBF1 blocks 

IgH D-J rearrangement, the first stage of V(D)J recombination in developing B cells. Furthermore, 

EBF1 is indicated to regulate RAG1 expression. MYSM1 is observed to bind to the Ebf1 promoter 

Ebfα, and MYSM1 deficiency is associated in increased ubiquitinated H2A in this region and 

corresponding decrease in Ebf1 expression (Jiang et al., 2011; Vilagos et al., 2012). Intriguingly, 

MYSM1 deletion does not impact Ebf1 expression in mature B cells (Förster, Farrington, et al., 

2017), indicating that MYSM1 may only be necessary for early Ebf1 expression. However, 

MYSM1 deletion still results in genotoxic sensitivity that is not explained by a loss of EBF1 alone. 

This demonstrates that MYSM1 has other roles to play in addition to regulation of B cell-specific 

transcription factors. 

1.4.3 MYSM1 in DNA damage 

MYSM1 has also been implicated to play a role in DNA damage signaling (Bahrami et al., 

2016; Förster, Farrington, et al., 2017; Kroeger et al., 2020). MYSM1 deficiency has been shown 

to yield an increased sensitivity to genotoxic stress (Bahrami et al., 2016). Human patients’ B cells 

display increased γH2AX at baseline. In addition, when exposed to UV irradiation MYSM1-

deficient peripheral blood mononuclear cells (PBMC) also display increased γH2AX. 

MYSM1 has also been demonstrated to associate with DNA repair proteins in a damage-

dependent manner (Kroeger et al., 2020). MYSM1 is recruited to γH2AX foci and associates with 

HELLS in a DNA damage-dependent manner. HELLS is a chromatin remodeling enzyme involved 

in end resection during HR-mediated repair, and loss of HELLS results in increased genomic 

instability after DNA damaging agents (Kollarovic et al., 2020). 
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MYMS1 is required for B cell development aside from its regulation of Ebf1 expression 

(Förster, Farrington, et al., 2017). Mb1-cre deletion of MYSM1 results in a block in B cell 

development first observed at the pro-B cell stage, and this block is exacerbated at the pre-B cell 

stage. In addition, increased p53 signaling and annexin V, a marker for apoptosis, is also observed 

at these stages of development. Notably, it is at the pro-B and pre-B stages of development where 

cells undergo programmed DSB generation through V(D)J recombination.  

MYSM1 may also be a phosphorylation target of ATM (Matsuoka et al., 2007). A 

proteomics screen demonstrated that MYSM1 is phosphorylated at S234 and S267 in response to 

DNA damage. Notably, these serines are at SQ/TQ motifs which are known targets for ATM (Kim 

et al., 1999; O'Neill et al., 2000). MYSM1 is also phosphorylated at other residues in cancer, ESC 

differentiation, or other contexts (Mayya et al., 2009; Ochoa et al., 2020; Zhou et al., 2013). Post-

translational modifications (PTM) of MYSM1 appear to regulate its function in the variety of 

cellular processes with which it is involved, but this has yet to be studied in depth. 

1.4.4 MYSM1 in human disease 

Loss of MYSM1 has also been reported in several human patients (Bahrami et al., 2016; 

Le Guen et al., 2015). Mutations observed in these patients include a premature stop codon 

(Bahrami et al., 2016) or a point mutation of the catalytic domain (Le Guen et al., 2015) (Fig. 1.6). 

All mutations resulted in B-cell deficiency and eventual bone marrow failure. In addition, 

remaining lymphocytes display increased sensitivity to DNA damage, characterized by increased 

γH2AX. 
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1.5 Gaps in knowledge 

MYSM1 has clearly defined roles in innate immunity and transcriptional regulation, but its 

function in DNA damage signaling is poorly understood. Studies have demonstrated its association 

with other proteins involved in DNA damage, as well as damage-dependent PTMs. Furthermore, 

MYSM1 clearly plays a role in B cell development in addition to early activation of Ebf1 

expression. However, the actual function of MYSM1 in DDR and B cell development, and how it 

achieves this function, have yet to be determined. Why is MYSM1 recruited to other DDR factors? 

What effect does MYSM1 have in regulation of DNA damage signaling? What role does MYSM1 

play in B cell development outside of EBF1 regulation? The following chapter attempts to answer 

these questions. 
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MYSM1 Attenuates DNA Damage Signals 
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Patients with deleterious variants in MYSM1 have a primary immune deficiency 

characterized by B cell lymphopenia, hypogammaglobulinemia, and increased sensitivity to 

genotoxins. MYSM1 is a histone deubiquitinase with established activity in regulating gene 

expression. MYSM1 also localizes to sites of DNA injury but its function in cellular responses to 

DNA breaks has not been elucidated. We sought to determine the activity of MYSM1 in regulation 

of DNA damage responses (DDR) to DNA double-stranded breaks (DSBs) generated during 

immunoglobulin receptor gene (Ig) recombination and by ionizing radiation. MYSM1-deficient 

pre-B and non-B cells were used to determine the role of MYSM1 in DSB generation, DSB repair, 

and termination of DDR. 

Genetic testing in a newborn with abnormal screen for severe combined immune 

deficiency, T cell lymphopenia, and near absence of B cells identified a novel splice variant in 

MYSM1 that results in very low protein expression. Radiosensitivity testing of the patient’s 

peripheral blood lymphocytes showed increased γH2AX, a marker of DNA damage, in B cells in 

the absence of irradiation suggesting a role for MYSM1 in response to DSBs generated during Ig 

recombination. Suppression of MYSM1 in pre-B cells did not alter generation or repair of Ig DSBs. 

Rather, loss of MYSM1 resulted in persistent DNA damage foci and prolonged DDR signaling. 

Loss of MYSM1 also led to a protracted DDR in U2OS cells with irradiation-induced DSBs. 

MYSM1 functions in termination of DNA damage responses independent of DNA break 

generation and repair. 
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2.1 Introduction 

Inborn errors of immunity provide unique opportunities to investigate the role of identified 

genes in development and function of the immune system. In this regard, homozygous or 

compound heterozygous variants in MYSM1 (Myb-like SWIRM and MPN domains 1) have 

recently been identified in patients with primary immune deficiency characterized by B cell 

lymphopenia, hypogammaglobulinemia, defective hematopoiesis, and increased sensitivity to 

genotoxic agents (Alsultan et al., 2013; Bahrami et al., 2016; Le Guen et al., 2015; Li et al., 2020). 

Notably, in all patients, B cells are nearly absent while the reduction in T cells is less severe and 

less common (Alsultan et al., 2013; Bahrami et al., 2016; Le Guen et al., 2015; Li et al., 2020). 

MYSM1-deficient mice have lymphopenia and bone marrow failure similar to human disease 

(Förster et al., 2015; Förster, Farrington, et al., 2017; Huo et al., 2018; Jiang et al., 2011; Nijnik et 

al., 2012). Cell-type specific MYSM1 loss in early B cells blocks development at the pro-B and 

pre-B cell stages (Förster, Farrington, et al., 2017; Jiang et al., 2011). In contrast, Mysm1 deletion 

in mature B cells does not alter numbers or function (Förster, Farrington, et al., 2017). Thus, 

MYSM1 is critical for early B cell development.  

MYSM1 is a histone H2A deubiquitinase (DUB) that was identified as a transcriptional 

regulator (Vissers et al., 2008; Wang et al., 2004; Zhu et al., 2007). Monoubiquitination of H2A 

on lysine 119 (K119) represses transcription and MYSM1 catalyzes removal of this ubiquitin 

moiety to initiate gene expression (Liang et al., 2023; Vissers et al., 2008; Wang et al., 2004; Zhu 

et al., 2007). In early B cells, MYSM1 promotes expression of EBF1, a critical transcriptional 

regulator of B cell differentiation (Jiang et al., 2011; Mandel & Grosschedl, 2010; Vilagos et al., 

2012; Zandi et al., 2008). However, MYSM1 deficiency results in increased markers of DNA 

damage and increased sensitivity to genotoxic stress, which is not seen with loss of EBF1 (Bahrami 
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et al., 2016; Nijnik et al., 2012). Thus, the immune defects in MYSM1 deficiency are not explained 

solely by altered expression of EBF1. 

MYSM1-deficient lymphocytes have higher baseline (no exposure to genotoxins) levels of 

phosphorylated histone H2AX (γH2AX), a marker of DNA damage, as well as higher p53 levels, 

and increased cell death after irradiation exposure (Bahrami et al., 2016; Nijnik et al., 2012). 

Deletion of p53 rescues B cell populations in MYSM1-deficient mice (Belle et al., 2015). These 

findings suggest that activation of cell death downstream of DNA damage may contribute to the 

lymphopenia and immune deficiency in MYSM1 deficiency (Belle et al., 2015). MYSM1 has been 

shown to localize to DNA breaks and to interact with ubiquitinated H2A at irradiation-induced 

DNA damage, but little is known about its activity in DDR (Kroeger et al., 2020; Nishi et al., 

2014). MYSM1 associates with DNA replication factors but DDR proteins often have distinct 

activities at replication forks versus at DSBs (Kroeger et al., 2020; Syed & Tainer, 2018; Tarsounas 

& Sung, 2020). The potential impact of MYSM1 on DDR, particularly in B cells with DSBs 

generated during antigen receptor assembly, and its role in immunodeficiency have not been 

explored. 

Developing B cells must induce DSBs at antigen receptor loci and resolve them in a timely 

fashion in order to survive and mature. This process occurs in pro-B and pre-B cells, the 

developmental stages impacted by loss of Mysm1 (Bednarski & Sleckman, 2019; Förster, 

Farrington, et al., 2017; Jiang et al., 2011). Antigen receptor gene recombination occurs through 

the generation of DSBs by the RAG endonuclease (comprised of the RAG1 and RAG2 proteins) 

in the G1-phase of the cell cycle (Alt et al., 2013; Fugmann et al., 2000; Helmink & Sleckman, 

2012). RAG DSBs are repaired by nonhomologous end joining to ensure proper gene assembly 
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and ongoing lymphocyte development (Alt et al., 2013; Helmink & Sleckman, 2012). A highly 

conserved signaling network coordinates cellular responses to DSBs (Alt et al., 2013; Bednarski 

& Sleckman, 2019; Ciccia & Elledge, 2010; Helmink & Sleckman, 2012; Matsuoka et al., 2007; 

Shiloh & Ziv, 2013). The primary signaling protein activated by DSBs in G1-arrested cells is the 

ATM kinase, which orchestrates chromatin modifications at the site of DNA injury, including 

phosphorylation of histone H2AX and ubiquitination of H2A (Aquila & Atanassov, 2020; Ciccia 

& Elledge, 2010; Matsuoka et al., 2007; Shiloh & Ziv, 2013; Uckelmann & Sixma, 2017). In 

response to DSBs, H2A is ubiquitinated on lysines 13 and 15 (for simplicity, abbreviated as 

H2AK15Ub) by the ubiquitin ligases RNF8 and RNF168 (Aquila & Atanassov, 2020; Doil et al., 

2009; Mailand et al., 2007; Uckelmann & Sixma, 2017; Wilson et al., 2016). H2AK15Ub serves 

as a binding site for 53BP1, which in turn functions to recruit numerous proteins that coordinate 

DSB repair and activation of DDR, including stimulation of p53 (Cuella-Martin et al., 2016; Doil 

et al., 2009; Mailand et al., 2007; Wilson et al., 2016). Following DSB resolution, these protein 

complexes dissipate resulting in termination of the DNA damage response. If the DSBs are not 

repaired, DDR foci persist and promote activation of p53 and induction of apoptosis (Ciccia & 

Elledge, 2010; Meek, 2004; Shiloh & Ziv, 2013). DDR foci are inactivated by deubiquitinases 

(DUBs), which remove ubiquitin chains from H2A and other targets (Aquila & Atanassov, 2020; 

Citterio, 2015; Nishi et al., 2014; Uckelmann & Sixma, 2017). In many cell types, the protein 

USP51 resolves H2AK15Ub and terminates DDR, and homologous proteins (USP3, USP37, 

USP44, and USP49) may have similar roles (Aquila & Atanassov, 2020; Citterio, 2015; Lancini 

et al., 2014; Matsui et al., 2022; Mosbech et al., 2013; Nishi et al., 2014; Typas et al., 2015; Z. 

Wang et al., 2016). However, the DUBs that regulate DDR in developing B cells are not known. 
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The marked B cell lymphopenia and increased DNA damage observed in MYSM1 deficiency 

suggest that MYSM1 may function in DDRs during B cell development. 

Here we present a patient with a novel deleterious variant in MYSM1 that results in loss of 

MYSM1 protein and demonstrates increased DDR signaling in patient B cells, even in the absence 

of exogenous DNA damaging agents. To investigate the function of MYSM1 in cellular responses 

to physiologic and genotoxic DNA injury, we suppressed MYSM1 in pre-B cells and non-B cells, 

respectively. We find that MYSM1 does not function in DSB generation or repair, but, rather, 

regulates cessation of DDR signaling. Loss of MYSM1 results in prolonged DDR signaling that 

may be detrimental to lymphocyte development and to cellular responses to genotoxins, more 

broadly. These findings provide new insights into B cell lymphopoiesis and have important 

implications for clinical management of patients with MYSM1 deficiency. 

2.2 Methods 

2.2.1 Patient information and study approval 

Informed consent was obtained from the patient’s parents. Demographics and clinical data 

were collected from the St. Louis Children’s Hospital Immunodeficiency Database and the medical 

record. The database and collection of clinical information were approved by the Institutional 

Review Board (approval number 201107235) of Washington University School of Medicine. 

2.2.2 Radiosensitivity testing 

Patient’s peripheral blood mononuclear cells (PBMCs) were assessed for radiosensitivity 

as previously described (Cousin et al., 2018). Briefly, PBMCs were rested overnight at 37°C in 

5% CO2 then divided into three aliquots. One was reserved as unirradiated and the other two were 
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subjected to 2 Gy irradiation. At indicated time points, samples were stained for surface markers 

and intracellular phosphoproteins. Anti-CD45, anti-CD3 and anti-CD19 were from Beckman 

Coulter. Anti-NKp46 was from BioLegend. Anti-pATM (Ser1981) and anti-γH2AX (Ser139) 

were from Thermo Fisher Scientific. Cells were quantified by flow cytometry. 

2.2.3 Genetic testing 

Chromosome microarray was performed by Washington University Cytogenetics and 

Molecular Pathology Laboratory. NextGen sequencing with concurrent deletion/duplication 

testing for a panel of 26 genes associated with SCID was performed by GeneDx. Whole-exome 

sequencing on the patient and parents was also performed by GeneDx. 

2.2.4 Cell lines 

Rag1-/-:Bcl2 and Art-/-:Bcl2 abl pre-B cells were previously described (Bredemeyer et al., 

2008; Soodgupta et al., 2019). Wild-type (WT) abl pre-B cells were generated by transduction of 

bone marrow cells from wild-type mice with a retrovirus expressing the v-abl kinase as previously 

described (Bredemeyer et al., 2006; Johnston et al., 2022). Abl pre-B cells were cultured in DMEM 

with 10% FBS, 1% PenStrep, 1% sodium pyruvate, 1% NEAA, 1% L-glutamine, and 0.0004% β-

mercaptoethanol. To induce cell cycle arrest and induction of RAG DSBs, abl pre-B cells were 

treated with 3 μM imatinib (106 cells/ml) for indicated times prior to harvesting for genomic DNA, 

protein, and immunofluorescence (Bredemeyer et al., 2008; Johnston et al., 2022; Soodgupta et 

al., 2019). U2OS cells were cultured in DMEM with GlutaMAX, 10% FBS, and 1% PenStrep. To 

generate DSBs, U2OS cells were exposed to 5 or 10 Gy irradiation using a Mark I-30 cesium 

irradiator. All cell lines were verified by genotyping and confirmed to be free of Mycoplasma. 
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2.2.5 shRNA and cDNA expression 

pMSCV INV-GFP retroviral plasmid was a gift from Barry Sleckman (Bredemeyer et al., 

2006). For murine abl pre-B cells, shRNA targeting Mysm1 (5’- 

ACAGGAAAATTCTGGGTTAATA-3’) was cloned into the MSCV-hCD2-mir30 retroviral 

vector (Bednarski et al., 2012). For human U2OS cells, shRNA targeting Mysm1 (5’- 

ACCAGATGGCTCTTATCGCTTA-3’) was cloned into lentiviral pFLRu-U6-YFP-Puro vector. 

cDNA encoding 5’ FLAG tagged MYSM1 or MYSM1∆E16 was cloned into the pOZ-IRES-hCD25 

retroviral vector (Bednarski et al., 2016). Retrovirus and lentivirus were produced in PlatE cells 

(Cell Biolabs) and 293T cells, respectively, by transfection of the viral plasmids with 

Lipofectamine 2000 (Life Technologies). For lentivirus, pCMV-VSV-G and pCMV-d8.2R were 

also included in the transfection (Soodgupta et al., 2019; Stewart et al., 2003). Viral supernatant 

was collected and pooled from 24-72 hours after transfection. Cells were transduced with 

unconcentrated virus in media with polybrene (5 μg/ml; Sigma-Aldrich) as previously described 

(Bednarski et al., 2012). Transduced cells were identified by flow cytometric assessment of hCD2, 

hCD25 or YFP. Abl pre-B cells expressing hCD2 were sorted using anti-hCD2 magnetic beads 

(Miltenyi Biotec) on MS columns (Miltenyi Biotec) according to the manufacturer’s protocol. 

U2OS cells transduced with pFLRu vector were selected by culture with puromycin (1 μg/ml) for 

1 week (until all untransduced cells died). 

2.2.6 Western blot analyses 

Western blots were done on whole cell lysates as previously described (Bredemeyer et al., 

2008). Anti-phospho-KAP1 antibody (A300-767A) was from Bethyl Laboratories. Total KAP1 

antibody was from Genetex (clone N3C2). Anti-PIM2 (clone 1D12) was from Santa Cruz 

Biotechnology. Anti-FLAG (clone M2) was from Sigma. Anti-GAPDH (clone D16H11), anti-
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phospho-CHK2 (polyclonal; 2661), and total CHK2 (polyclonal; 2662) antibodies were from Cell 

Signaling Technology. Secondary reagents were horseradish peroxidase (HRP)-conjugated anti-

mouse IgG (Cell Signaling) or anti-rabbit IgG (Cell Signaling). Westerns were developed with 

ECL (Pierce) and ECL Prime (Cytiva). ImageJ was used to quantitate Western blots. 

2.2.7 RT-PCR 

PCR over the break assay was performed as previously described (Johnston et al., 2022). 

Briefly, genomic DNA was isolated then digested with NEBNext dsDNA Fragmentase (NEB) for 

10 minutes followed by PCR Cleanup (QIAGEN) as per manufacturer’s instructions before RT-

PCR. For mRNA assessment, RNA was isolated using RNeasy (QIAGEN) and reverse transcribed 

using oligo-dT primers with SuperScriptII (Life Technologies) according to manufacturers’ 

protocol. RT-PCR was performed using Brilliant II SYBR Green (Agilent) and acquired on an 

MX3000P (Stratagene) or QuantStudio 3 (ThermoFisher). Each reaction was run in triplicate. For 

PCR over the break analyses, values at targeted sites were normalized to PCR product spanning 

CD19, a control region of uncut genomic DNA. For mRNA analyses, values were normalized to 

PCR product of β-actin. Fold change was determined by the ΔΔ cycle threshold method (Johnston 

et al., 2022). Primer sequences are in Figure 2.1. 
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Name Sequence 

Jk1 FWD GCTACCCACTGCTCTGTTCC 

Jk1 REV CCTTGGAGAGTGCCAGAATC 

CD19 FWD TGTCTCCTTCCTCCTCTTTCT 

CD19 REV CTCAACTCAGAACCCAGACTTT 

MYSM1 FWD GGACAAAGGCATGGACACCATC 

MYSM1 REV TTGAAGACAGCCCTTGGAAGAC 

B-actin FWD TCATCACTATTGGCAACGAGCGGTTC 

B-actin REV  TACCACCAGACAGCACTGTGTTGGCA  

 

Figure 2.1 Primers used for PCR over the break and RT-qPCR. Jk1 FWD and REV amplify 

across a RAG target break. CD19 FWD and REV were used as controls for PCR over the break. 

MYSM1 FWD and REV amplify across human Mysm1 transcripts to report overexpression of 

MYSM1. B-actin FWD and REV were used as controls for measuring mRNA transcripts. 
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2.2.8 Immunofluorescence 

Immunofluorescence microscopy was done as previously described (Johnston et al., 2023; 

Zhao et al., 2018). U2OS cells were grown directly on coverslips. Abl pre-B cells were applied to 

coverslips at indicated time points using Cell Tak (Corning) at 37˚C for 20 minutes. Abl pre-B 

cells were then extracted with 0.2% Triton in PBS for 10 minutes on ice, and both cell types were 

fixed with 3.2% paraformaldehyde. Cells were washed with IF Wash Buffer (PBS, 0.5% NP-40 

and 0.02% NaN3), then blocked with IF Blocking Buffer (10% FBS in IF Wash Buffer) for 30 

minutes at room temperature. Slides were incubated with rabbit anti-53BP1 (Novus; 1:500) in IF 

Blocking Buffer for 1 hour at room temperature. Slides were washed then stained with goat anti-

rabbit IgG conjugated with Alexa Fluor 594 (Invitrogen; 1:1000) and Hoechst 33342 (Sigma-

Aldrich) for 30 minutes at room temperature followed by sample mounting with Prolong Gold 

mounting media (Invitrogen). Microscopy was performed on an Olympus fluorescence 

microscope (BX-53) using an ApoN 60X/1.49 NA oil immersion lens or an UPlanS-Apo 100X/1.4 

oil immersion lens and cellSens Dimension software. Raw images were exported into Adobe 

Photoshop, and for any adjustment in image contrast or brightness, the levels function was applied. 

Foci were quantitated using ImageJ. Each image was analyzed using the following 

pipeline: first, the DAPI channel was loaded into ImageJ and the image scale was set appropriately. 

The image was then thresholded to cover each nucleus with minimal overlap. The image was 

converted into black and white using the Make Binary function. Watershed was then applied to 

separate any nuclei that may have overlapped. The Analyze Particles function was used to create 

regions outlining each nucleus. Any irregular regions or regions containing more than one nucleus 

were excluded. Next, on the 53BP1 channel image the Subtract Background function with a 

rolling-ball radius of 5-15 μm2 was applied. The Find Maxima function set to Single Points was 
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used to identify each focus. The prominence was adjusted to identify as many foci as possible 

without any false positives. On the newly generated image with the foci as single pixels, the 

nucleus regions were overlayed, and the Measure function returned the raw pixel density of each 

nucleus region. 

2.2.9 V(D)J Reporter assay 

GFP expression was measured by flow cytometry prior to imatinib treatment (0 h) and at 

indicated time points after imatinib treatment. GFP expression was measured by flow cytometry 

and normalized to 0 h baseline. 

2.2.10 Comet assay 

Neutral comet assays were performed using CometAssay (Trevigen) according to 

manufacturer’s instructions. Cells were collected at the desired timepoints and resuspended in PBS 

at 3 x 105 cells/ml. Cell suspension was combined with LMAgarose (Trevigen) at a ratio of 1:10, 

plated onto a comet slide, and dried at 4°C in the dark. While light-protected, slides were immersed 

in cold lysis buffer solution (Trevigen) for 1 hour, then in cold TBE for 30 minutes. Slides then 

underwent electrophoresis at 25V in cold TBE for 30 minutes. Slides were then washed in room 

temperature DNA precipitation solution (1M ammonium acetate in 95% ethanol) and fixed in 70% 

ethanol for 30 minutes. After fixation, slides were dried overnight, then stained with SYBR gold 

(S11494, Invitrogen) for 30 minutes. Images were acquired by fluorescence microscope (Leica 

DFC3000G) and analyzed by OpenComet in ImageJ. 

2.2.11 Statistical Analysis 

Statistical analyses were done by Student’s t-test using Prism (GraphPad Software). 
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2.3 Results 
 

2.3.1 Novel MYSM1 variant in patient with B cell aplasia. 

A 1-week-old black male presented with abnormal newborn screen for severe combined 

immune deficiency (SCID). Pre-natal and early post-natal period were notable for small for 

gestation age but otherwise were unremarkable. Detailed clinical history and evaluation are 

included in Supplemental Information at the end of this chapter. Laboratory evaluation identified 

nearly absent B cells (CD19+ = 15 cells/µl), low T cells (CD3+ = 847 cells/µl), and normal NK 

cells (Fig. 2.2A). Of the total CD4+ T cells, 60% expressed naïve marker CD45RA consistent with 

mild impairment in thymic function. T cell receptor excision circle testing was low at 1,010 copies 

per 106 CD3+ cells (normal > 6794). T cell proliferation to phytohemagglutinin was normal. No 

maternal T cell engraftment was present. IgM was very low (2.3 mg/dL, normal 20-149) and IgG 

was normal (Fig. 2.2A). The low B and T cells persisted through 3 months of age (Fig. 2.2A). He 

also developed a progressive normocytic anemia (hemoglobin 6.4 g/dL) with inappropriately low 

reticulocytosis (3%) and he became red blood cell transfusion dependent. Bone marrow biopsy 

revealed multilineage hematopoiesis, and immunophenotyping showed normal B cell precursors. 

Genetic testing by clinical whole exome sequencing identified a homozygous variant in MYSM1 

(NM-001085487.2, c.1843-1G>A, IVS15-1 G>A variant) due to paternal uniparental disomy of 

chromosome 1. This variant is not observed in a large population and is predicted to be pathogenic 

(Wilson et al., 2016) 
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2.3.2 MYSM1 variant (c.1843-1G>A) results in aberrant RNA splicing and 

absent MYSM1 protein 

The MYSM1 (c.1843-1G>A) variant alters the slice acceptor site prior to exon 16. 

Computational analysis predicted this would result in aberrant slicing that skips exon 16, which 

encodes the deubiquitinase domain of MYSM1 (Fig. 2.2B). To determine the functional 

consequences of this novel MYSM1 variant, we first assessed MYSM1 mRNA in patient peripheral 

blood mononuclear cells (PBMCs). RT-PCR analysis demonstrated an abnormal MYSM1 mRNA 

transcript missing exon 16 (Fig. 2.2B). Sequencing confirmed that patient’s MYSM1 mRNA had 

splicing of exon 15 to exon 17 with absence of the intervening exon 16 (hereafter termed 

MYSM1∆E16). 

We next assessed if the MYSM1∆E16 transcript resulted in expressed MYSM1 protein. 

Western blot analysis of patient’s PBMCs demonstrated loss of high molecular weight MYSM1 

protein compared to healthy control PMBCs (Fig. 2.2C). Both control and patient PBMCs 

demonstrated a lower molecular weight band, which may represent a non-specific band or a 

MYSM1 variant that could overlap with MYSM1∆E16 expected size. To distinguish between these 

possibilities, we retrovirally expressed FLAG-tagged wild-type MYSM1 and MYSM1∆E16 in 293T 

cells. MYSM1∆E16 mRNA was was expressed equivalently to wild-type MYMS1 mRNA, but both 

were markedly increased over endogenous MYSM1 mRNA (Fig. 2.2D). In contrast, MYSM1∆E16 

protein was very low (nearly undetectable) compared to wild-type MYSM1 (Fig. 2.2E). 

MYSM1∆E16 protein level is much lower than expected based on mRNA expression, suggesting 

that the encoded protein is unstable. Collectively, these results demonstrate that the MYSM1 

(c.1843-1G>A) variant results in an abnormally spliced mRNA transcript and absent (or 

substantially reduced) protein. Thus, clinically, our patient is functionally deficient in MYSM1  
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Figure 2.2 Novel MYSM1 splice variant in patient with B cell lymphopenia, 

hypogammaglobulinemia and increased DNA damage. (A) Table of patient’s lymphocyte 

numbers and immunoglobulin values. (B) RT-PCR of mRNA isolated from PMBCs of patient 

(PT) and health control (HC). Exon 1-6 demonstrates mRNA transcription. Exon 12-16 included 

primer in exon 16. Exon 15-18 shows shorter band with loss of exon 16 in PT sample. Actin-B 

(ACTB) included as loading control. (C) Western blot of analysis of MYSM1 in PBMCs. GAPDH 

is shown as loading control. * indicates lower molecular band that could represent slice variant or 

non-specific band. (D-E) 293T cells were transfected with vector expressing FLAG-tagged 

MYSM1 or MYSM1∆E16. (D) Mysm1 mRNA (E) Western blot of analysis FLAG-MYSM1. 

GAPDH is shown as loading control. (F) Flow cytometry of γH2AX in unirradiated (black line) 

B cells from PT and HC and at indicated times after exposure to 2 Gy IR (blue lines). Data in D 

mean ± SEM from 3 independent experiments, *p < 0.05; ****p < 0.0001. Data in E are 

representative of 3 independent experiments. 
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consistent with other reported patients with MYSM1 mutations (Bahrami et al., 2016; Le Guen et 

al., 2015) . 

2.3.3 Increased DNA damage signaling of naïve MYSM1-deficient B and T 

cells 

Deficiency of MYSM1 in humans and in mouse models has been shown to increase 

sensitivity to genotoxic stress (Bahrami et al., 2016; Kroeger et al., 2020; Le Guen et al., 2015). 

To evaluate the functional consequences of the novel MYSM1 variant identified in our patient, we 

performed radiosensitivity testing on peripheral blood lymphocytes. Phosphorylation of ATM (p-

ATM) and H2AX (γH2AX) were measured by flow cytometry in T, B, and NK cells before and 

after exposure to low dose (2 Gy) irradiation. Patient T cells had broad p-ATM and γH2AX peaks 

at baseline consistent with activated DNA damage signaling even in the absence of irradiation-

induced DNA injury (Fig. 2.2F and Fig. 2.3A, C). Interestingly, nearly all patient B cells had high 

basal levels of γH2AX, equivalent to levels measured after irradiation. In contrast, there was no 

evidence of basal DNA damage signaling in the patient’s NK cells (Fig. 2.3B, D). Following 

exposure to irradiation, γH2AX and p-ATM were increased equivalently in both control and 

patient lymphocytes. Both signals resolved to baseline by 24 hours post-irradiation. Thus, B and 

T cells are particularly sensitive to loss of MYSM1 with increased DNA damage signaling even 

in the absence of exogenous DNA damage agents. These lymphocyte-specific findings may reflect 

aberrant responses to DSBs generated during antigen receptor gene assembly in MYSM1-deficient 

B and T cells. The markedly higher DNA damage signals in B cells is consistent with the more 

profound loss of B cells on immune phenotyping and suggests MYSM1 may have unique or 

additional functions in B cells. 
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Figure 2.3 DNA damage sensitivity are defects are B cell-specific. Flow cytometry data of either 

γH2AX (A, B) or p-ATM (C-E) in T cells (A, C), NK cells (B, D), or B cells (E). Cells were either 

unirradiated (black line) PT and HC or subject to 2Gy IR (blue lines). Flow cytometry was 

conducted at indicated times after IR exposure. 
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2.3.4 Loss of MYSM1 results in persistence of 53BP1 foci in response to DNA 

damage 

Loss of MYSM1 has been shown to result in increased DNA damage signaling in 

lymphocytes and non-lymphoid cells, but its function in cellular responses to DNA injury has not 

been characterized. We investigated the role of MYSM1 in DNA damage responses (DDR) to both 

programmed double-stranded DNA breaks (DSBs) generated during immunoglobulin gene 

recombination and to genotoxic DSBs. To assess programmed DSBs, we used Abelson-kinase 

transformed murine pre-B cells (abl pre-B cells) (Bredemeyer et al., 2006; Johnston et al., 2022). 

Expression of the Abl kinase promotes proliferation and inhibits IgL recombination. Inhibition of 

the Abl kinase with imatinib induces G1 cell cycle arrest, expression of the RAG endonuclease, 

and recombination of the immunoglobulin light chain (IgL) allele (Bredemeyer et al., 2006). IgL 

recombination proceeds through DSB generation which activates DDR signaling, including 

generation of 53BP1 foci (Bednarski et al., 2012; Bredemeyer et al., 2008). We transduced wild-

type (WT) abl pre-B cells with a retrovirus expressing non-targeting shRNA (shNT) or shRNA 

targeting Mysm1 (shMysm1) (Fig. 2.4A). Cells were subsequently treated with imatinib to induce 

IgL recombination and associated DDR signaling. 48 hours after imatinib, ~40% of abl pre-B cells 

accumulated 1-2 53BP1 per cell (Fig. 2.4B, C). As expected, the percentage of cells with 53BP1 

foci decreased by 72 hours after imatinib, consistent with DSB repair and resolution of DDR 

signaling. Suppression of MYSM1 did not affect generation of 53BP1 foci as abl pre-B cells 

expressing shMysm1 had equivalent 53BP1 foci compared to control cells expressing shNT at 48 

hours after imatinib treatment (Fig. 2.4B, C). In contrast, suppression of MYSM1 resulted in a 

significant increase in 53BP1 foci at 72 hours, indicative of delayed resolution of DNA damage 

signals (Fig. 2.4B, C). 
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To determine if MYSM1 also functions in DDR to genotoxic DSBs, U2OS cells were transduced 

with a lentiviral vector expressing shNT or shMysm1 and exposed to ionizing radiation (IR) (Fig. 

2.4D). Both control cells (expressing shNT) and cells with loss of MYSM1 displayed increased 

53BP1 foci per cell 2 hours after IR which decreased by 48 hours. Compared to control cells, 

U2OS cells with loss of MYSM1 demonstrated significantly increased 53BP1 foci per cell at both 

2 hours and 48 hours after IR (Fig. 2.4E, F). Thus, similar to findings in pre-B cells with RAG 

DSBs, loss of MYSM1 results in delayed resolution of 53BP1 foci after IR-induced DSBS. These 

results demonstrate that MYSM1 functions in responses to both physiologic and genotoxic DNA 

breaks across different cell types. 
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Figure 2.4 Loss of MYSM1 results in persistent 53BP1 foci. (A-C) Wild-type abl pre-B cells 

were transduced with retrovirus expressing non-targeting shRNA (shNT) or shRNA targeting 

murine MYSM1 (shMysm1). (A) Western blot of analysis of MYSM1. GAPDH is shown as 

loading control. (B) Representative images of 53BP1 foci at 48 or 72 hours (h) after treatment with 

imatinib to induce RAG DSBs. Scale bar denotes 10 mm. (C) Quantitation of percentage of cells 

with 1-2 foci per cell in B. Data are mean ± SEM of 3 technical replicates and are representative 

of 3 independent experiments. (D-F) U2OS cells were transduced with lentivirus expressing non-

targeting shRNA (shNT) or shRNA targeting human MYSM1 (shMysm1). (D) Western blot of 

analysis of MYSM1. GAPDH is shown as loading control. (E) Representative images of 53BP1 

foci at 2 or 48 h after exposure to 5 Gy irradiation (IR). Scale bar denotes 10 mm. (F) Quantitation 

of number of foci per cell in E. Data are mean ± SEM of 100 cells per condition and timepoint. 

Results are representative of 3 independent experiments. ns = not significant; **p < 0.01; ****p < 

0.0001. 
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2.3.5 MYSM1 does not function in generation or repair of DSBs 

The impact on 53BP1 foci could be a consequence of MYSM1 function in DSB generation, 

DSB repair, or regulation of DDR signaling. To resolve this, we measured DSB generation during 

IgL recombination in abl pre-B cells and following irradiation in U2OS cells. We used Artemis-

deficient (Art-/-:Bcl2) abl pre-B cells, which generate persistent RAG DSBs at IgL as Artemis is 

required for DSB repair (Soodgupta et al., 2019). Expression of the Bcl2 transgene in abl pre-B 

cells supports survival of imatinib-treated, G1-arrested pre-B cells, which permits quantitative 

evaluation of persistent DSBs. RAG-deficient (Rag1-/-:Bcl2) abl pre-B cells, which do not generate 

DSBs, were included as a control. Following imatinib treatment, Art-/-:Bcl2 abl pre-B cells 

generated RAG DSBs in ~50% of Igk loci (Fig. 2.5A). Art-/-:Bcl2 abl pre-B cells with suppression 

of MYSM1 (expressing shMysm1) had equivalent DSB generation as control cells (expressing 

shNT; Fig. 2.5A). 

To further investigate MYSM1 function in DSB generation and repair, we transduced a 

repair-sufficient wild-type abl pre-B cell line with a recombination reporter construct containing 

an inverted GFP cDNA flanked by RAG target sequences. Treatment with imatinib induces RAG 

DSBs at the target sequences, which are repaired resulting in cDNA inversion and GFP expression 

(Fig. 2.5B schematic). Expression of GFP from this reporter construct requires both generation 

and appropriate repair of RAG DSBs. Defects in either process result in reduced GFP expression 

(Bredemeyer et al., 2006; Lenden Hasse et al., 2017). Pre-B cells expressing shMysm1 had similar 

GFP expression as control cells expressing shNT (Fig. 2.5B). Together with the above results, 

these findings demonstrate that loss of MYSM1 in pre-B cells does not affect generation or repair 

of RAG-mediated DSBs. 
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We also investigated MYSM1 function in response to IR-induced DSBs. U2OS cells were 

exposed to 10 Gy IR and DSBs were quantitated by comet assay analysis. Generation of DSBs 

results in lengthening of the comet tail (measured by olive moment). Subsequent resolution of 

DSBs is identified by decreased olive moment. 2 hours after IR, U2OS cells have increased olive 

moment (i.e., DSBs) that is decreased by 48 hours consistent with the expected kinetics of 

generation and repair, respectively, of IR-induced DSBs (Fig. 2.5C). Suppression of MYSM1 did 

not alter olive moment at either time timepoint, demonstrating that loss of MYSM1 does not alter 

generation or repair of genotoxic DSBs (Fig. 2.5C). Together, these results in pre-B cells and 

U2OS cells indicate that MYSM1 regulates 53BP1 accumulation at DDR foci independent of DSB 

generation or repair. 
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Figure 2.5 MYSM1 does not regulate DSB generation or repair. (A) Art-/-:Bcl2 abl pre-B cells 

expressing shNT or shMysm1 were treated with imatinib for 48 h to induce RAG DSBs. DSBs 

were quantified by qPCR analysis of IgL (Jk1) genomic DNA. Schematic shows germline locus, 

unrepaired DSB (post-cut), and primer location. Results are normalized to Rag1-/-:Bcl2 abl pre-B 

cells, which do not generate DSBs and have only germline IgL DNA. Loss of germline product is 

representative of DSB generation. (B) Wild-type abl pre-B cells expressing shNT or shMysm1 (as 

in Fig. 2A) were transduced with a vector encoding a V(D)J reporter construct then treated with 

imatinib to induce reporter recombination. GFP was measured by flow cytometry at indicated 

times and normalized to 0 h. Data in A and B are mean ± SEM for 3 independent experiments. (C) 

U2OS cells expressing shNT or shMYSM1 (as in Fig. 2D) were exposed to 10 Gy IR. DSBs were 

quantitated by comet assay at indicated times. Data are mean ± SEM for olive moment of ≥ 45 

cells per condition and timepoint. Inset shows representative images of comet assay. Data are 

representative of 3 independent experiments. ns = not significant; **p < 0.01 
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2.3.6 Loss of MYSM1 results in persistent downstream DDR signaling 

53BP1 coordinates signaling cascades downstream of DSBs and DDR activation (Cuella-

Martin et al., 2016; Paiano et al., 2021; Shibata & Jeggo, 2020b). MYSM1 deficiency results in 

persistence of 53BP1 foci. The continued presence of 53BP1 may stimulate sustained downstream 

DDR signaling that, in turn, could impact cell fate. To determine whether DDR signaling persists 

with loss of MYSM1, we assessed DSB-regulated cellular programs in pre-B cells and U2OS cells.  

In pre-B cells, RAG DSBs trigger both canonical and noncanonical (developmental) DDR 

signaling programs (Bednarski et al., 2012; Bednarski et al., 2016; Soodgupta et al., 2019). 

Canonical DDR signals include phosphorylation of KAP1 whereas noncanonical DDR programs 

include upregulation of PIM2, a pro-survival factor that promotes continued B cell maturation. 

Suppression of MYSM1 in wild-type pre-B cells resulted in increased p-KAP1 and expression of 

PIM2 compared to control pre-B cells (expressing shNT) at both 48 and 72 hours after RAG DSB 

generation (Fig. 2.6A). In control cells, PIM2 and p-KAP1 decrease at 72 hours compared to 48 

hours, similar to the reduction in 53BP1 foci at this timepoint, as expected with DSB repair and 

termination of DDR signaling (Fig. 2.4B, C and 2.6A). Pre-B cells with loss of MYSM1 also have 

a reduction in p-KAP1, PIM2, and 53BP1 foci from 48 to 72 hours, but the magnitude of decline 

is less than in control cells, consistent with persistence of DNA damage signaling (Fig. 2.4B, C 

and 2.6A). Thus, in the absence of MYSM1 both downstream canonical and non-canonical DDR 

signaling are increased in magnitude and length of time in pre-B cells undergoing IgL 

recombination.  

Similar to pre-B cells, knockdown of MYSM1 resulted in increased phosphorylation of 

KAP1 and CHK2 (p-CHK2), two key DDR signaling factors, after irradiation in U2OS cells (Fig. 
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2.6B). Phosphorylation of both proteins was increased as early as 30 minutes after IR and then 

gradually declines. U2OS cells with loss of MYSM1 also displayed increased p-KAP1 and p-

CHK2 at each time point, and both remained higher than in control cells (expressing shNT). As 

DSBs are repaired, DDR signaling is normally attenuated as evidenced by the decrease of 

phosphorylated KAP1 and CHK2 by 24 hours after IR in control and MYSM1-knockdown cells 

(Fig. 2.6B). Notably, phosphorylation of both proteins declines in MYSM1-sufficient and -

deficient cells indicating that factors in addition to MYSM1 contribute to resolution of DDR 

signaling. Despite this redundancy, loss of MYSM1 results in higher magnitude and longer 

persistence of DDR signaling after RAG- and IR-induced DSBs. 

 

 

Figure 2.6 Loss of MYSM1 results in prolonged DDR signaling. (A) Wild-type abl pre-B cells 

expressing shNT or shMysm1 (as in Fig. 2.4A) were treated with imatinib to induce RAG DSBs. 

Western blot analysis of MYSM1, p-KAP1, total KAP1 and PIM2 at indicated times. GAPDH is 

shown as loading control. Numbers represent band intensity relative to shNT at each timepoint and 

standardized to loading control. (B) U2OS cells expressing shNT or shMYSM1 (as in Fig. 2.4D) 

were exposed to 10 Gy IR. Western blot analysis of MYSM1, p-KAP1, total KAP1, and p-CHK2 

at indicated times. GAPDH is shown as loading control. Numbers represent band intensity relative 

to shNT at each timepoint and standardized to loading control. Data in both panels are 

representative of 3 independent experiments. 
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2.3.7 Increased MYSM1 expression accelerates DDR resolution 

The persistence of DDR signaling with reduction in MYSM1 suggests that cellular levels 

of MYSM1 may regulate kinetics of DDR resolution. To further investigate how MYSM1 levels 

impact DDR, we transduced U2OS cells with an expression vector containing GFP-tagged 

MYSM1, which substantially increased MYSM1 protein over endogenous levels in control cells 

transduced with empty vector (Fig. 2.7C). Compared to controls, cells with increased MYSM1 

displayed a marked reduction in 53BP1 foci, p-KAP1, and p-CHK2 by 2 hours after IR (Fig. 2.7A-

C). Indeed, many of the cells with high MYSM1 had almost no 53BP1 foci (Fig. 2.7A, B). 

Increased expression of MYSM1 did not alter generation of DSBs as measured by comet assay 

(Fig. 2.7D). In combination with the MYSM1 depletion studies, these findings show that MYSM1 

levels inversely correlate with 53BP1 retention at DSBs and activation of DDR signaling. 

Reduction of MYSM1 leads to persistent DDR whereas increased MYSM1 accelerates DDR 

resolution without impacting kinetics of DSB repair. 
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Figure 2.7 Increased expression of MYSM1 suppresses DDR without altering DSB repair. 

U2OS cells were transfected with empty vector or vector expressing FLAG-MYSM1 then exposed 

to 5 Gy IR. (A) Western blot of MYSM1, p-KAP1, total KAP1, p-CHK2, and total CHK2. GAPDH 

is shown as loading control. Numbers represent band intensity relative to empty vector control at 

each timepoint and standardized to loading control. (B) Representative images of 53BP1 foci at 2 

h after IR. Scale bar denotes 10 mm. (C) Quantitation of number of foci per cell in B. Data are 

mean ± SEM of 100 cells per condition. (D) DSBs quantitated by comet assay. Data are mean ± 

SEM for olive moment of ≥ 45 cells per condition. Data in all panels are representative of 3 

independent experiments. ns = not significant; *p < 0.05. 
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2.4 Discussion 

Patients with MYSM1 deficiency have lymphopenia with a disproportionate reduction in 

B cells, and increased radiosensitivity. Here we show that MYSM1 functions in the termination of 

DNA damage responses to resolve DDR foci and extinguish DDR signaling after DSB repair. 

MYSM1 activity in DDR is conserved across both programmed and genotoxic DSBs generated at 

Ig genes during normal B cell development and by exogenous DNA damaging agents, respectively. 

MYSM1 regulates resolution of 53BP1 retention at DSBs and downstream cellular responses but 

does not affect DSB generation or repair. Consequently, loss of MYSM1 results in continued DDR 

signaling without alterations in DSB number or persistence. The activity of MYSM1 in DDR may 

contribute to the immunophenotype and clinical manifestations of patients with deleterious 

MYSM1 variants.  

Mice with germline deletion of MYSM1 develop bone marrow failure and B cell 

lymphopenia similar to MYSM1-deficiency in patients. Cell-type specific deletion of MYSM1 in 

early B cells (at pre-pro B cell stage) results in a marked reduction of pro-B and pre-B cells, the 

stages where Ig gene recombination occurs. MYSM1 was shown to promote expression of Ebf1, 

Pax5 and Id2 genes, which are key transcriptional regulators of B cell commitment and 

differentiation (Förster, Farrington, et al., 2017; Jiang et al., 2011; Wang et al., 2013). Expression 

of EBF1 rescued some abnormalities in MYSM1-deficient B cells ex vivo (Jiang 2011). However, 

EBF1-deficient mice have a more severe depletion of early B cells at more primitive 

developmental stages than observed in MYSM1-deficient mice(Gyory et al., 2012; Vilagos et al., 

2012; Zandi et al., 2008). Additionally, deletion of MYSM1 at later stages of B cell development 

does not alter Ebf1 expression (Förster, Farrington, et al., 2017). Thus, while MYSM1-dependent 
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regulation of Ebf1 may affect B cell commitment, MYSM1 has additional functions in regulation 

of B cell lymphopoiesis. 

 In addition to altered gene expression, MYSM1-deficient B cells have aberrant DNA 

damage signals. MYSM1 loss in non-B cells increases sensitivity to DNA damaging agents with 

increased cell death after ultraviolet or gamma irradiation. In a multidimensional screen of DUBs, 

MYSM1 was found to localize to DSBs and to regulate DNA repair and the G2/M checkpoint 

(Nishi et al., 2014). We also find that MYSM1 regulates DDR signaling, including 

phosphorylation of CHK2, a regulator of cell cycle checkpoint. In contrast, our studies demonstrate 

that MYSM1 does not regulate DSB generation or repair. This difference may be secondary to 

different degrees of MYSM1 suppression or distinct MYSM1 activities in different cell types or 

modes of DNA injury (i.e. irradiation versus physiologic DSBs). We find that MYSM1 has similar 

functions in responses to physiologic RAG-mediated DSBs and genotoxic IR-induced DSBs in 

both B and non-B cells, respectively. However, doses of IR, timing of DNA injury in regard to cell 

cycle state, and cell type can all impact DDR (Syed & Tainer, 2018; Tarsounas & Sung, 2020). 

Further investigations are needed to characterize the factors that modulate MYSM1 activity in 

DNA damage.  

Histone H2A monoubiquitinated on K119 (H2AK119Ub) is a well-established target of 

MYSM1 (Nijnik et al., 2012; Wang et al., 2013; Zhu et al., 2007). MYSM1 regulates gene 

expression through its DUB activity via deubiquitination of H2AK119Ub (Zhu et al., 2007). Mice 

and humans with mutations in MYSM1 that render it catalytically inactive display a similar 

phenotype as observed with MYSM1 deficiency, highlighting the role MYSM1 exerts in 

hematopoiesis and lymphopoiesis through its DUB activity (Liang et al., 2023). Histone H2A is 
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alternatively ubiquitinated on lysines 13 and 15 at DSBs by the ubiquitin ligases RNF8 and 

RNF168 (Gatti et al., 2015; Huen et al., 2007; Mailand et al., 2007; Mattiroli et al., 2012). 53BP1 

binds H2AK15Ub through its ubiquitin-dependent reader motif and subsequently functions as a 

transducer to coordinate downstream DDR signaling, including DNA repair, cell cycle arrest and 

cell death (Fradet-Turcotte et al., 2013). In pre-B cells, 53BP1 prevents DNA end resection to 

promote joining of RAG DSBs and contributes to regulation of transcriptional programming 

induced by RAG DSBs (Innes et al., 2020; Paiano et al., 2021; Shibata & Jeggo, 2020b). Following 

DSB repair, 53BP1 is released from chromatin by DUBs, particularly USP51, which remove 

K13/15 ubiquitin from H2A (Z. Wang et al., 2016). We find that loss of MYSM1 leads to 

prolonged retention of 53BP1 at DSBs and continued DDR signaling, which supports that MYSM1 

also function in termination of DDR signaling. Interestingly, while 53BP1 foci and DDR signals 

are prolonged in the absence of MYSM1, both still continue to decline and ultimately resolve, 

suggesting that other DUBs may cooperate with or compensate for MYSM1 to extinguish DDR. 

The activity of MYSM1 on H2AK15Ub, the role of its DUB activity, and the function of other 

DUBs in DDR in early B cells are not known. Additionally, it’s not evident whether MYSM1 

differentiates between H2AK119Ub and H2AK15Ub or acts equally on both sites. MYSM1 is 

phosphorylated by ATM in response to DNA injury (Matsuoka et al., 2007). It is conceivable that 

this modification alters MYSM1 activity or recruitment to chromatin at sites of DNA damage. 

These mechanisms of MYSM1 and DDR resolution are currently under investigation. 

Patients with MYSM1 deficiency have a profound deficiency in B cells that is 

disproportionate to the reduction in T cells. Our radiosensitivity testing of patient peripheral blood 

lymphocytes identified DNA damaging signaling in B cells even in the absence of DNA damaging 

agents. This result is consistent with our finding that MYSM1 regulates DDR to RAG DSBs in B 
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cells undergoing Ig gene recombination. Our results also provide mechanistic context for the 

reduction in pro-B and pre-B cells in MYSM1-deficient mice. These two developmental stages are 

when heavy chain and light chain Ig genes are rearranged. Thus, they may be more impacted by 

dysregulation of DDR with MYSM1 loss (Förster, Farrington, et al., 2017). T cells also undergo 

Ig recombination and are reduced in MYSM1 deficiency but not to the same magnitude as B cells. 

This difference suggests that MYSM1 may have more critical functions in B cells or, alternatively, 

that B cells and other immune cells have different compensatory mechanisms for managing DDR 

signaling. MYSM1 does function in genotoxic DNA damage responses but its contribution may 

be balanced by other DUBs in this context. 

Cumulatively, our findings establish that MYSM1 functions in termination of DNA 

damage responses to both physiologic and genotoxic DSBs. These studies provide new insights 

into the mechanisms of MYSM1-deficient primary immune deficiency and also highlight need for 

caution in treatment approaches, as patients will be more sensitive to the chemotherapies used for 

stem cell transplant. 

2.5 Supplemental Information: Patient Clinical Summary 

2.5.1 Initial presentation 

A 1-week-old healthy, Black male presented with abnormal newborn screen for severe 

combined immune deficiency (SCID) with a cycle threshold (Ct) value of 45 (reference < 36) on 

real-time polymerase chain reaction (PCR) for T-cell Receptor Excision Circles (TRECs). Patient 

was born by spontaneous vaginal delivery to an 18-year-old mother at estimated gestational age of 

37 weeks. Maternal pregnancy was complicated by type I diabetes, treated gonococcal infection, 



59 

 

and intrauterine growth retardation. Postnatal course was complicated by low birth weight of 2,140 

grams and persistent hypoglycemia. Testing for congenital cytomegalovirus infection was 

negative. He was discharged on day 4 of life in good health and had no intercurrent infections or 

illnesses. Family history was notable for neurofibromatosis in paternal aunt but was negative for 

immunodeficiency, infant death or consanguinity. He has a 2-year-old half-brother who is healthy. 

Physical examination revealed an afebrile, small infant with weight 2125 grams, length 41 

cm and head circumference 30 cm, all below 3rd percentile for age. No facial dysmorphic features 

or deformities of extremities were noted. Cardiac exam was without murmur and lungs were clear. 

He had an exaggerated tonic neck reflex bilaterally and mild hypertonicity of extremities. 

Remainder of neurological exam was normal. 

Brain magnetic resonance imaging (MRI), obtained due to the increased tone, 

demonstrated nonspecific, scattered T1 hyperintensities within the globus pallidus bilaterally. 

Ophthalmology exam showed large magnitude infantile exotropia. Hearing test by auditory brain 

stem response was normal. Bone survey revealed normal bone mineralization with slightly delayed 

bone age and no deformities. Echocardiogram showed normal systolic function and normal 

anatomy with mild dilatation of left atrium and ventricle.  

Laboratory evaluation on admission (day of life 8) showed white blood cell count of 7000 

cells/ml, hemoglobin of 13.9 g/dL, and platelets of 636,000/ml. Absolute lymphocyte count (ALC) 

was 1500 cells/ml and absolute neutrophil count (ANC) was 4800 cells/ml. Flow cytometric 

evaluation of immune cell populations identified nearly absent B cells, low T cells, and normal 

NK cell numbers (Fig. 1A). Of the total CD4+ T cells, 60% expressed CD45RA (Fig. 1A). Naïve 

CD31+CD45RA+CD4+ T cells were slightly reduced at 30% (normal > 64-95%). Repeat TREC 
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testing was low at 1,010 copies per 106 CD3+ cells (normal > 6794). T cell proliferation to 

phytohemagglutinin was normal (>90%). No maternal T cell engraftment was present. IgM and 

IgA were low but IgG was normal (Fig. 1A). HIV DNA PCR was negative. Testing of adenosine 

deaminase and purine nucleoside phosphorylase enzyme activity were normal. Telomere length 

testing was normal (75th percentile). 

2.5.2 Clinical course 

The patient was started on monthly intravenous immunoglobulin and prophylactic 

acyclovir and fluconazole. Prophylactic trimethoprim/sulfamethoxazole (TMP/SMX) was 

initiated at 4 weeks of age. At 6 weeks of age, he developed normocytic anemia (hemoglobin 6.4 

g/dL) with inappropriately low reticulocytosis (3%). Direct and indirect Coombs were negative. 

Glucose-6-phosphate dehydrogenase level was normal. Bone marrow biopsy revealed 

multilineage hematopoiesis. He required monthly blood transfusions. TMP/SMX was changed to 

monthly pentamidine due to a concern of possible bone marrow suppression. Over the subsequent 

2 months, T and B cells remained very low (Fig. 1A) and he had three episodes of fever without 

identified sources. T cell proliferation to phytohemagglutinin repeated at 2 weeks and 4 months of 

age remained normal. 

2.5.3 Hematopoietic stem cell transplant 

Due to the persistent T cell lymphopenia and transfusion-dependent anemia, the patient 

was evaluated for hematopoietic stem cell transplant (HSCT). Patients with MYSM1 deficiency 

have been successfully transplanted with resultant reconstitution of normal bone marrow and 

immune function (Bahrami et al., 2016). Our patient proceeded to HSCT at 5 months of age. In 

light of the radiosensitivity results, a reduced intensity conditioning regimen with low dose 
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busulfan (target AUC of 40-60 mg x h/L divided over 4 days administered every 6 hours from 

days -5 to -2), fludarabine (30 mg/m2/day on days -8 to -3) and anti-thymocyte globin (30 

mg/kg/day on days -5 to -2) was used followed by infusion of mismatch (5/6) cord blood product. 

Graft-versus-host disease prophylaxis included mycophenolate mofetil and tacrolimus. 

He tolerated conditioning therapy well. On day 5 post-transplant (after infusion of stem 

cells), he developed fevers with neutropenia (ANC 400 cells/ml). He was empirically treated with 

cefepime and vancomycin. Due to persistence of fevers, amphotericin B was added. Blood cultures 

had no growth. Testing for EBV, CMV, HHV-6, adenovirus was negative. On day 9 post-

transplant, he developed elevated liver enzymes (AST 374, ALT 532, ALP 197, and LDH 999 

units/L), hyperferritinemia (63,622 ng/ml; normal 50-200), ascites, and fluid retention. Abdominal 

ultrasound showed normal liver without biliary ductal dilatation. Due to concern for venoocclusive 

disease, defibrotide was started with resultant decrease in liver enzymes. However, he rapidly 

progressed to acute renal failure with peak creatinine of 1.32 mg/dL (reference 0.1-0.6). On day 

13 post-transplant, he was transferred to intensive care unit for hypoxemia requiring intubation 

and hypertension treated with amlodipine. Chest x-ray demonstrated pulmonary edema. He was 

initiated on continuous renal replacement therapy. He subsequently was noted to have eye 

deviation and abnormal limb movement. Electroencephalogram showed diffuse encephalopathy 

without epileptiform features. Head CT showed no acute intracranial abnormalities. Lumbar 

puncture was deferred due to unstable conditions. Despite stabilized blood pressure, ventilatory 

support and correction of electrolytes imbalance, he became profoundly bradycardic and 

progressed to pulseless electrical activity. Cardiopulmonary resuscitation was initiated but was 

unsuccessful and the patient died on day 14 post-transplant. A post mortem evaluation was 

declined by the family and not performed.  
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Chapter 3 

MYSM1 Targets of Activity in DDR 
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In the previous chapter, we demonstrated that MYSM1 is involved in attenuating DDR in 

response to both endogenously and exogenously generated DSBs. As previously described, histone 

H2A is ubiquitinated at K119 to regulate gene expression. However, after DNA lesions H2A is 

ubiquitinated at K15 to facilitate recruitment of other DNA repair factors including 53BP1. 

Because MYSM1 is known to act on H2AK119Ub to regulate gene expression, it is plausable that 

MYSM1 also deubiquitinates H2AK15Ub after break repair. In this manner, MYSM1 would 

attenuate DDR signaling by promoting the dissolution of 53BP1 foci and downstream signaling. 

3.1 Introduction 

Ubiquitination is a vital part of DDR necessary for signal propagation and amplification. 

Significant amounts of K63-linked poly-Ub chains are found at DSBs and used for recruitment of 

DNA repair factors. K48-linked poly-Ub chains are also found at DSB sites to designate 

deleterious proteins for degradation (Elia et al., 2015). Monoubiquitin marks are also found on 

proteins involved in DDR. Histone H2A is mono-ubiquitinated at lysine 13 or 15 (H2AK15Ub) to 

facilitate recruitment of 53BP1 (Uckelmann & Sixma, 2017; Walser et al., 2020). There is also 

evidence that K27-linked poly-Ub chains are extended from H2AK15Ub to amplify this 

recruitment (Gatti et al., 2015). Because all this signaling is transient, corresponding 

deubiquitination must occur to terminate signaling after DSB repair. 

Several deubiquitinases (DUBs) have been implicated in DDR. USP11 deubiquitinates 

H2AK119Ub as well as histone H2B ubiquitinated at K120 in a DSB-dependent manner (Ting et 

al., 2019). Loss of USP11 results in persistent ubiquitination of H2B and H2A at K119, but not 

K13/15, as well as defects in both HR- and NHEJ-mediated repair. These repair defects were 
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rescued by depletion of E3 ligases known to target H2AK119. Reconstitution with wild-type 

USP11, but not the catalytically inactive C318S mutant, also rescued repair defects. 

USP14 is another DUB implicated in DDR (Sharma & Almasan, 2020; Sharma et al., 2018; 

X. Wang et al., 2016). USP14 is a member of the USP family and is involved in proteasome 

regulation. USP14 targets K48-linked poly-Ub chains to prevent protein degradation. Furthermore, 

USP14 has been implicated in DDR. It is recruited to γH2AX foci after DSB generation and 

deubiquitinates RNF168 (Sharma et al., 2018). Because ubiquitination of RNF168 is necessary for 

its recruitment to DSBs, USP14 consequently negatively regulates RNF168 accumulation and 

therefore inhibits H2AK15Ub and recruitment of 53BP1. Loss of USP14 results in a shift in cell 

preference of DSB repair methods, resulting in decreased HR and increased NHEJ, characterized 

by increased RNF168 and 53BP1 foci (Sharma & Almasan, 2020). 

USP49 and USP51 are also USP family members, and have been demonstrated to act on 

H2AK15Ub in response to DNA damage (Matsui et al., 2022; Z. Wang et al., 2016). Loss of 

USP49 results in persistent ubiquitination of γH2AX, and corresponding overexpression resulted 

in suppression of γH2AX ubiquitination. Furthermore, USP49 overexpression also suppressed 

53BP1 foci formation in response to DNA damage. USP51 deficiency resulted in persistent DDR 

as measured by 53BP1, BRCA1, and K63 poly-Ub foci. USP51 did not repress RNF168 

recruitment to DSBs, but it did suppress ubiquitination of RNF168 target H2A at K13 and 15. 

Like MYSM1, BRCC36 is another MPN domain DUB and is an important component of 

the BRCA1-A complex that regulates DSB repair by HR. BRCC36 removes K63-linked poly-Ub 

chains at DSBs, and loss of BRCC36 resulted in a block in H-mediated DSB repair. Without 

BRCC36 activity, aberrant HR repair resulted in excessive DNA end resection (Ng et al., 2016). 
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Collectively, these demonstrate the critical role of DUBs in modulation of DDR signaling. 

As the previous chapter demonstrated, MYSM1 is another DUB necessary for DDR attenuation, 

but its specific deubiquitination target is unknown. 

3.2 Methods 

3.1.1 Cell Lines 

Wild-type (WT) abl pre-B cells were generated as described previously in Chapter 2 

(Bredemeyer et al., 2006; Johnston et al., 2022) and cultured in the same media. MYSM1 was 

knocked down using the previously described shRNA and compared with a non-targeting control 

sequence (shNT). Cell cycle arrest, RAG expression, and DSB generation were induced by 3 μM 

imatinib treatment. U2OS cells were transduced with shRNAs, cultured in the same media, and 

subject to 10Gy IR to induce DSBs as previously described in Chapter 2. 

3.1.2 cDNA expression 

FLAG-tagged H2A (F-H2A) and FLAG-tagged H2A with K119R mutation (F-H2AK119R) 

cDNA constructs in the pCDNA3.1 vector were purchased from Addgene (63560 and 63564, 

respectively). U2OS cells with shMysm1 or shNT control were transiently transfected with either 

construct in conjunction with Lipofectamine 2000 (10 μl/ml; Invitrogen) then irradiated 24 hours 

later to generate DSBs. 

3.1.3 Immunoprecipitation 

Cells were lysed in MCLB buffer (H2O, 100mM Tris pH 7.5, 1% IGEPAL, 150mM NaCl) 

and rocked for 30 minutes at 4°C. Lysate was centrifuged at max speed for 20 minutes at 4°C to 

separate cytosolic and chromatin fractions. Supernatant was removed and saved as the cytosolic 

fraction. The pellet was then resuspended in MCLB and sonicated to break up nuclei and 
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chromatin. 10% of this nuclear fraction was saved as input, and the remaining was split between 

anti-H2A or anti-IgG control beads. Protein A Dynabeads (Invitrogen) were bound to anti-H2A or 

anti-IgG (control) 24 hours before immunoprecipitation (IP). Beads were washed once with MCLB 

buffer to remove excess antibody before combining with nuclear lysates. The bead, antibody, and 

lysate mixture was incubated and rotated at 4°C overnight. Supernatant was collected as the 

unbound fraction. Beads were then washed 5 times. Bound protein was eluted with elution buffer 

(H2O, 1% SDS, 0.84% NaHCO3). 

3.1.4 Western blot analyses 

Western blots were done on whole cell lysates as previously described (Bredemeyer et al., 

2008). Anti-FLAG antibody (clone M2) was from Sigma-Aldrich. Anti-H2A antibody (polyclonal; 

2578) was from Cell Signaling. Anti-GAPDH antibody was as described in chapter 2. 

3.3 Results 

In the previous chapter, MYSM1 was clearly implicated in resolution of the DDR. This 

was demonstrated by persistence of 53BP1 foci, phosphorylation of KAP1, and expression of 

PIM2 with loss of MYSM1 after initiation of RAG breaks through imatinib treatment. This 

persistent DDR signaling was not due to increased DSB generation or defective repair, as MYSM1 

did regulate either of these processes. Because MYSM1 has already been described as a known 

H2A DUB, it is probable that this DUB activity is responsible for DDR attenuation in response to 

RAG-mediated DSBs. 
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3.3.1 MYSM1 regulates H2A deubiquitination in pre-B cells with RAG 

breaks 

To investigate MSYM1 activity on ubiquitinated H2A (H2A-Ub), we used wild-type abl 

pre-B cells transfected with shMysm1 retrovirus to deplete MYSM1 expression as in Chapter 2. 

Abl pre-B cells were subsequently treated with imatinib to induce cell cycle arrest, expression of 

RAG endonuclease and resultant activation of DNA damage responses. H2A was 

immunoprecipitated at 48 hours after imatinib treatment and assessed for ubiquitination. H2A-Ub 

has an increased molecular weight (17 kD) compared to unmodified H2A (12 kD), and this 

difference can be visualized by western blot. After imatinib treatment, abl pre-B cells displayed 

increased H2A-Ub, demonstrating that H2A was ubiquitinated in response to initiation of DNA 

damage. Cells with depleted MYSM1 exhibited increased H2A-Ub after RAG induction (Fig 

3.1A). To confirm this change in H2A-Ub, H2A was IPed from abl pre-B cells with or without 

MYSM1 knockdown 48 hours after imatinib treatment and assessed for ubiquitination (Fig. 3.1B). 

Once again we observed increased H2A-Ub with loss of MYSM1, demonstrating that MYSM1 

activity on H2A is in part dependent on its activity in DDR signaling. 
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Figure 3.1 MYSM1 deubiquitinates H2A after RAG DSBs. (A) Wild-type abl pre-B cells 

expressing shNT or shMysm1 (as in Fig. 2.4A) were treated with imatinib to induce RAG DSBs. 

Western blot analysis of H2A at indicated times. GAPDH is shown as loading control. Numbers 

represent band intensity relative to shNT at each timepoint and standardized to total H2A and 

loading control. (B) Wild-type abl pre-B cells were treated as in (A) and H2A was 

immunoprecipitated at indicated timepoint. Western blot analysis of Ub, with H2A as loading 

control. Numbers represent band intensity relative to shNT and standardized to loading control. 
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3.3.2 MYSM1 regulates H2A deubiquitination after IR-induced DSBs 

MYSM1 was also shown to be involved in DDR attenuation in response to exogenous 

DNA damage. Depletion of MYSM1 in irradiated U2OS cells resulted in persistent 53BP1 foci as 

well as persistent phosphorylation of KAP1 and CHK2, two other markers of DNA damage. 

Further, overexpression of MYSM1 in irradiated U2OS cells resulted in significant depletion of 

these markers, despite no impact on DSB repair. These findings demonstrated that MYSM1 

regulates DDR termination and suggested this may be through inactivation of H2A ubiquitination. 

Therefore, H2A ubiquitination in response to IR was measured in this system to determine if 

MYSM1 achieved DDR attenuation through deubiquitination of H2A. 

The impact of MYSM1 on ubiquitinated H2A in response to IR-induced breaks was 

measured in the same manner as experiments in chapter 2. U2OS cells were transfected with 

shMysm1 to knockdown MYSM1, or with shNT as a control. Transfected U2OS cell lines were 

then exposed to 10Gy IR to induce DSBs, and cells were collected for western blot analysis to 

measure H2A-Ub. Similar to RAG-induced breaks in abl pre-B cells, IR induced increased 

ubiquitinated H2A in U2OS cells. Loss of MYSM1 resulted in increased ubiquitinated H2A just 

30 minutes after irradiation, and this increase persisted up to 24 hours after IR (Fig. 3.2A). This 

time course parallels the increased DDR signaling with MYSM1 suppression, suggesting a 

possible mechanistic link. This was further confirmed by immunoprecipitation of H2A 24 hours 

after IR (Fig. 3.2B), where we observe increased H2A-Ub with loss of MYSM1. 

MYSM1 is necessary for deubiquitination of H2A during DDR. However, because this 

system does not distinguish between H2AK119Ub vs H2AK15Ub, the substrate of MYSM1 

activity is not known. 
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Figure 3.2 MYSM1 deubiquitinates H2A after IR-induced DSBs. (A) U2OS cells expressing 

shNT or shMYSM1 (as in Fig. 2.4D) were exposed to 10 Gy IR. Western blot analysis of H2A at 

indicated times. GAPDH is shown as loading control. Numbers represent band intensity relative 

to shNT at each timepoint and standardized to total H2A and loading control. (B) U2OS cells were 

treated as in (A) and H2A was immunoprecipitated at the indicated timepoint. Western blot 

analysis of Ub, with H2A as loading control. Numbers represent band intensity relative to shNT 

and standardized to loading control. 
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3.3.3 Does MYSM1 regulate H2AK15Ub?  

To investigate whether MYSM1 acts on H2AK119Ub vs H2AK15Ub at DSBs, U2OS cells 

were transfected with FLAG-tagged wild-type H2A (F-H2A) or an H2A mutant that could not be 

ubiquitinated at K119 (F-H2AK119R). The F-H2AK119R mutant retains lysines at residues 13 and 15, 

which can be ubiquitinated by DDR signals but cannot be ubiquitinated on K119, the canonical 

site for transcription regulation and established target of MYSM1 (Mattiroli et al., 2012). 

Exogenously expressed F-H2A is expected to be ubiquitinated in a similar manner to native H2A 

(Mattiroli et al., 2012). Ubiquitination without DNA damage is expected in about 10% of F-H2A 

at K119. In contrast, F-H2AK119R is expected to only be ubiquitinated at K13/15 in response to 

DNA damage. If MYSM1 deubiquitinates H2AK15Ub in addition to H2AK119Ub, we would 

expect to see persistent ubiquitination of F-H2AK119R after IR with loss of MYSM1.  

U2OS cells with shMysm1 or shNT were transiently transformed with F-H2A or F-

H2AK119R and exposed to 10Gy IR to generate DSBs. Samples were collected 30 minutes after IR 

to measure H2A ubiquitination by western blotting of FLAG. Unfortunately, despite several 

attempts, I was not able to visualize ubiquitination of H2AK119R after IR with or without MYSM1 

(Fig. 3.3). In order to observe ubiquitinated F-H2AK119R after IR, the exogenously expressed 

histone must be expressed in sufficient numbers that ubiquitination can be measured through 

western blotting. It is possible that the construct used did not yield high enough F-H2AK119R to 

visualize ubiquitination. Alternatively, F-H2AK119R may not have been incorporated into 

chromatin sufficiently, such that it would not be ubiquitinated after IR. Ongoing studies using IP 

of endogenous H2A are continuing to investigate function of MYSM1 in regulating H2A 

ubiquitination during DDR. 
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Figure 3.3 H2A is not ubiquitinated at K15 after IR. (A) Wild-type U2OS cells were transiently 

transfected with F-H2A or F-H2AK119R and exposed to 10Gy IR to generate DSBs. Western blot 

analysis of FLAG at indicated times. H3 was used as a loading control. (B) U2OS cells expressing 

shNT or shMysm1 were transiently transfected with F-H2A or F-H2AK119R and exposed to 10Gy 

IR to induce DSBs. Western blot analysis of FLAG at indicated times. GAPDH was used as a 

loading control. 
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3.4 Discussion 

MYSM1 is necessary for termination of DDR as measured by resolution of 53BP1 foci and 

phosphorylation of DDR proteins. Preliminary results in this Chapter suggest MYSM1 regulates 

DDR through deubiquitination of H2A. In both pre-B cells and U2OS cells, H2AUb is increased 

after DSB generation with loss of MYSM1. The increased H2AUb could be ubiquitinated on either 

K119 or K13/15, as both marks are observed at DSBs. Our studies to date are not able to determine 

which site on H2A is regulated by MYSM1 at DSBs.  

USP11 deubiquitinates H2AK119Ub after DNA damage to promote effective HR-

mediated repair. Loss of USP11 results in persistent H2AK119Ub and 53BP1 foci (Ting et al., 

2019). Because MYSM1 is also already known to act on H2AK119Ub, it is possible it may 

function similarly to USP11 in DDR signaling. As described previously, H2AK119Ub is a mark 

for transcriptional silencing (Vidal & Starowicz, 2017). Its presence at DSBs may be necessary to 

deactivate transcription machinery during DSB repair. Alternatively, the E3 ligases RNF2 and 

BMI1 have been implicated in DDR signaling through monoubiquitination of γH2AX at K119. 

Loss of RNF2 results in decreased γH2AX ubiquitination as well as decreased recruitment of ATM 

to DSBs (Pan et al., 2011). MYSM1 depletion results in persistent 53BP1 foci (Fig. 2.4B, C, E, 

F), and it is already known to oppose RNF2-mediated H2A ubiquitination in its function within 

PRC1. Consequently, MYSM1 may fulfil its function during DDR through H2AK119Ub 

deubiquitination. 

Conversely, USP49 and 51 both target H2AK15Ub to promote resolution of 53BP1 foci. 

We see that MYSM1 depletion also results in persistent 53BP1 foci, and 53BP1 is known to bind 
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to H2AK15Ub. Therefore, it is also possible that MYSM1 may function in a similar manner to 

USP49 or 51.  

Ongoing and future studies are continuing to investigate the mechanistic activity of 

MYSM1 on H2A at DSBs. MYSM1 specificity for H2AK119Ub or H2AK15Ub could be 

determined through the use of exogenous expression of H2A mutants (H2AK119R, H2AK13/15R) that 

would block Ub marks at either K119, or K13 and K15, although my attempts here were as yet 

unsuccessful. Possible future experiments are discussed in Chapter 4. Current results indicate that 

MYSM1 likely targets H2AK15Ub in a DNA damage-dependent manner, but more work remains 

to confirm this hypothesis. 
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Chapter 4 

Implications of Research and Future 

Directions 
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The results presented in my thesis have demonstrated for the first time that MYSM1 is 

involved in attenuation of DDR signaling. These findings support that the abnormal B cell 

development in mice and patients with loss of MYSM1 may be due to activities of MYSM1 in 

DNA damage responses. MYSM1 is involved in termination of DDR signaling and regulates 

resolution of 53BP1 foci and attenuation of downstream signaling proteins. Importantly, these 

functions of MYSM1 are independent of activity in generation or repair of DSBs. This role of 

MYSM1 is evident in both pre-B cells in response to RAG-mediated DSBs, as well as in non-B 

cells in response to IR-induced breaks. As a result, MYSM1 function in DDR signaling could be 

necessary beyond its clear involvement in B cell development. These findings have implications 

for treatment of future patients with MYSM1 deficiency as well as for modulating cellular 

sensitivity to DNA damaging agents. 

4.1 Future Directions 

MYSM1 catalytic activity has previously been demonstrated on H2AK119Ub to regulate 

gene expression (Zhu et al., 2007), as well as on several types of poly-Ub chains to regulate innate 

immunity responses (Panda & Gekara, 2018). Yet, its specific activity on H2AK15Ub has not been 

observed. Preliminary data indicates that loss of MYSM1 results in persistent ubiquitination of 

H2A after initiation of DNA damage, but further work is needed to confirm these results. In 

addition, it remains to be seen if the catalytic activity of MYSM1 is necessary for its involvement 

in DDR attenuation. Furthermore, my results in conjunction with previous research suggest there 

may be mechanisms to differentially regulate MYSM1 activity in different cellular processes, i.e. 

transcriptional regulation, DNA damage responses, and anti-viral responses. 
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4.1.1 Is MYSM1 DUB activity required for regulation of DDR? 

Deubiquitinase activity of MYSM1 has recently been demonstrated to be essential for 

hematopoietic and lymphocytic development (Liang et al., 2023). An MYSM1 mutant 

(MYSM1D660N) was demonstrated to lack catalytic activity, and replacement of wild-type MYSM1 

with MYSM1D660N resulted in a block in hematopoietic lineages. This study affirmed that MYSM1 

function in hematopoiesis depends on its DUB activity. However, it remains to be seen if this 

catalytic activity is necessary for its role in DDR. Wild-type MYSM1 or catalytically inactive 

MYSM1D660N would be reconstituted in pre-B or U2OS cells and DDR activity could be measured 

as described in Chapters 2 and 3, namely quantitation of 53BP1 focus and DDR protein resolution 

as well as H2A ubiquitination. If MYSM1 catalytic activity is necessary for its function in DDR, 

we would expect to see persistent 53BP1 foci and downstream DDR signaling after reconstitution 

with MYSM1D660N, similar to reconstitution with empty vector. 

4.1.2 What are the targets of MYSM1 in regulation of DDR? 

The previous chapter suggests that MYSM1 acts on ubiquitinated H2A in a DNA damage-

dependent context. H2A is ubiquitinated at lysine 15 after DNA damage, but MYSM1 has been 

demonstrated to deubiquitinate H2AK119Ub. It is unclear if H2AK15Ub can also serve as a 

substrate of MYSM1. Because H2AK15Ub is necessary for 53BP1 focus nucleation at DSBs and 

MYSM1 is involved in resolution of these foci, H2AK15Ub would appear to be a likely target of 

MYSM1 activity. However, PRC1 is also known to be active at sites of DNA damage, resulting in 

accumulation of H2AK119Ub. Determining the specific target of MYSM1 DUB activity in DDR 

would help elucidate the connections between H2A ubiquitination regulation, 53BP1 focus 

resolution, and transcriptional regulation at DSBs. 
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As described previously, preliminary research using exogenously expressed H2A lysine-

to-arginine mutants has already begun but is inconclusive. FLAG-tagged H2A constructs (F-H2A, 

F-H2AK119R) do not present clear increases in ubiquitination after DNA damage, so further 

experimentation is required. Inclusion of a second H2A mutant (F-H2AK13/15R) would be useful in 

examining MYSM1 activity on H2AK119Ub in response to DNA damage. Similar to experiments 

described in chapter 3, these H2A mutants would be expressed in U2OS cells with or without 

MYSM1 depletion and ubiquitination would be measured after IR-induced damage. We would 

expect to see no change in ubiquitination of F-H2AK13/15R after IR, whereas both F-H2A and F-

H2AK119R should display increased ubiquitination. MYSM1 has been shown here to deubiquitinate 

endogenous H2A after DNA damage (Fig. 3.1, 3.2), so comparable results would be expected with 

exogenous F-H2A expression. If MYSM1 can indeed act on H2AK15Ub after DNA damage, we 

would expect to observe persistent ubiquitination of F-H2AK119R with MYSM1 depletion. 

In addition, MYSM1 deubiquitinase activity on H2A could be measured through chromatin 

immunoprecipitation (ChIP). DNA adjacent to DSBs would be precipitated with bound proteins, 

including any H2A mutants present. With loss of MYSM1, we would expect to detect more 

ubiquitinated H2A. Including the histone mutants F-H2AK119R and F-H2AK13/15R in this assay could 

potentially measure MYSM1 specificity for H2AK15Ub or H2AK119Ub at DSBs. MYSM1 DUB 

activity might then be confirmed through acellular experiments with purified MYSM1 and 

ubiquitinated H2A mutants. In addition, H2A could be immunoprecipitated as in Chapter 3 

experiments, and resulting protein would be analyzed by mass spectrometry (MS) to measure 

ubiquitination at specific lysine residues. 

Alternatively, rather than acting on H2A directly, MYSM1 may deubiquitinate other DDR 

factors. Many other proteins in the DDR are also ubiquitinated to facilitate signal propagation and 
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amplification. In addition, significant increases in polyubiquitin chains have been detected at DSBs 

(Elia et al., 2015). Determining MYSM1 activity on other ubiquitinated proteins is more difficult 

since many of them have yet to be identified, but tandem ubiquitin entity (TUBE) precipitation 

would be effective in measuring MYSM1 activity on poly-Ub chains involved in DDR. TUBE 

assays make use of multiple ubiquitin binding domains (UBDs) covalently linked to increase 

affinity for polyubiquitinated proteins (Kadimisetty et al., 2021). TUBE IP in pre-B or U2OS cells 

with or without MYSM1 after DSB induction would effectively measure changes in poly-Ub 

chains after DNA damage, and whether MYSM1 is involved in deubiquitination of these chains. 

If MYSM1 does not act specifically on H2A-Ub at DSBs, we would expect to see global increase 

in ubiquitinated proteins with loss of MYSM1. These proteins could subsequently be identified 

through MS analysis. This approach could also elucidate any changes in DDR signaling that might 

occur between programmed DSBs during B cell development vs genotoxic DSBs such as those 

generated by IR. 

4.1.3 What are MYSM1 binding partners in DDR? 

MYSM1 has a clearly defined role in gene regulation, and here I have demonstrated that it 

is also important for regulation of DDR. Although MYSM1 appears to act on ubiquitinated H2A 

in both cases, it is evident that its activity must in turn be regulated to ensure proper 

deubiquitination at the site of DSBs. 

MYSM1 function in DDR may also depend on its association with other DDR proteins. In 

addition to its catalytic MPN domain, MYSM1 contains a SWIRM domain and an LxxLL motif, 

both of which can mediate protein-protein interactions (Panda & Gekara, 2018; Plevin et al., 2005; 

Savkur & Burris, 2004). The SWIRM domain of MYSM1 has already been demonstrated to 
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facilitate protein interactions in the cytosol during innate immunity (Panda & Gekara, 2018). 

MYSM1 also contains a SANT domain near its N terminus that is necessary for its activity on 

H2AK119R (Yoneyama et al., 2007; Zhu et al., 2007). It has yet to be determined if any of these 

domains are necessary for MYSM1 function in DDR. 

MYSM1 is known to associate with various transcription factors (Fiore et al., 2020; Jiang 

et al., 2011), as well as some proteins associated with DNA damage (Kroeger et al., 2020). Co-

immunoprecipitation (co-IP) of MYSM1 has revealed association with HELLS, an important 

component for DNA repair by HR (Kollarovic et al., 2020). HELLS is a chromatin remodeling 

protein responsible for promoting HR through DNA end resection factor CtIP. 

Further, previous work by a lab member has revealed MYSM1 as a possible binding partner 

of RAG. These associations could be responsible for regulating the recruitment or activity of 

MYSM1 at the site of DSBs. Alternatively, MYSM1 could be required for effective function of 

associated DDR proteins. Elucidating this network in a DNA damage-dependent context would 

help inform the specific mechanisms for the resolution of DNA damage signaling. 

A first approach would include generation of MYSM1 mutants that delete each of these 

domains (SANT, SWIRM, LxxLL) individually. These mutants, in addition to wild-type MYSM1, 

would then be expressed in pre-B and U2OS cells with or without induction of DNA damage. Co-

IP of these MYSM1 variants would then identify binding partners of MYSM1 that depend on each 

domain, both dependent and independent of DNA damage. These results could further be 

confirmed by expressing each individual domain of MYSM1 and repeating co-IPs to determine 

which binding partners are dependent on specific domains of MYSM1, or if any partners require 

multiple domains for effective association. 
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4.1.4 Is MYSM1 activity in DDR regulated by phosphorylation? 

The ATM kinase is of vital importance in the activation and propagation of DDR signaling, 

and it phosphorylates hundreds of proteins to achieve this. Notable ATM targets include H2AX, 

KAP1, and CHK2. At least two residues (S234, S267) of MYSM1 have been reported to be 

phosphorylated by ATM in response to DNA damage (Matsuoka et al., 2007), but it is unclear if 

this phosphorylation is necessary for its role in DDR. Protein phosphorylation is important for 

regulating both enzyme activity and protein binding. Phosphorylation of MYSM1 could be 

important for its localization to the sight of DSBs. Alternatively, it may be necessary to enable 

MYSM1 to act on its substrate during DDR signaling. 

Phosphorylation of MYSM1 in response to DNA damage would first be confirmed by a 

combination of immunoprecipitation (IP) of MYSM1. Antibodies specific for phosphorylated 

targets of ATM (p-SQ/TQ motifs) can be used to probe MYSM1 IP eluates, or alternatively these 

anti-phospho-SQ/TQ antibodies could be used for IP and subsequent protein eluates probed for 

MYSM1. However, because these antibodies are not guaranteed to detect all phosphorylation 

targets of ATM, mass spectrometry (MS) can be used to detect phosphorylation of MYSM1 more 

precisely. As previously reported, MYSM1 is expected to be phosphorylated at serines 234 and 

267 in response to DNA damage (Matsuoka et al., 2007). 

 To confirm the necessity of MYSM1 phosphorylation in its function in DDR, MYSM1 

phosphomutants would be generated and reconstituted in U2OS cells with MYSM1 depletion. 

Mutation of any differentially phosphorylated residues of MYSM1 to alanine would block 

phosphorylation of MYSM1 in response to DNA damage. Corresponding DDR function would be 

measured as previously shown in chapters 2 and 3, and results would demonstrate the necessity of 
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MYSM1 phosphorylation to achieve its role in DDR. This could be further confirmed through 

phosphomimetic mutants of MYSM1. The amino acid aspartate has a similar structure to 

phosphoserine and is a common induced mutation to simulate constitutively phosphorylated serine 

(Makukhin & Ciulli, 2021). Expression of similar phosphomimetic mutants of MYSM1 in 

irradiated U2OS cells could result in overactive MYSM1 and premature resolution of DDR, 

similar to results observed with wild-type MYSM1 overexpression (Fig. 2.7). 

4.1.5 Do other deubiquitinases regulate DDR in pre-B cells? 

Deubiquitinases other than MYSM1 are known to be involved in DNA damage, including 

BRCC36, USP11, USP49, USP51, and others (Matsui et al., 2022; Ng et al.; Sharma et al., 2018; 

Z. Wang et al., 2016), but DDR-specific H2A DUBs are still poorly understood. Many of these 

DUBs involved in DDR display a preference for either HR- or NHEJ-mediated DSB repair. 

BRCC36 targets K63-linked poly-Ub to promote effective HR. USP11 also promotes HR-

mediated repair through deubiquitination of H2AK119Ub at DSBs. USP49 and 51 appear to 

promote NHEJ-mediated repair through regulation of H2AK15Ub and 53BP1 focus resolution. 

The unique characteristics of MYSM1 suggest that it could be involved in either process. Like 

BRCC36, MYSM1 is also an MPN domain protease. Like USP11, MYSM1 is known to 

deubiquitinate H2AK119Ub. Furthermore, results shown previously in chapters 2 and 3 indicate 

that MYSM1 does not act alone in termination of DNA damage signaling. It is possible that 

MYSM1 may work in conjunction with other DUBs to effectively mediate DDR termination. 

A first step to investigating compensatory DUBs could start with a CRISPR screen using 

guide RNAs (gRNAs) targeting a pool of other known DUBs expressed in cells already missing 

MYSM1. After DSB induction, cells with loss of both MYSM1 and compensatory DUBs will 
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display significantly worse survival, whereas DUBs less important for DSB repair and DDR 

signaling will have minimal impact. To confirm these results, double-knockout or knockdown cell 

lines would be generated and DDR signaling would be measured as previously described and 

compared to single-knockout lines. A double-knockout of both MYSM1 and a compensatory DUB 

in DDR would be expected to display significantly increased and persistent DDR signaling 

compared to deletion of either DUB on its own. 

4.1.6 Does MYSM1 have distinct activities in homologous recombination? 

My research on MYSM1 in DNA damage has focused on its role in DDR signaling after 

repair by NHEJ because this is the primary method used to repair DSBs, and the sole method used 

to repair DSBs generated by RAG. Homologous recombination (HR) is an alternative mechanism 

of repair that uses the sister chromatid as a template to repair DSBs in an error-free fashion. This 

pathway also relies on ubiquitination and corresponding deubiquitination for proper resolution, 

but it remains to be seen if MYSM1 is a necessary DUB in these contexts. Association with HELLS 

indicates that MYSM1 may also be a necessary component for DDR modulation during or after 

HR-mediated repair. BRCC36, a member of the BRCA1-A complex, is another MPN domain 

protease involved in HR. MYSM1 may serve as a complementary or redundant DUB for BRCC36 

during HR-mediated repair. In addition, regulation of H2AK119Ub has been shown to be 

important for HR. 

HR- and NHEJ-reporter assays could be an effective first step to observe the impact 

MYSM1 might have in these pathways. These reporter assays function similarly to the V(D)J 

reporter assay described in chapter 2; they contain disrupted GFP cDNA that can only be repaired 

by HR or NHEJ, respectively (Kim et al., 1999; O'Neill et al., 2000). Effective repair results in 
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GFP expression that can be measured in a variety of methods. However, one limitation to this 

method is that I have already demonstrated that MYSM1 does not impact DSB repair. 

Consequently, we can measure defects in HR through formation and resolution of RPA or RAD51 

foci which form on single-stranded DNA and are therefore unique to HR-mediated repair (Cruz et 

al., 2018; Maréchal & Zou, 2015). Loss of MYSM1 may result in persistent RPA or RAD51 foci 

after generation of DSBs. 

Alternatively, MYSM1 may instead be involved in pathway choice: the decision to 

accomplish repair through either NHEJ or HR. The mechanisms of DSB repair pathway choice are 

still poorly understood. Canonically, 53BP1 and BRCA1 are known to compete for recruitment to 

DSBs, and they each repress binding of their opposite (Bunting et al., 2010; Daley & Sung, 2014; 

Kakarougkas et al., 2013; Rass et al., 2022). Commitment to formation of 53BP1 or BRCA1 foci 

subsequently commits repair towards NHEJ or HR, respectively. However, the competition 

between these proteins is not a purely random process, and regulation is necessary to dictate repair 

fate. MYSM1, with implied function in either or both of these pathways, could play a pivotal role 

in this decision between NHEJ and HR. Pathway choice could be investigated by the formation of 

53BP1 vs BRCA1 foci at DSBs. Since MYSM1 has already been demonstrated to result in 

persistent 53BP1 foci, we might expect to observe a decrease in BRCA1 focus formation with loss 

of MYSM1. 

4.2 Clinical relevance: MYSM1 in human health 

As described previously, MYSM1 deficiency has been observed in several human patients 

(Alsultan et al., 2013; Bahrami et al., 2016; Le Guen et al., 2015), and in chapter 2 we report one 

more. All of these patients presented with defects in hematopoiesis and B cell development, as 
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well as increased sensitivity to DNA damage. The research presented here supports MYSM1 as an 

H2A DUB involved in B cell development and DNA damage, and a probable cause of these 

observed patient defects. However, persistent DDR signaling with loss of MYSM1 has been 

demonstrated to be involved in more cell types than developing B cells alone. Indeed, it may be 

that most, if not all tissues with MYSM1 deficiency present prolonged DNA damage signaling, 

but this defect is most observable in cells that generate DSBs as part of development (i.e. B cells). 

Genotoxic sensitivity is also observed in patient T cells (Fig. 2.3A, B) but to a significantly lesser 

degree, indicating presence of compensatory mechanisms. If MYSM1 is indeed involved in DDR 

signaling pan-cellularly, patients with defects in MYSM1 may be susceptible to more than just 

defective HSCs and B cells. 

4.2.1 Treatment of MYSM1 deficiency 

Previously, MYSM1 deficiency has been treated with bone marrow transplants to replace 

defective HSCs and downstream lineages (Bahrami et al., 2016). A bone marrow transplant is a 

risky procedure that necessitates ablation of the patient’s original bone marrow and suppression of 

the patient’s immune system to prevent rejection of the new donor graft. (Simpson & Dazzi, 2019). 

Typical approaches use either irradiation or chemotherapy to achieve both hematopoietic and 

immune suppression. However, this approach could be problematic in MYSM1 deficiency as the 

patient would display increased sensitivity to IR. Careful monitoring and/or design of new 

approaches will be needed for transplant of patients with MYSM1 deficiency. 

4.2.2 MYSM1 in cancer pathogenesis 

If loss of MYSM1 sensitizes other tissues to genotoxins, patients with MYSM1 deficiency 

could experience increased risk of cancers such as in the breast or lung. In addition, since loss of 
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p53 has been shown to rescue MYSM1 deficiency in mouse models (Belle et al., 2015), p53 

deficiency might coincide more frequently with MYSM1 deficiency in tumorigenic tissue. 

Treatment with DNA damaging therapies may also result in increased off-target effects in healthy 

tissue, making them a riskier treatment option. Alternatively, since loss of MYSM1 results in 

persistent DDR and increased apoptosis, it may be that cancers with MYSM1 deficiency are more 

susceptible to DNA damage. More research is necessary to define the possible consequences of 

MYSM1 deficiency in other tissues as well as in cancers. 

4.2.3 MYSM1 as a therapeutic target 

The variety of cellular processes that involve MYSM1 make it an interesting target of small 

molecule inhibition or activation. Because of its role in DDR termination and p53 signaling, it may 

be an attractive target of inhibition to increase sensitivity to DNA damaging agents. MYSM1 

inhibition in conjunction with DNA damage would result in prolonged DDR signaling, potentially 

ending in apoptosis. Antibiotics thiolutin (THL) and holomycin (HOL) have previously been 

described as MPN domain inhibitors (Lauinger et al., 2017; Pan et al., 2022). These drugs could 

be particularly effective because they also inhibit BRCC36 activity, another DUB involved in 

DDR attenuation. 

4.3 Conclusions 

Collectively, the results presented here demonstrate a novel role for MYSM1 in the 

function of DNA damage signaling. This adds to its functions in gene expression and innate 

immunity. MYSM1 deficiency in humans and in mice results in bone marrow defects and more 

specifically a block in B cell development. This block is likely due to MYSM1 regulation of B 

cell-specific transcription factors as well as MYSM1 regulation of cellular responses to DSBs 
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generated during normal B cell development. The function of MYSM1 in DNA damage responses 

is not B cell-specific. These results have implications for modulation of DDR signaling as well as 

clinical approaches for the treatment of new patients with MYSM1 deficiency. In addition, 

MYSM1 could prove to be an effective therapeutic target for some cancers. More research into 

MYSM1 cellular function is vital to fully explore the potential of these applications. 
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