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Abstract

Hematopoiesis, the process by which the full repertoire of blood cells is established from the
hematopoietic stem cells (HSCs), depends on a well-coordinated regulatory network of gene
expression. BAP1 and MYSMI1 are both deubiquitinases (DUBs) that can regulate gene expression
and other cellular processes, through their direct catalytic activity on the repressive epigenetic
mark histone H2AK119ub, as well as on several other substrates. In previous research, mutations of
Bapl and MysmI have been associated with defects in hematopoiesis in both mouse and human, yet
our knowledge of the mechanistic role of these two DUBs in the development and the function of blood
and immune cells remains limited. In the current study, we aim to explore the potential regulatory role
of BAP1 and MYSM1 in hematopoietic cell development and immune response. We characterize
a cell intrinsic role of BAP1 in B lymphocyte development and in antibody mediated immune
response. We demonstrates its central role in the regulation of the genome-wide landscapes of
histone H2AK119ub and downstream transcriptional programs of cell cycle progression, DNA
damage response, and many other biological processes involved in B cell development, B cell
activation, and humoral immunity. We also report a profound similarity in the developmental,
hematopoietic, and immune phenotypes resulting from the loss of MYSMI1 catalytic function and
the full loss of MYSMI1 protein, confirming that MYSMI1 acts via its DUB catalytic activity
specifically in early hematopoietic progenitors to allow normal development of hematopoietic cells,
including lymphocytes and dendritic cells (DCs). Overall, our work expands the knowledge of the
critical roles of BAP1 and MYSMI in vivo in hematopoiesis, leukocyte development, immune

responses, and other aspects of mammalian physiology.
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Résumé

L'hématopoicse, le processus par lequel le répertoire complet des cellules sanguines est établi a
partir des cellules souches hématopoiétiques (CSH), dépend d'un réseau de régulation bien
coordonné de I'expression génique. BAP1 et MYSMI sont toutes deux des déubiquitinases (DUB)
qui peuvent réguler I'expression des génes et d'autres processus cellulaires, grace a leur activité
catalytique directe sur la marque épigénétique répressive histone H2AK119ub, ainsi que sur
plusieurs autres substrats. Dans des recherches antérieures, des mutations de Bapl et Mysm1 ont
été associces a des défauts dans I'hématopoiése tant chez la souris que chez I'homme, mais notre
connaissance du rdle mécanique de ces deux DUB dans le développement et la fonction des
cellules sanguines et immunitaires reste limitée. Dans la présente étude, nous cherchons a explorer
le role régulateur potentiel de BAP1 et MYSMI1 dans le développement des cellules
hématopoiétiques et la réponse immunitaire. Nous caractérisons le role intrinséque de BAP1 dans
le développement des lymphocytes B et dans la réponse immunitaire médiée par les anticorps.
Nous démontrons son rdle central dans la régulation des paysages génomiques de ['histone
H2AK119ub et des programmes transcriptionnels en aval de la progression du cycle cellulaire, de
la réponse aux dommages de I'ADN et de nombreux autres processus biologiques impliqués dans
le développement des lymphocytes B, l'activation des lymphocytes B et I'immunité humorale.
Nous rapportons également une profonde similarit¢ dans les phénotypes développementaux,
hématopoiétiques et immunitaires résultant de la perte de la fonction catalytique de MYSMI1 et de
la perte totale de la protéine MYSM1, confirmant que MYSM1 agit via son activité catalytique
DUB spécifiquement dans les progéniteurs hématopoiétiques précoces pour permettre le
développement normal des cellules hématopoiétiques, y compris les lymphocytes et les cellules

dendritiques (DCs). Dans I'ensemble, notre travail ¢élargit les connaissances sur les roles critiques
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de BAP1 et MYSMI in vivo dans 1'hématopoicse, le développement des leucocytes, les réponses

immunitaires et d'autres aspects de la physiologie des mammifeéres.
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responses to microbial stimulation." Immunology 172, no. 1 (2024): 109-126.

Page | 15



Contribution to Original Knowledge

This thesis furthers our understanding of the roles of two histone deubiquitinases, BAP1 and

MYSMI, in hematopoiesis and immune cell functions. Our main findings and contribution to

original knowledge are summarized below:

- We established BAP1 deficient Ba/F3 B cell precursor cell lines, and utilized them, together
with control cell lines, to map the genome-wide DNA-binding sites of BAP1 and evaluate
impact of BAP1 loss on histone H2AK119ub levels by ChIP-Seq. Overall, we propose that
BAP1 plays a direct role in regulating the transcriptional programs essential for cell
proliferation and cell cycle progression processes in pre-B cells, through its deubiquitinase

(DUB) activity targeting histone H2AK119ub.

- We generated the Bap ™1

Cy1-Cre mice, with Cre expression driven from the IgG1l heavy
chain locus and Cre activity restricted to the activated, germinal center (GC), and downstream
B cell populations. Through characterizing these mice, we demonstrate the direct and cell
intrinsic role of BAPI in the induction of B cell mediated immune response (including
reduction of serum antibody titres, reduction in the ratio of dark zone (DZ) to light zone (LZ)
GC B cells, and depletion of plasma cells), independent of its previously reported functions in
B cell development. We, together with our collaborators, confirmed that BAP1 deficiency does
not directly interfere with class switch recombination (CSR), and any reduction in class

]fl/ﬂ

switched Bap ™" Cy1-Cre B cells can be attributed to impaired B cell proliferation.

- We established BAP1 deficient CH12F3 mature B cell lines. We utilized the described novel
cell lines as well as control cell lines, with or without CSR induction, to map the genome-wide

DNA-binding sites of BAP1 and evaluate impact of BAP1 loss on histone H2AK119ub levels
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by ChIP-Seq. Also, we performed RNA-Seq gene expression analysis on GC B cells isolated
from the spleen of Bap ™™ Cy1-Cre and control BapI™" Cyl-Cre mice in response to SRBC
immunization, and identified novel transcriptional targets of BAP1 that are essential for the
progression of GC-reaction and can contribute to the failure of humoral immunity with the loss
of BAP1 function. Overall, we conclude that BAP1 acts as a DUB for H2AK119ub in B cells
to regulate many transcriptional programs essential for normal cell physiology, as well as for

B cell activation and the induction of humoral immune response.

1PN mouse strains, in which the

We, together with our collaborators, generated Mysm
MY SMI protein is expressed while its DUB catalytic activity is lost. Through characterizing
these mice, we demonstrate that the loss of MYSM1 DUB catalytic activity results in a severe
hematologic dysfunction (including depletion of lymphoid and myeloid immune cells, as well
as their progenitors) with highly similarity to the previously characterized MYSMI1

deficient mouse strains. Overall, we propose an essential and cell-intrinsic role of the MYSM1

DUB catalytic activity in the regulation of hematopoiesis.

We confirmed that the loss of MYSM1 protein or of its DUB catalytic activity throughout the
hematopoietic cell hierarchy severely impairs dendritic cell (DC) development using
Mysm 1PN Mysm1 deficient, and control mouse strains. We also analyzed the transcriptional
profiles of DCs from the described mouse models with or without microbial stimulation, and
conclude that the loss of MYSM1 function during DC-lineage development results not only in
reduced DC numbers but also in altered DC immune activation and polarization states that

could impact their immune functions.
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Chapter 1: Introduction and Literature Review

1.1 Hematopoiesis

Blood, being one of the most highly regenerative tissues in mammals, is comprised of cells with
various populations and limited lifespans. The replenishment of blood cells is sustained across the
entire life. Hematopoiesis is the process by which all lineages of blood cells, including erythrocytes,

platelets, myelocytes, and lymphocytes, are generated':2.

Except during early embryonic development, hematopoiesis originates from a rare population of
self-renewing and multipotent cells, known as hematopoietic stem cells (HSCs). These cells first
emerge in the aorta-gonad-mesonephros (AGM) region of the embryo; as embryonic development
goes on, they migrate to other tissues such as the fetal liver; at birth, the HSCs majorly colonize

the bone marrow (BM), where they reside and sustain the life-long production of blood cells®* .

1.1.1 The hierarchical tree model of hematopoiesis

Although details are still in debate, hematopoiesis is commonly depicted by the model of a
hierarchical tree, which roots from HSCs, branches to a series of progenitor cells with gradual loss
of lineage differentiation potential, and eventually gives rise to mature blood cells®> ® 739 The
immediate progeny of HSCs are multipotent progenitor cells (MPPs). These cells have reduced
self-renewal ability but maintains full potential to differentiate into the common myeloid
progenitors (CMPs) or the common lymphoid progenitors (CLPs). CMPs are conventionally
considered to give rise to oligopotent progenitors such as megakaryocyte erythroid progenitors
(MEPs) and granulocyte/macrophage progenitors (GMPs), which further differentiate into cells of

the myeloid lineage, including erythrocytes, megakaryocytes, granulocytes, and monocytes.
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Likewise, CLPs are thought to be responsible for the generation of a series of unilineage
progenitors and mature precursors which eventually differentiate into cells of the lymphoid lineage,
including B and T lymphocytes, natural killer (NK) cells, and innate lymphoid cells (ILCs)® 7 1%
. However, later discovery reveals that there are cells like dendritic cells (DCs) that can derive

from either the myeloid or the lymphoid pathway'?, suggesting further complexity and flexibility

of the hematopoietic cell development program.

Figure 1.1.1 Hierarchical tree model of hematopoiesis.
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Hematopoiesis is usually depicted as a hierarchical cell fate tree. One of the most widely accepted
models is displayed here. LT-HSC: long-term hematopoietic stem cell; ST-HSC: short-term
hematopoietic stem cell; MPP: multipotent progenitor cell; CMP: common myeloid progenitor;
CLP: common lymphoid progenitor; MEP: megakaryocyte erythroid progenitor; GMP:
granulocyte/macrophage progenitor; NK cells: natural killer cells.
This figure is adapted from King, K.Y. and Goodell, M.A. (2011)%.
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1.1.2 Hematopoietic stem and progenitor cells (HSPCs)

In adult mammals, HSCs are a rare population of cells found in the bone marrow, comprising less
than 0.01% of the total leukocyte population. HSCs are characterized by their capability to
reconstitute cells of all blood lineages in a recipient of bone marrow transplantation® ®. In mice,
HSCs are found in the Lin/Sca-1"/cKit" (LSK) fraction of bone marrow cells and are commonly
gated as CD1507/CD48~ LSK cells'. These cells can be further classified into two subsets: CD34~
long-term hematopoietic stem cells (LT-HSCs) and CD34" short-term hematopoietic stem cells
(ST-HSCs). LT-HSCs are cells maintaining maximum self-renewal potential over the lifespan of
the host, designated according to their capacity for sustained hematopoietic reconstitution in a
recipient for a prolonged period (more than 4 months). They are usually found in the quiescent
state and divide infrequently, entering cell cycles in response to hematopoietic stress signals and
switching back to dormancy afterwards> '* !> 16, On the other hand, ST-HSCs, also known as
multipotent progenitors 1 (MPP1), are progenies of LT-HSCs. These cells, compared to LT-HSCs,
have limited self-renewal capacity and short-term hematopoietic reconstitution ability (typically
less than 4 months), but are more proliferative and more committed to differentiation into all blood
cell lineages® % !7. Although the precise mechanisms are still being elucidated, various factors in
the bone marrow niche have been reported to contribute to the regulation of the transition from
LT-HSCs to ST-HSCs (MPP1s), including cytokine signaling, cell-cell interactions, extracellular
matrix (ECM) components, and metabolic factors'® 2%, Recently, inflammatory signals, such as
pathogen-associated molecular patterns (PAMPs) and pro-inflammatory cytokines, have been

reported to directly trigger HSC response, leading to the exit from their quiescent state® 2!,
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It is worth noticing that the stage-wise classification of HSPC differentiation has its limitations —
single-cell transplantation experiments have revealed the heterogeneous engraftment behaviors of
HSCs carrying identical surface markers, indicating that these cells may span a continuum of
activation states instead of belonging to clearly defined populations'?. However, for the ease of
explanation, we continue to use HSC and MPP subpopulations to describe them in this review.
Although not obvious as distinct cell populations in recent single-cell RNA-seq analysis??, the
MPPs are classically further divided into multiple sub-populations in flow cytometry experiments®
?. Here we adopt a model where MPP subtypes are separated into MPP1—4 contained within the
LSK compartment. Except for the described MPP1 (ST-HSCs), MPP2/3/4 are believed to sit on
the same level of the hematopoietic hierarchical tree — each MPP population is independently
produced by HSCs. Moreover, MPP2/3/4 have lower self-renewal capacity and demonstrate fully
multipotent but lineage-biased hematopoietic reconstitution potential. To be more specific,
MPP2/3/4 are primed towards different blood cell lineages: MPP2 and MPP3 are myeloid-biased
subsets (where the former is primed more towards the megakaryocyte/erythroid lineage and the
later is primed more towards the granulocyte/ macrophage lineage), whereas MPP4 (also known
as lymphoid-primed multipotent progenitors or LMPPs) is a lymphoid-biased subset” !*. Overall,
the heterogeneity within the HSPC populations highlights the complexity of hematopoietic

differentiation.

1.2 Blood Cells in the Immune System

The immune system is a complex network of organs, cells and chemicals that forms two lines of
protection in the mammalian body: I) the innate immune response, which induces rapid but non-

specific defense against pathogens and II) the adaptive immune response, which provides specific
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protection to pathogens and develops immunological memory'® 2}, Blood cells are essential
players in both the innate and the adaptive immune responses. These cells circulate
through blood and lymphatic vessels and reside in most tissues, coordinating a wide range of
activities within the body, encompassing tissue remodeling, wound healing, tumor surveillance,

and notably, defending against intruding pathogens!'’.

1.2.1 The innate immune system and important cells involved

The innate immune system consists of three major components: physical barriers (e.g. skin and
mucous membranes), chemical mediators (e.g. chemokines that direct immune cell migration and
antimicrobial peptides that kill bacteria), and cellular components. To be more specific, cells
involved in the innate immune system include granulocytes (such as neutrophils, eosinophils, and
basophils), monocytes, macrophages, and DCs, as well as NK cells and other innate lymphoid cells
(ILCs)!'* 2. Upon encountering a pathogen or danger signal, each cell type fulfills a functionally
or temporally distinct role to address and eliminate the threat. Tissue-resident macrophages, which
locate throughout the body and are often found in proximity to sites of injury or infection, ingest
pathogens and release chemokines to rapidly recruit neutrophils (in case of bacterial
or fungal infections) or eosinophils and basophils (in case of parasitic infections)'’. In humans,
neutrophils are the most abundant type of white blood cells and are among the first responders of
the innate immune system. Like macrophages, they can engulf invading microorganisms through
phagocytosis, as well as release antimicrobial peptides and reactive oxygen species to break down
and destroy pathogens. Distinctively, neutrophils are able to commit to cell death and release their
intracellular content; the released DNA, histones, and antimicrobial proteins form web-like

neutrophil extracellular traps to capture and neutralize pathogens'®. However, if these attempts
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prove ineffective, antigen presenting cells (APCs) such as DCs phagocytose pathogens, carry
processed pathogen fragments (antigens) from the site of infection to nearby secondary lymphoid
organs, and present the antigens with their cell surface major histocompatibility complex (MHC)
molecules to adaptive immune cells such as CD4" helper T cells and CD8" cytotoxic T cells!®.
Thereby, DCs act as a bridge between innate and adaptive immune system to induce pathogen

clearing in a targeted manner.

1.2.2 The adaptive immune system and important cells involved

The adaptive immune system takes longer to respond to invading pathogens compared to the innate
immune system but provides specific and long-lasting protection. Key cells involved in the
adaptive immune response include B lymphocytes (B cells) and T lymphocytes (T cells)'.
Although both originate from HSCs in the bone marrow, B cells and T cells are named based on
the different site of their development — the bone marrow (BM) and the thymus, respectively?*.
Precisely, in adult mammalian body, these lymphocytes originate from HSCs, develop in the
described two primary (central) lymphoid organs (i.e. BM and thymus), and then undergo
maturation in secondary (peripheral) lymphoid organs (i.e. spleen, lymph nodes, and others),

serving distinct and diverse roles in the adaptive immune responses'® 4.

B cells primarily mediate humoral immune response by differentiating into plasma cells that
produce antibodies (Abs), of which the functions include antigen neutralization, Fc receptor-
binding mediated antibody-dependent cellular cytotoxicity (ADCC, leading to cell lysis or
apoptosis), and activation of the complement cascade (leading to recruitment of inflammatory cells

and phagocytosis)>. Thereby, B cells are important in controlling bacterial, viral, and parasitic
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infections'®26:27-28 Some B cells develop into memory B cells, which persist within the host and
can launch a more rapid and potent response upon re-encountering the pathogen. B cells can also

act as APCs and initiate T cell-mediated immune response'® 2% 2¢,

The T cell-mediated immune responses (also known as cellular immune responses) are primarily
driven by CD8" cytotoxic T cells, which is a subset of mature T cells that recognize and eliminate
infected or abnormal cells, and thus play essential roles in fighting against viral infections and
tumors. Apart from the CD8" cytotoxic T cells, CD4" helper T cells are another important subset
of mature T cells. These cells coordinate the activation of other immune cells (e.g. B cells, CD8"
cytotoxic T cells, and macrophages)'® . Since the identification of the Th1/Th2 CD4" T cell
dichotomy, numerous additional T-helper (Th) subsets have been discovered, including Th17,
Th22, Th9, and Treg cells, each characterized by a distinct cytokine profile and believed to play a
unique role in immune response®” **. For instance, regulatory T cells (Treg) act to suppress
excessive immune responses to protect the body from autoimmunity and chronic inflammatory
diseases!® 24 3% 3! In addition, like B cells, a small fraction of CD4" or CD8" effector T cells can
develop into long-lived memory T cells, enabling the host to mount a quicker and more robust

immune response upon re-exposure to the same antigen®2.

1.3 B Cell Development and Functions

B cells are one of the central mediators of the immune response, particularly in the adaptive
immune system. These cells are characterized by their expression of clonally diverse cell surface
immunoglobulins (Ig) that can recognize specific antigenic epitopes®. Since their discovery in the

middle of the 20" century, B cells have been extensively studied in mice and humans in terms of
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their highly ordered program of early development in the bone marrow and later maturation in the

secondary lymphoid organs, as well as their functions including antibody production, memory cell

formation, and others'® 24 26,

Figure 1.3.1 B cell development.
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Early B cell development occurs in the bone marrow, whereas later B cell maturation occurs in the
periphery. CLP: common lymphoid progenitor; FDC: follicular dendritic cell; PC: plasma cell; FO
B: follicular B cell; Tth: follicular helper T cell; CSR: class-switch recombination; SHM: somatic
hypermutation.

This figure is adapted from I) Kurosaki, T., Shinohara, H., and Baba, Y. (2009), 1I) Ceredig, R.,
and Rolink, T. (2002)**, and III) De Villartay, J. P., Fischer, A., and Durandy, A. (2003)*.

1.3.1 Early stages of B cell development and the V(D)J recombination

In adult mice and humans, the early stages of B cell development occur in the BM, during which
allelic exclusion of Ig genes, established via the V(D)J recombination, is crucial for the mono-

specificity of B cells®®. Ig molecules are typically Y-shaped heterodimeric proteins consisting of
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two heavy (H) chains and two light (L) chains, with each chain composed of a variable domain
(IgV) and one or more constant domains (IgC)*’. Specifically, each variable domain is encoded by
independent gene segments: variable (V1) and joining (JL) gene segments in the L chain, as well
as variable (Vn), diversity (Du), and joining (Ju) gene segments in the H chain!®*’. During early
B cell development, these segments undergo stochastic, error-prone rearrangements. Productive
V(D)J rearrangements lead to the cell surface expression of a unique B cell receptor (BCR) on
each clone of B cells, therefore allowing B cells to obtain functional specificity and generating the

diversity of B cell repertoire!® 26,

Like other blood cells, the production of new B lymphocytes originates from HSCs. HSCs that
exit their quiescent state can generate lymphoid-biased MPP4s that are primed to give rise to CLPs,
which then differentiate into the earliest committed B-lineage cells, known as pre-pro-B cells!® 33
(Figure 1.3.1). Upon entering the pro-B stage (also referred to as pre-B1 stage in some studies)’,
the cells gain surface expression of Iga, IgP, and calnexin, which are occasionally referred to as
the pro-B-cell receptor (pro-BCR)*. Notably, in the pro-B stage, expression of recombination
activating genes (Rag!l and Rag?), together with other regulatory molecules (such as Artemis that
is ubiquitously expressed as part of the NHEJ pathway)*°, allows the initiation of the diversity to
joining segments (Du-Ju) rearrangement of the Ig heavy chain transcription units'® 3> 3% The
following pre-B cell stage can be further divided into the large pre-B stage (also known as large
pre-B2 stage) and the subsequent small pre-B stage (also known as small pre-B2 stage)’®%°. As B
cells develop from the pro-B stage to the large pre-B stage, the variable segment to the adjoined

diversity and joining segments (Vu-DJu) rearrangement is completed, which enables the

production of an intact Ig heavy chain (u H chain)'® **. The Ig heavy chain assembles with an
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invariant surrogate light chain (encoded by A5 and VpreB)*!, as well as the previously described
Iga and IgB subunits. The consequent complex, known as the pre-B-cell receptor (pre-BCR), is
presented at the cell surface, acting as the key feature of large pre-B cells®> . Signaling via pre-
BCR triggers clonal expansion of the large pre-B cell population, followed by the cessation of Ig
heavy chain rearrangement and the termination of pre-BCR expression®* 3%, Upon the loss of cell-
surface pre-BCR, the B cells enter the small pre-B cell stage, where they decrease in size and

33, 38

initiate rearrangements of their light chain . Productive light chain V-JL rearrangement

eventually results in the cell-surface expression of a unique and functional BCR that belongs to
the IgM class (named according to the pu H chain), which marks the immature B stage!® 3 42,
Because of the imprecise and random nature of V(D)J recombination, immature B cells express an
exceedingly varied IgM repertoire, comprising over 10° specificities, among which a lot can
exhibit reactivity to host tissues*’. To minimize the risk of autoimmune reactions, a negative
selection for tolerance occurs at the immature B cell stage: at this checkpoint, cells possessing a
surface expression of autoreactive IgM molecules are directed to receptor editing, deletion, or

anergy’> 424, 4,

1.3.2 B cell maturation

Transitional B cells represent an essential link between the early development of B cells in the
bone marrow and the later maturation of B cells in the spleen. [gM" immature B cells that pass the
mentioned central tolerance checkpoint exit the bone marrow, enter the blood as transitional B
cells that can co-express IgM and IgD molecules due to alternative splicing of the Ig constant
domain** *®. These transitional B cells migrate to the spleen, where they undergo maturation and

eventually join the pool of long-lived naive mature B cells*’. To be more specific, in mice,
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transitional B cells can be further classified into T1 cells (IgM" CD23") that are found in blood,
bone marrow and spleen, T2 cells (IgM" CD23") that are only found in the spleen and are thought
to be derived from the T1 cells, and T3 cells (IgM'®¥ CD23") cells seem to be an anergic splenic
population that does not progress into the mature stage*®. Notably, it is reported that transitional B
cells are still susceptible to the negative selection for auto-reactive BCR in the periphery (known
as the peripheral tolerance checkpoint), which serves to further reduce potential autoimmune
responses** 4749 Moreover, transitional B cells that circulate to non-splenic secondary lymphoid
organs (e.g. lymph nodes) may encounter antigens before they acquire maturation. In such
circumstances, reactive transitional B cell clones are eliminated via the process of negative

selection as well*”>°,

Once entering the spleen, transitional B cells of the conventional B-2 lineage can give rise to
mature B cells that are fully capable of participating in immune responses, among which the
majority are follicular (FO) B cells and the minority are marginal zone (MZ) B cells '*3*51:32 MZ
B cells, named due to their location in proximity to the marginal region of the spleen that filters
the blood, are characterized by high level of IgM expression and act as part of the frontline of
antigen detection'®3!:32 33 In contrast, FO B cells, exhibiting lower level of surface IgM, reside
in follicles and make up the bulk of the peripheral B cell pool, contributing to highly specific

antibody (Ab) responses in cooperation with T follicular helper (Tth) cells'® !>,

Other than the conventional B-2 cells, there is also the B-1 cell lineage, which include the B-1a
and B-1b subsets. Although the details of the developmental pathway are not fully understood, it

is believed that B-1 cells are from a distinct progenitor population generated from fetal tissues
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(including fetal liver and fetal omentum)>. In terms of their functions, B-1 cells are considered as
significant contributors to the B-cell mediated immune responses: B-1a cells are able to rapidly
produce “innate-type” natural antibodies along with MZ B cells in a T-cell independent manner
during the early humoral response, whereas B-1b cells act as essential antibody producers against

specific pathogens in the later phase of humoral response’> %% 378,

Figure 1.3.2 Ig gene diversification and affinity maturation.
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Schematic representation of the Ig gene diversification and affinity maturation, using the heavy
chain locus as an example. VDJ: variable, diversity, joining gene segments; IgC: immunoglobulin
constant domains; RAG1/2: RAGI1/2 recombination activation complex; SHM: somatic
hypermutation; CSR: class-switch recombination; C: deoxycytidine; G: deoxyguanosine; A:
deoxyadenosine; T: deoxythymidine; AID: activation-induced cytidine deaminase; ncBER: non-
canonical base excision repair; ncMMR: non-canonical mismatch repair; UNG: uracil DNA
glycosylase; REV1: REV1 DNA directed polymerase; MSH2/6: MSH2/6 mismatch repair
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complex; EXO1: exonuclease 1; Pol n: DNA polymerase n; S: switching regions; NHEJ:
nonhomologous end joining.

This figure is adapted from I) Delker, R.K., Fugmann, S.D. and Papavasiliou, F.N. (2009)> and II)
Feng, Y., Seija, N., Di Noia, J.M. and Martin, A. (2020)°°.

1.3.3 B cell activation and germinal center reaction

After encountering antigens, naive FO B cells can undergo activation and further affinity
maturation. To be more specific, in the spleen, naive B-2 FO cells that bind antigens via their
surface Ig receptor upregulate the expression of chemokine receptor (e.g. CCR7) and migrate
towards the boundary of B cell follicles and T cell zones, seeking Tth cells®* 616263 Tth cells,
through their expression of a range of molecules including CD40 ligand (CD40L), inducible T-cell
co-stimulator (ICOS), and CD28, form dynamic conjugates with FO B cells, triggering their
activation and rapid proliferation®* %, Activated FO B cells can undergo differentiation via one of
two routes: the follicular pathway, leading to the formation of germinal centers (GCs), and the
extrafollicular pathway, resulting in the development of short-lived plasma cells (PCs) 3 6,
Compared to the short-lived PCs which provide rapid but transient production of antibodies, B
cells committed to the follicular pathway are able to elicit long-lasting antibody reactions with

high specificity and affinity'® 6.

A germinal center is structurally characterized by a dark zone (DZ) and a light zone (LZ), named
according to their histological appearance in mice and humans'® %. The dark zone, located in
proximity to the T cell zone, contains a high density of rapidly proliferating B cells known as
centroblasts®®. The light zone, in contrast, is comprised of nonmitotic B cells known as centrocytes,
as well as a network formed by follicular dendritic cells (FDCs)®. Such compartmentalization

results from the differential gradient of chemokines in germinal center (DZ with higher
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concentration of CXCL12 generated by Tth cells versus LZ with higher concentration of CXCL13
generated by FDCs), as well as the regulated expression of chemokine receptors in GC B cells

(CXCR4" DZ cells vs. CXCR5" LZ cells)®3 .

In terms of its function, the germinal center is essential for providing the microenvironment to
support antibody affinity maturation, of which the basis is a process known as somatic
hypermutation (SHM)'* %367 Highly proliferative GC B cells that undergo SHM in the dark zone
exit the cell cycle and re-express surface Ig as they migrate to the light zone, where they interact
with antigen-carrying FDCs®. High affinity for antigen provides a competitive advantage for B
cell survival, known as the affinity selection!®®. B cells that pass the affinity selection re-enter
the dark zone to undergo additional rounds of proliferation and SHM, whereas apoptotic B cells
are engulfed by specialized macrophages residing within germinal centers®’. Thereby, cyclic re-
entry of GC B cells between the dark and light zones allows a survey of efficacy, prompting the
survival of cells that gain high affinity to Ag through SHM. Consequently, survived B cells that
differentiate into Ab-secreting plasma cells or long-lived memory B cells are able to better deal
with pathogens in a highly specific manner!% 3% On the other hand, class switch recombination
(CSR), a process critical for the diversification of antibody effector functions, was widely depicted
as another hallmark of the GC reaction — it was believed that CSR, like SHM, also predominantly
occurs in germinal centers'® ©. However, recent discoveries revealed that CSR is induced by T
cell priming prior to the GC B cell differentiation, and is largely ceased in germinal centers®’.
Nevertheless, both SHM and CSR are critical for the maturation of antibody responses, and their

mechanisms will be discussed in the following sections.
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1.3.4 Somatic hypermutation

SHM typically occurs in the dark zone, triggering high rates (~0.1% per base per generation) of
point mutations in the variable domain of Ig (IgV)®!- 3. Precisely, deoxycytidine bases in IgV genes
are targeted by activation-induced cytidine deaminase (AID) for deamination, introducing
deoxycytidine (C) to deoxyuridine (U) conversion, thereby leading to a base pair mismatch
between U and deoxyguanosine (G)®" %, Such U:G mismatch can be repaired through different
pathways. In the base excision repair (BER) pathway, the uracil is recognized and excised from
the deoxyribose-phosphate backbone by uracil DNA glycosylases (predominantly UNG and
subordinately SMUG ), generating an abasic gap®® ®!:63. Except for the canonical error-free repair
(mediated by enzymes such as APE1 and DNA polymerase ) that restores the C:G base pair, error-
prone translesion DNA synthesis (mediated by DNA polymerases such as REV1) may also occur,
resulting in the introduction of random nucleotide substitution (either transition or transversion) at
the original C:G base pair®” ¢! ©_ Alternatively, in the mismatch repair (MMR) pathway, U:G
mismatch can be detected by the MSH2/MSHG6 heterodimer complex, followed by further excision
surrounding the U:G mismatch by enzymes such as the PMS2/MLH heterodimer (also known as
the MutLa complex) and the exonuclease EXO1. The excised DNA fragment, likewise, can be
repaired with relatively low fidelity by error-prone DNA polymerases such as DNA polymerase 7,
generating mutations at A:T base pairs®® ®!. Both non-canonical mutagenic translesional repair

pathways are crucial in SHM, leading to stochastic changes in BCR affinity and specificity®® 16,

1.3.5 Class-switch recombination

CSR, on the other hand, induces combinatorial deletion of exon segments between switch (S)

regions in the heavy chain constant domains of Ig (IgC), bringing selected heavy chain IgC exons
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in proximity to IgV. This enables the diversification of Ig expression from IgM and IgD to IgG,
IgE or IgA without changing the antigen-binding specificity®® ®* %8, Similar to SHM, the CSR
process is also initiated by AID recruitment. Typically, AID preferably deaminates deoxycytidine
bases in S regions (1-10 kb in length), which are G rich regions located upstream of all heavy
chain IgC exons except for C8°% > Via ncBER or nc MMR pathways, AID-introduced U:G
mismatch can be converted to DNA double-strand breaks (DSBs), which are repaired by
nonhomologous end joining (NHEJ) rather than homology-directed repair (HDR) in CSR®® 63 68,
Briefly, NHEJ involves the recognition of broken DNA ends by Ku70/80 heterodimer, the
recruitment of DNA protein kinases (DNA-PKcs), the removal of damaged or mismatched
nucleotides from the broken ends by nucleases such as Artemis and PALF, and the ligation of
processed DNA ends by DNA ligation complex (XLF, XRCC4, and DNA Ligase IV)* . During
CSR, the recruitment of NHEJ proteins to S regions requires the function of AID C terminus; in
contrast, during SHM, the N terminus function of AID is more important“’ 68 NHE]J is essential
in CSR as it can occur as an intrachromosomal deletional recombination and bridge two S regions
with DSBs. Notably, the two S regions need to be in contact via the formation of a chromosomal
loop, which is induced by the interactions of Ep and 3'Eo. enhancers® 772, Proteins such as YY 173

have been proposed as potential regulators of the chromosomal loop formation during CSR,

although the mechanism is not fully understood.

1.4 Dendritic Cell Development and Functions

Dendritic cells (DCs) are professional APCs found in all mammalian tissues, playing a crucial role
in the initiation and regulation of both innate and adaptive immune responses’* 7°. Since their

discovery in the 1970s’®, many subtypes of DCs are classified based on their tissue of origin,
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pathway of differentiation, surface marker expression, transcriptional profiles, phenotype
similarities, and others’* 7> 7778 Here, we briefly review the development and functions of two
major subtypes: conventional DCs (¢cDCs) and plasmacytoid DCs (pDCs)’* 7> 77, Other subsets,
such as monocyte-derived DCs (moDCs) that are found on sites of inflammation but are absent

from homeostasis, will not be discussed here.

1.4.1 Conventional dendpritic cells

cDCs, featured by their potent antigen presenting abilities, develop from conventional dendritic
cell progenitors (CDPs) in the bone marrow’® 7. Characterized by their functions, cDCs were
historically categorised into lymphoid tissue resident cDC (exist within the lymphoid tissues in the
steady state, surveying the blood and lymph for signs of infection) and migratory ¢cDC (exist in
peripheral tissues, capturing antigen and migrating to the draining lymph node)”. The latter
include multiple subsets which are found in tissues such as lungs, intestines and kidneys’’. In terms
of their development, cDCs were thought to originate from monocytes, but this was subsequently
disproved. Later research showed that CDPs derive from both the myeloid and the lymphoid
pathway'> 7. In mice, it was originally thought that CD8a" cDCs are lymphoid-derived whereas
CDS8a~ cDCs are myeloid-derived®® 8!, However, later DC reconstitution experiments challenged
this model — CLPs and CMPs purified from mouse bone marrow showed a similar potential to
generate both subsets of ¢cDCs in the irradiated recipient mice®® 8!, On the other hand, CMPs are
10-fold more abundant than CLPs, and consequently the majority of DCs being studied originate
from CMPs, making the myeloid versus lymphoid distinction challenging but less useful in DC
research®!. Nowadays, cDCs in mice are commonly further classified into cDC1 and ¢cDC2 by their

differential surface expression (e.g. Clec9a and XCR1 for cDC1 vs. SIRPa for cDC2)7> 7778,
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cDCl1s make up around 30-40% of total cDCs in most tissues, but are enriched in the thymus and
Peyer’s patches”. In mouse, lymphoid-organ-resident cDCls are typically CD8" 7 7°. These
cDCls can be activated by PAMPs via their Toll-like receptors (TLRs) and produce cytokines such
as IL-12, IL-6, TNF-a, and type III IFNs’*. Moreover, cDCls are proficient in cross-presenting
antigens (especially the antigens associated with dead cells) on MHC class I molecules and cross-
priming CD8" T cells. ¢cDCls are, therefore, considered as important inducers of anti-viral and

anti-tumor immune responses’*.

cDC2s, in contrast, are more abundant and heterogeneous than cDCls. In mice, lymphoid-organ-
resident cDC2s are typically CD8", among which a fraction express CD4" ™ 7>, In terms of their
functions, cDC2s have exceptionally high levels of cytosolic nucleic acid sensors, NOD-like
receptors, and other inflammation associated signaling molecules at the steady state, enabling them
to detect a wide spectrum of danger signals’™* 7%, Furthermore, these cells can act as the sources of
many cytokines, including IL-12, IL-10, IL-1B, IL-6, IL-8, and IL-2374. Distinct from c¢DCls,
cDC2s are able to provide T cell survival signals and are more efficient activators of CD4" T cells.

For instance, Thl and Thl7 cells have been reported to be induced by cDC2s™ 7%,

1.4.2 Plasmacytoid dendritic cells

pDCs, compared to cDCs, are not proficient in classical antigen presentation and T cell priming .
Whether the origin of pDCs is of the myeloid or the lymphoid lineage has been a topic of debate
for a long time, partially due to their similarities to both ¢cDCs and B-cells’. Currently, pDCs are
believed to differentiate from CDPs by some researchers, but are considered as descendants of

precursors that are distinct those giving rise to cDCs by others’ 7°. In mice, pDCs migrate from
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the bone marrow to the peripheral lymphoid organs and acquire their maturation’®. Due to their
unique constitutive expression of IRF7 (independent of the IFN-a/p receptor positive feedback
loop required in other cells), pDCs are major producers of type I interferons (IFNs)’#. Through the
IFN production, pDCs regulate the function of other immune effector cells, including cDCs, NK
cells, CD4" and CD8" T cells, and thereby act as an important mediator of anti-viral immune

responses’*.

1.4.3 Re-classification of DCs based on single cell RNA sequencing (scRNA-seq)

More recently, single-cell RNA-seq analyses improved the understanding of DC subsets. Through
unbiased transcriptomic classification, six sub-populations were identified in human DCs®.
Among these six groups, the classic cDCls, pDCs, and monocyte-derived DCs (moDCs) are
present, whereas the cDC2s are found as heterogeneous and sub-divided into cDC2A and ¢cDC2B
(or, in some studies, cDC2 and ¢DC3, characterized by different surface markers)®> 33, Such
subdivision is confirmed in mice as well®. In addition, a novel subset of DCs named AS DCs

(AXL*SIGLEC6" DCs) was identified, yet the precursor of this subset still needs to be identified®?.

1.5 Regulations of Hematopoietic Cell Development and Functions

The production, differentiation, and maturation of hematopoietic cells are under delicate control
of complex networks of regulatory pathways. Various factors exert cell-specific and temporarily
defined regulations on hematopoietic cells to determine their developmental stage and lineage
potential, as well as their survival and functions. These regulatory factors include cell-extrinsic

18, 19, 20

ones, such as cytokine signaling, cell-cell interactions, and ECM components , and cell-

intrinsic ones, such as transcriptional and epigenetic regulators® ®*. Here, we focus more on the
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transcriptional and epigenetic modulations of gene expression, as external signals must interact

with these intrinsic parameters to instruct the fate of hematopoietic cells.

1.5.1 Transcription factors in early B cell development

Taking B lymphocytes as an example, many transcription factors have been identified as crucial
regulators of B cell development. E2A transcription factor (E2A), early B-cell factor 1 (EBF1) and
paired box protein 5 (PAXS) are three interdependent and indispensable factors controlling the
commitment from CLPs to the B cell lineage'® 3% 8¢, Absence of any of these transcription factors
leads to an early block in B-cell development®’ -89 Specifically, PAX5, known as the master
regulator of B lymphopoiesis, constrains the potential developmental pathways of lymphoid
progenitors to the B cell lineage by suppressing the transcription of lineage-inappropriate genes
(such as Flt3 and Ly6a/Scal controlling the proliferation and differentiation of hematopoietic
progenitors, CsfIr necessary for myeloid cell development, and Notchl required for T cell lineage
specification) while also promoting the expression of genes essential for B cells (including Aicda
encoding AID enzyme, Mb-1/Cd79a encoding the Iga subunit of BCR, and genes encoding cell
surface receptors CD19, CD40, CD21, CD23, and others)®®. E2A and EBF1 are necessary for
PAXS expression, whereas the expression of EBF1 depends on autoregulation and low dosage of
purine-rich sequence binding factor 1 (PU.l), and the level of EBFI, in turn, affects E2A
expression’!. Interestingly, an induction of transcription factors that are not B-cell-specific,
including EGR1, NR4A2, and KLF4, was observed before the onset of the E2A-EBF1-PAXS5
regulatory circuit, implicating a transcriptional priming mechanism of early B cell development®>.
Moreover, the E2A-EBF1-PAXS circuit is believed to be responsible for regulating the expression

of Ragl and Rag? essential for the VDJ rearrangements of Ig genes®> % %!, Precisely, E2A binding
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sites have been identified in the Rag/ promoter region, while PAXS has been reported to bind to
the Rag2 promoter region in murine B cells®® **. Moreover, E2A and EBF1 bind coordinately with
FOXOI, while FOXOL1 is a key transcription factor that activates the transcription of Rag/ and
Rag?2 genes in primary murine B cells®> *°. B cell precursors undergoing VDJ recombination are
also regulated by other transcription factors, such as LEF1 and SOX4 supporting cell survival and
proliferation of pro-B cells, as well as IRF4 and IRF8 controlling the cessation of pre-BCR
signalling and facilitating the differentiation into small pre-B cells engaged in light-chain gene
rearrangements®’. Overall, the coordinated activities of transcription factors play a critical role in

regulating B cell lineage commitment and early stages of B cell development.

1.5.2 Transcription factors in B cell maturation and GC reaction

Beyond the commitment and differentiation of early B cells progenitors, the fate of mature B cells
is also subject to the regulation of gene expression. For instance, PAXS, mentioned as a critical
regulator of early B cell development in the previous section, exhibits persistent level of expression
from the pro-B cell stage to the mature B cell stage, but needs to be repressed during terminal
plasma cell differentiation in order to enable the expression of plasma cell regulators BLIMP1 and
XBP1, as well as surface receptors CD28 and CCR4 necessary for normal plasma cell function®.
Other examples include the E26 transformation-specific (ETS) and interferon regulatory factor
(IRF) family transcription factors, such as PU.1, SPIB, IRFS, and IRF4, which are all crucial for
MZ B/ FO B lineage selection, BCR signaling, and cell survival®®,

Likewise, the GC reaction also depends on the regulation of various transcription factors. For

instance, octamer transcription factors OCT1 and OCT?2, as well as their transcription coactivator
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OBF1, are identified as essential contributors to the initiation of GC reaction downstream of BCR
signalling”. These regulators directly activate the transcription of Bcl6, which encodes a zinc
finger transcription factor”. Known as the master regulator of GC reaction, BCL6 regulates
expression of a wide range of genes (such as those encoding CD80, PD-L1, CXCR4, p53,
CDKNIA, etc.)!?, and contributes to the stabilization of FO B / Tth cell-cell interactions in DZ,
the DZ GC B cell chemotaxis, the tolerance of GC B cells to DNA damage, and many other
processes’ % The expression of Bcl6 is regulated by many other transcription factors, including
IRFS, IRF4, MEF2B, BLIMP1, and TP53%. Specifically, IRF4 controls the transcription of BCL6
and OBF1 at the very early phase of GC B cell differentiation in response to T-cell-dependent
antigen stimulation, whereas IRF8 induces the upregulation of BCL6 and MDM2 and
consequently promotes GC B cell survival®®1°:192_ Other transcription factors crucial for the initial
stages of GC establishment include cMYC, which is essential for GC maintenance®® ', Notably,
the expression of Myc gene is repressed by BCL6 in DZ B cells and is only transcribed in a small

fraction of LZ B cells that are primed for re-entry into the DZ!'*.

On the other hand, the later stage of GC reaction, involving SHM, is also modulated by various
transcription factors. PAXS, E2A, and IRF8 have been reported to regulate the expression of AID ,
thereby contributing to BCR affinity maturation®. The expression level of 1d3 affects germinal
center B cell maturation'®. YY1 is necessary for the rapid proliferation of DZ cells via, at least
partly, inhibition of cell apoptosis®- 1%, FOXOI1 is a key transcription factor maintaining the DZ
program, as it can inhibit the expression of BLIMP1 and consequently supress the differentiation
of GC B cells into plasma cells® %7, As B cells exit from the GC reaction, however, BLIMP1,

together with IRF4, play a critical role in terminating the expression of AID, BCL6, PAXS and
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cMYC while promoting the expression of XBP1, thereby driving the transition from GC B cells
to plasma cells and enabling antibody production®” !%. In contrast, ABF-1 favors the
differentiation of GC B cells into memory B cells” 1. In summary, transcription factors are

important regulators of the GC reaction and fate decision of mature B cells.

1.5.3 Epigenetic regulation in B cell development

The regulation of B cell development also involves epigenetic mechanisms. In brief, epigenetic
modifications, including DNA methylation, histone modification and non-coding RNA associated
gene silencing, regulate gene expression by altering chromatin structure and DNA accessibility
without directly affecting the genomic sequence!'!® !, DNA methylation, mediated by DNA
methyltransferases (DNMTs) and predominantly occuring at CpG dinucleotides, is associated with
repression of gene transcription''"> 12, The DNA methylation pattern across the genome undergoes
dynamic changes during hematopoiesis and exhibits locus-specific variations — the level of
methylation can increase in certain genomic regions while decrease in others''®>. DNA methylation
is an important regulatory mechanism during B cell development. For instance, the promoter of
the Mb-1 gene, which encodes the Iga subunit of BCR, is fully methylated in HSCs, partially
demethylated in CLPs, and completely demethylated in pre-B cells. The changing methylation
status of Mb-1 promoter is regulated by EBF1 in cooperation with runt-related transcription factor
1 (RUNXI), and is required for the activation of Mb-1 gene transcription by PAXS at the pre-B
cell stage®®. Likewise, histone modifications and microRNAs (miRNAs) also play important roles
in B cells, about the former we will discuss more in the following sections. An example of the
involvement of these two mechanisms in B cells is the regulation of CSR: the S-regions are

enriched for histone modifications (H3K4me3, H3K36me3 and H3K27ac) that are believed to
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have a role in AID binding, whereas miRNAs (miR-155, miR-181b, and miR-361) can reduce the
expression of AID and supress the production of hypermutated auto-antibodies'' 1% 15, Many
other epigenetic regulators, such as SMARCA4 and EZH2, are also implicated in establishment of
the B-cell fate®®. Overall, the epigenetic regulatory networks are essential for supporting their

normal development and functions of B cells.

1.5.4 Transcription factors in DC development

Many transcription factors have been implicated in the development of different DC subsets. For
instance, STAT3 is shown to function early in the commitment process to the DC lineage, as
STAT3-deficient murine HSCs are unable to produce CDPs in response to Flt3 ligand treatment!!6,
Likewise, PU.1, involved in the induction and maintenance of FIt3 expression in DC precursors,
is also essential for development of cDCs and pDCs!!7. Another important example is IRFS. IRF8
deficiency leads to reduction or elimination of both cDC and pDC subsets in human patients!!® 119,
Consistently, it is reported that early expression of IRF8 in HSC-MPP creates a predisposition

towards the cDC1 lineage'*’

. Moreover, the ratio of IRF8/IRF4 expression levels in pre-DCs is
indicative of their commitment, with higher IRF8 expression associated with the ¢cDC1 lineage

and higher IRF4 expression associated with the cDC2 lineage'?!.

Other important transcription factors involved in cDC development include BATF3, RelB, and
1d27°- "%, BATF3 is a basic leucine zipper transcription factor, and its deficiency in mice results in
a reduction of CD8" and CD103" ¢DCls without affecting the CD8™ and CD11b* ¢cDC2s'?.
Consistentky, silencing of BATF3 in HSCs leads to impaired cDC1 differentiation in vitro, but not

in humanized mice'?*. On the other hand, mice lacking RelB, a member of the NF-kB/Rel family
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proteins, exhibit a drastic reduction of CD8™ resident cDCs!'?*. In addition, 1d2, a DNA binding
inhibitor belonging to the family of basic helix-loop-helix (HLH) transcription factors, is needed
for cDC development while exerting an inhibitory effect on pDC development — mice with 1d2

deficiency have reduced number of CD8" and CD103* ¢DCs and increased number of pDCs'?% 2%,

Likewise, there are many other transcription factors involved in pDC development, such as Ikaros,
SpiB, and E2-27% 1%, Ikaros is a zinc finger DNA binding protein, of which the deficiency leads to
reduced pDC numbers in mice and humans'?® '?7, It was later found that Ikaros regulates the
development from CDPs to pDCs by antagonizing the TGFf pathway, since inhibition of TGFf
signaling rescues Ikaros-deficient pDC development in vitro'?®. Furthermore, DC progenitors from
Ikaros-deficient mice exhibited reduced expression levels of FIt3, IRF4, IRF8, and SpiB,
indicating that Ikaros functions upstream of these factors’™. SpiB, interestingly, is necessary for
pDC development in humans'?’, yet whether its function is indispensable for pDC development in
mice remains in debate!3% 13!, In contrast, E2-2, which is a member of the HLH protein family and
is antagonized by the Id proteins, plays a crucial role not only in the development but also in the
maintenance of pDCs’ % 133 In summary, the development of DCs, including cDC and pDC

subsets, is governed by various transcription factors.

1.6 Histone Modifications and Gene Regulation

Eukaryotic DNA is structured into chromatin, which exists in two primary forms: euchromatin
(less condensed and genetically active) and heterochromatin (highly condensed and genetically
inactive)!!® 134 135 Nucleosome, a section of DNA winding around the octamer of core histones

(composed of H2A-H2B and H3-H4 dimers), form the basic units of chromatin that is responsible
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in part for the compactness of a chromosome!!® 13+ 135 Histone modifications constitute an extra
regulatory layer on top of the DNA sequence. Common histone modifications, including
acetylation, methylation, phosphorylation, and ubiquitination, can affect nucleosome assembly or

disassembly, influencing the accessibility and expression potential of the adjacent genes!3¢ 137 138,

The complexity of histone modifications can be reflected by the diversity of chromatin modifying
enzymes and protein complexes as well as the functional variety of histone marks. For example,
among the mediators of histone modifications, the trithorax groups (TrxG) and the polycomb
repressive complexes (PRCs) are the most studied protein complexes'!'®. TrxG mediated tri-
methylation at lysine 4 of histone H3 (H3K4me3) results in an open chromatin configuration, and,
therefore, marks active transcription!?” 13% 140 141 Conversely, PRC1 mediated H2A mono-
ubiquitination at lysine 119 (H2AK119ub) and PRC2 mediated H3 tri-methylation at lysine 27

(H3K27me3) lead to chromatin condensation and consequent repression of gene expression!3’- 13%

140, 141

Moreover, different histone modifications may function in an interactive manner. For instance,
increased level of H3K27me3 is associated with enhanced PRCI1 recruitment and H2A mono-
ubiquitination'#? 143144 \whereas the H2AK119Ub, in turn, promotes PRC2 binding and H3K27
tri-methylation'*> 1%, H2AK119ub also exerts an inhibitory effect on di- and tri-methylation of
H3K4, leading to repression of transcription initiation in vitro'**. Also, phosphorylation of histone
H3 at serine 10 (H3S10p) promotes the histone acetyl transferases (HATs) mediated acetylation at
H3 lysine 14 (H3K14ac)!'*’. Many aspects of the dynamic, covalently linked histone modification

mechanisms remain to be explored.
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Figure 1.6.1 Different modes of ubiquitination lead to different substrate fates.
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Attachment of single or multiple ubiquitin molecule(s) onto histone or non-histone substrates leads
to diverse cellular responses. Ub: ubiquitin; K: lysine.

This figure is adapted from I) Suryadinata, R., Roesley, S. N. A., Yang, G., & Saréevié, B. (2014)'4®,
and IT) Sadowski, M., & Sarcevic, B. (2010)'%,

1.6.1 Ubiquitination of histone and non-histone substrates

Ubiquitination, the process of conjugating the 76-amino-acid ubiquitin (Ub) to the side chain of a
lysine residue of the substrate protein, is a complex process involving several enzyme-catalyzed
steps. Sequentially, the C-terminal glycine residue of Ub is first attached to the catalytic cysteine
residue of ubiquitin activating enzyme (E1) via a thioester bond in an ATP dependent manner, then
transferred to ubiquitin conjugating enzyme (E2), and eventually appended to the lysine residue of
target molecule by ubiquitin-protein isopeptide ligase (E3)!*% 159 151 Moreover, multiple lysine
residues on the substrates, as well as residues on the substrate conjugated Ub, can be utilized by
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ubiquitinases to catalyze further cycles of ubiquitination, resulting in multi-ubiquitination or poly-
ubiquitination, respectively!#® 139 151 Specifically, polyubiquitination can be categorised into two
types: ) linear ubiquitination (also known as a-amino linkage), during which a peptide bond forms
between the C-terminal glycine residue of one Ub molecule and the N-terminal methionine residue
of another Ub molecule, and II) non-linear ubiquitination, during which a peptide bond forms
between the C-terminal glycine residue of one Ub molecule and one of the seven lysine residues

(K6, K11, K27, K29, K33, K48 and K63) within another Ub molecule'*® 132,

Depending on the locus and the type of ubiquitination, substrates have distinct fates. For example,
mono-ubiquitination often contributes to the regulation of gene expression and DNA repair,
whereas poly-ubiquitination is usually associated with proteasomal degradation (K11- and K48-
poly-Ub) or non-degradative cellular processes such as signal transduction (K63-poly-Ub)!48: 14%:
133,154 'Notably, there may be certain crosstalk between different types of ubiquitination: the self-
ubiquitination of the E3 ligase RING1B (the catalytic subunit of PRC1, also known as RNF2 or
RING?2) results in branched K6, K27, and K48 ubiquitin chains, which is essential for its catalytic

activity to induce histone H2A monoubiquitination'>.

Although histone ubiquitination is proposed to serve as an indispensable regulator of nuclear and
cellular processes, it is not as intensively studied as histone methylation and acetylation'’,
Historically, histone H2A was the first identified ubiquitinated protein, and shortly after the
discovery, researchers found that rather than poly-ubiquitination, a single Ub molecule was
conjugated to H2A at the highly conserved lysine 119 (H2AK119) residue in vertebrates (isoforms

include H2AK 118 in Drosophila and H2AK121 in Arabidopsis)'*> 3% 156157 'H2 A ubiquitination
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was linked to gene silencing as it was found enriched in inactive X chromosome in early studies,
and was later reported to be widely distributed across the genome, including transcription start
sites (TSS), gene bodies, and intergenic regions!*>. Thus far, H2AK119ub is the most abundant
form of histone ubiquitination (up to 10% in vertebrate genome) and is confirmed to be associated

with repressed genes by ChIP-seq analyses'>™ !,

H2B mono-ubiquitination at lysine 120
(H2BK120ub), as well as the less prevalent H3 and H1 ubiquitination (site remain unclear), have

also been discovered''.

1.6.2 Functions of H2A (de)ubiquitination

In spite of several reports associating both H2A ubiquitination and deubiquitination with
transcriptional activation, H2AK119ub is generally considered as a mark of gene silencing,
whereas the removal of the mono-ubiquitin opposes this repressive effect!>% 1> 158 The PRC1
complex that mediates H2A monoubiquitination is considered to be recruited to the same genomic
regions after PRC2 is recruited and deposits H3K27me3, which seems to indicate that H2ZAK119ub

deposition is dependent on H3K27me3'®

. However, such proposal was challenged by the
observation in Drosophila that PRC1 can be directly recruited to chromatin (by PhoRC, of which
the vertebrate ortholog is YY1) independent of H3K27me3'**. Follow up studies in mammals
confirmed that H3K27me3 is dispensable for H2AK119ub'*®. On the other hand, as mentioned
before, the transcriptional repressive function of H2AK119ub can be associated with its role in
inhibiting H3K4 methylation'*. Furthermore, H2AK119ub has been shown to enhance the
recruitment of remodeling and spacing factor 1 (RSF1) and the binding of the linker histone HI,
indicating the possibility that H2AK119ub contributes to transcriptional repression by remodeling

higher-order chromatin structure!3% 13 160,
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Other than its role in regulating gene expression, H2A (de)ubiquitination may also contributes to
the DNA damage repair process. Phosphorylation of the histone H2A variant H2AX (y-H2AX),
the most robust histone modification in response to DNA damage (especially DSBs), has been
proposed as prerequisite for H2A ubiquitination, suggesting the possible involvement of H2A
ubiquitination in DNA damage response!’!. To be more precise, H2AX phosphorylation is
primarily mediated by ataxia telangiectasia mutated (ATM) kinase'®! 12, Subsequently, mediator
of DNA damage checkpoint protein 1 (MDC1) is recruited to the y-H2AX locus, becomes
phosphorylated by ATM, and promotes the binding of E3 ligases RNF8 and RNF168, which can
target H2A and H2AX for mono- or poly-ubiquitination at K13 and K15'% 16 Although the
mechanistic role or these poly- and mono-Ub marks is not fully understood, it has been reported
that H2AKI15 mono-ubiquitination together with H4K20 dimethylation, or Ko63-linked
polyubiquitination of H2AK135, is able to enhance the recruitment of 53BP1, which is essential for
DSB repair by NHEJ pathway!6% 163164 Furthermore, the K125, K127 and K129 residues on H2A
can be targeted for mono-ubiquitination by breast cancer type 1 susceptibility protein (BRCA1)
and its binding partner BRCA1-associated RING domain protein 1 (BARD1)!%>. Specifically,
H2AK127ub and H2AK129ub facilitate the recruitment of chromatin remodeling protein
SMARCADI, which promotes DNA end resection and DSB repair by HR pathway!'®.
Consistently, UV irradiation has been shown to result in elevated level of H2A mono-
ubiquitination in mammalian cells, although the residue to which mono-ubiquitin is added remains
unclear!$® 167 Overall, H2A ubiquitination, either at steady state or in response to damage, is

required for many biological processes, including regulation of gene expression and DNA repair.
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1.6.3 H2A (de)ubiquitinating enzymes

As mentioned earlier, the process of ubiquitination depends on E1/E2/E3 enzymes, among which
the E2 and E3 enzymes are responsible for the attachment of Ub molecules to histone or non-
histone substrates. Mammals possess more than 30 E2 enzymes and over 500 E3 enzymes, the
diverse combinations of which contribute to the generation of various structures of ubiquitinated
proteins'*®. In humans, RING1B is the most well-characterized H2AK119-specific E3 ligase!>% %8,
It is the primary catalytic component of the PRC1 complex and is believed to be an essential
regulator of transcriptional repression!*® 13%- 188 The RING1A subunit, in contrast, is less studied
but also exhibits independent E3 ligase activity and can potentially compensate for RING1B!'®’.
To be more precise, the catalytic core of either the canonical PRC1 (cPRC1) or the non-canonical
(ncPRCI1) complex consists of the Ring finger protein subunit (RING1B or RING1A) and the
Polycomb group ring finger (PCGF) subunit (PCGF1/RNF68, PCGF2/RNF110, PCGF3/RNF3,
PCGF4/BMI1/RNF51, PCGF5/RNF159, or PCGF6/RNF134)!7°, RING proteins are sufficient for
H2A ubiquitination, while PCGF proteins are reported to enhance the activity of RING proteins in
vitro'™" 17! Interestingly, a study using mouse embryonic stem (ES) cells revealed that although
RINGI1B mediates chromatin compaction and is necessary for gene repression, their gene
expression regulatory role can be independent of their ubiquitin ligase activity!’2. Moreover,
despite the many reports that RING1B regulates the repression of many important developmental
genes in mouse ES cells, it is dispensable for the initiation and maintenance of X chromosome
inactivation (characterized by chromosome-wide histone modifications, including H3K27me3,
H4K20me, and, importantly, H2AK119ub)!”. Other E3 ligases, including RNF8/168 that target
H2AK13/K15 and BRCA1/BARDI1 that target H2AK127/K129, also play critical roles in

biological processes such as DNA damage repair'#.
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On the other hand, the removal of Ub tags is mediated by deubiquitinating enzymes (DUBs),
including six families of cysteine proteases and one family of JAMM/MPN domain-associated

174,175 Mechanistically, DUBs belonging to the cysteine protease families

metalloproteases
catalyze the removal of ubiquitin molecules via peptide bond cleavage using a nucleophilic thiol
from a cysteine (which is typically found in a catalytic triad that also involves histidine). In contrast,
DUBs belonging to the metalloprotease family mediate deubiquitination by peptide bond cleavage

175_Till now, many H2A

using a nucleophilic hydroxyl group generated in a zinc-dependent manner
DUBSs have been identified, including BRCC36 hydrolyzing the K63-linked poly-ubiquitin chains
on H2AK15'76, ubiquitin-specific proteases (USPs) USP3 and USP51 hydrolyzing the mono-
ubiquitin on H2AKI13/K15'" 17 and USP48 hydrolyzing the mono-ubiquitin on
H2AK127/K129'". Likewise, the removal of mono-ubiquitin mark on H2AK 119 can be mediated
by DUBs such as USP3, USP21, USP22, and USP44, as well as BRCA1-associated protein-1
(BAP1) and Myb-like SWIRM and MPN domains 1 (MYSM1)!48: 167180 Notably, MYSM1 (also
known as KIAA1915) was discovered to be necessary in the maintenance and differentiation of
HSCs, as well as in the normal development of lymphoid and erythroid lineage cells'¢” 13, Since
then, Dr. Nijnik’s research team has been investigating the functions of H2A deubiquitinating
enzymes (H2A-DUBs) in hematopoiesis and humoral immune responses. Previous works of our
lab have demonstrated that USP44, which has specificity for both H2AK119ub and H2BK120ub,
is dispensable for normal HSC function, lymphocyte development, and B-cell-mediated immune
response'!. In the current study, we focus on exploring the uncharacterized functions of two H2A-

DUBs, BAP1 and MYSM1, with an emphasis on their gene expression regulatory roles during B

cell development and B cell mediated immune responses, as well as during DC development.
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Figure 1.6.2 DUB classifications.
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Seven classes of DUBs have been identified so far and are represented in different colors, out of
which six are cysteine proteases (USP: ubiquitin-specific proteases; OTU: ovarian-tumor proteases;
UCH: ubiquitin carboxyl-terminal hydrolases; MINDY: motif-interacting with ubiquitin-
containing novel DUB family; MJD: Machado-Joseph disease protein domain proteases; ZUP1:
zinc finger-containing ubiquitin peptidase 1) and one is metalloprotease (JAMM, JAMM/MPN
domain-associated metallopeptidases).

This figure is adopted from Estavoyer, B., Messmer, C., Echbicheb, M., Rudd, C. E., Milot, E., &
Affar, E. B. (2022)'7.

1.7 BRCA1-Associated Protein-1 (BAP1)

BAP1 was discovered in 1998, isolated as a binding partner of BRCA1'*2. Initially, BAP1 was
thought to function by releasing ubiquitin from BRCA1, and was later found to enhance BRCA1’s
suppressive effect on tumor growth without deubiquitinating it'®% '*2, Indeed, deletions of the

BAP1 encoding gene were commonly seen in breast cancers and lung cancers'®*. Later studies
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further revealed the BRCA1-independent tumor suppressive role of BAP1. The human Bap! gene
is located on chromosome 3p21.3, a genomic region frequently deleted or rearranged in various
cancers'®. BAP1 mutations are linked to many types of human malignancies, including sporadic
uveal melanomas, mesotheliomas, renal cell carcinomas, hepatocellular carcinomas '8¢ 187- 188, 189
The association between BAP1 mutations and hematopoietic malignancies was less reported,
although BAPI-interacting ASXL proteins are commonly mutated in myeloproliferative
disorders!®* ! Nowadays, it is widely accepted that BAP1, through its gene expression regulatory
role, is involved in many key biological processes, including cell cycle, cell proliferation,

metabolism, cell death, DNA damage response and others!#® 151 182, 185, 192, 193,194, 195, 196

Figure 1.7.1 Overview of BAP1 functions.

s N
DSBs repair

DNA replication ..
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BAPI1 plays essential roles in various biological processes. TF: transcription factors; H2Aub:
histone H2AK119 mono-ubiquitin; INO80: INO80 chromatin remodeling complex; IP3R3:
inositol 1,4,5-trisphosphate receptor, type 3.

This figure is adopted from Masclef, L., Ahmed, O., Estavoyer, B., Larrivée, B., Labrecque, N.,
Nijnik, A., & Affar, E. B. (2021)86,
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1.7.1 BAPI structure and cellular functions

BAPI is a 90 kDa protein (729 amino acids) with an N-terminal ubiquitin carboxyl hydrolase
(UCH) domain, two C-terminal nuclear localization signal (NLS) motifs, and multiple protein-
interacting domains'®*. As a member of the UCH subfamily of DUBs, BAP1 possesses a conserved
catalytic domain containing an invariant cysteine, histidine, and conserved UCH aspartic acid
catalytic residues (C91, H169, and D184)!7% 182 197. 198 'This key catalytic domain mediates the
auto-deubiquitination of BAP1 at its C-terminal nuclear localization signals (NLS), facilitating the
nuclear import of BAP1'”. BAP1 is known to have substrates both in the nucleus and the cytosol'®¢,
When binding to chromatin, BAP1 specifically removes the H2AK119ub via its catalytic domain,
thereby mediating chromatin modulation and transcriptional regulation’”®. Moreover, BAP1 can
coordinate the transcription machinery by interacting with different transcription factors, including
forkhead box kinase 1 and 2 (FOXK1/2)*°" 22 Yin Yang 1 (YY1)!7, Kruppel-like factor 5
(KLF5)*%, and peroxisome proliferator-activated receptor-y coactivator 1-o (PGCla)**,
additional sex combs like transcription regulators (ASXLs)!®* 18 host cell factor 1 (HCF1)!%7-205,
and O-linked B-N-acetylglucosamine (O-GlcNAc) transferase (OGT)!®* 2%, Consistent with the
variety of its substrates and binding partners, BAP1 can contribute to the regulation of a wide range
of cellular processes, including proteasomal degradation, signal transduction, protein trafficking,
cell-cycle regulation, DNA damage response, cell survival and proliferation, metabolism, cell
death, and others!4® 151 182, 185,192,193, 194,195,196 ‘Beyond its gene expression modulatory role, studies
have revealed BAP1’s involvement in promoting apoptosis by deubiquitinating and stabilizing
IP3R3 and consequently regulating the endoplasmic reticulum (ER) Ca®* flux?"’, and in facilitating
DNA damage repair of the HR pathway by deubiquitinating and stabilizing INO80 and recruiting

RAD51'52%%,
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1.7.2 BAPI protein-protein interactions and gene regulatory roles

Researchers have been investigating the interactions between BAP1 and other proteins, as well as
their involvement in chromatin modification and transcriptional regulation. The most studied
BAPI1-associated proteins include additional sex combs like 1 and 2 (ASXL1/2), host cell factor 1
(HCF1), Yin Yang 1 (YY), and O-linked B-N-acetylglucosamine (O-GlcNAc) transferase (OGT)
148, 193, 194, 197 ' These proteins are considered to associate with BAP1 and form a chromatin-
associated core complex 205 20% 210. 211 “Many other proteins, including previously mentioned
transcription factors FOXK1/2, KLF5, and PGCla, as well as histone acetyltransferase HAT12!2,
the lysine-specific histone demethylase KDM 1B (also known as LSD2)!*?, and the ubiquitin ligase

UBE20'?, have been reported as binding partners of BAP1.

ASXL proteins are considered to be indispensable for the enzymatic activity of BAPI, since they
can bind to the DEUBAD domains of BAP1 and activate BAP1 by increasing its affinity for
ubiquitin'86: 194 219 The BAP1-ASXL complex is referred to as the polycomb repressive

deubiquitinase (PR-DUB) complex in some literature?'® 214

, with respect to its Drosophila
homolog (Calypso-AXL)?*">. The PR-DUB complex, together with the PRC1 complex, regulates
the transcriptional activation of various genes by exerting opposing effects and orchestrating a
dynamic balance of H2A mono-ubiquitin modification®** !>, Moreover, resent studies suggest that

BAPI1 may repress PRC2 activity and thereby the H3K27me3 mediated transcriptional silencing,

adding extra complexity to the regulatory network of gene expression®!®.
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HCF1, on the other hand, is a transcription regulator that can modulate G1-S transition and cell
proliferation'®’. Through an HCF1-binding motif located in its middle region, BAP1 bind to HCF1
and preferentially hydrolyzes the K48-linked over the K63-linked polyubiquitin chains!®* 17217,
As a consequence, BAP1 prevents the proteasomal degradation of HCF1 and promotes its
scaffolding effect to recruit histone-modifying enzymes to, for instance, promoters which are
targets of the E2F family of transcription factors'®*2!7. Consistently, evidence supporting the cell
proliferation regulatory role of BAP1 can be found in many reports, although many aspects of the
underlying mechanism remain unknown?!!> 217, Similarly, BAP1 is shown to deubiquitinate and
stabilize the HCF1-associated protein OGT, which modulates chromatin remodeling, metabolic

stress, cell cycle progression, and many other processes!®* 193:218. 219

BAP1 and HCF1 can also form a complex with the transcription factor YY1, which enhances the

197 Researchers have

recruitment of the resulting BAPI-HCF1-YY1 complex to gene promoters
proposed that the BAPI-HCF1-YY1 complex contributes to the transcriptional regulation of

several mitochondrial and general metabolism genes'®’.

To sum up, through selective interactions with different proteins, BAP1 exerts a wide range of
regulatory effects on gene expression, and, therefore, is crucial in various biological processes.
The context-dependent roles of different BAPI-involving protein complexes indicate the
possibility that BAP1 may have cell type-specific and temporarily defined functions. Hence, we
are interested in the potential role of BAPI in hematopoiesis, especially in the development and

function of B lymphocytes.
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Figure 1.7.2 Functional domains of BAP1.

BAP1 UCH HBM ¢ ——

1 250 365 385 635 693 729
ASXL1/2
BARD1
YY1
FOXK1/2
BRCA1

Domain organization of BAP1 and the protein—protein interaction interface between BAP1 and
other factors in humans. Ubiquitin carboxy hydrolase (UCH) domain (1-250); BARDI1-binding
region (182-365); HCF1 binding (HBM) domain (365-385); FOXK1/K2 binding region (477—
526); BRCA1 binding region (596—721); C-terminal binding domain (CTD) and ASXL1/2 binding
domain (635-693); Nuclear localization signals (NLS) (656—661 and 717-722); Yin Yang 1 (YY)
binding domain (642-686).

This figure is adapted from Louie BH and Kurzrock R. (2020)?%.

1.7.3 BAPI in hematopoiesis

Although BAP1 mutations have been linked to disorders such as lung cancers, mesothelioma, and
uveal melanoma for a long time, their effects in hematologic pathology were not thoroughly
studied. Recently, researchers identified a somatic heterozygous BAP1 mutation in a patient with
de novo myelodysplastic syndrome (MDS)!%3. Remarkably, ASXL1, the binding partner of BAPI,
is commonly mutated in acute myeloid leukemia (AML), chronic myelomonocytic leukemia
(CMML) and other cancers'®*»2!°, These findings encourage us to further explore the functions of
BAPI in the blood and immune system.

Although a systemic constitutive loss of BAP1 leads to embryonic lethality in mouse models®*!,
inducible BAP1 deletion in adult mice resulted in an expansion of HSCs, CMPs, and GMPs,
indicating the importance of BAP1 in early stages of hematopoiesis??>. Moreover, BAPI1 is

required for the normal development of myeloid lineage blood cells, as these mice developed
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splenomegaly, monocytosis, neutrophilia and anemia, which are features comparable to the human
MDS??!, In terms of the lymphoid lineage, BAP1 deletion in these mice leads to severe thymic
atrophy and reduction of T cells??2. B cell depletion was also observed in these mice, yet whether
it is due to intrinsic BAP1 function in B cells or its role in the earlier progenitor cells remains

I"Imb1-Cre mouse line and

unknown. To address this question, our lab generated a Bap
demonstrated that B-cell specific BAP1 deletion resulted in impaired B cell development in the
bone marrow (Figure 1.7.3)*?. Precisely, these mice exhibit impaired B cell differentiation from
the pro-B to pre-B and immature B cell stages, as well as reduced systemic B cells and

compromised Ab response to immunization??. In this project, we decide to further investigate the

mechanistic role of BAP1 in B cell development and humoral immunity.
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Figure 1.7.3 Reduced antibody levels and impaired antibody mediated immune response in
Bap "™ mb1-Cre mice.
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(A) Schematic of the experimental plan and timeline for the analyses of antibody production in
BapI™ mb1-Cre and control Bap1™ and BapI™* mb1-Cre mice. The mice received primary (day
0) and boost (day 58) immunizations of PE in CFA; post-primary immunization serum samples
were acquired on day 14, pre-boost serum samples on day 58, and post-boost serum samples on
day 65. (B) Levels of total IgM, IgG1, IgG2c, and IgG3 antibody isotypes in the serum of naive
mice of BapI™™ mb1-Cre and control Bap1™ and Bap1™* mb1-Cre genotypes. The data for IgM,
IgG1, and IgG3 is from 6-11 mice per genotype, and for IgG2c from 3-6 mice per genotype,
consolidated from two independent experiments. (C-E) Antigen specific antibody titres in the mice
of BapI™ mb1-Cre and control BapI™ and BapI™* mb1-Cre genotypes, immunized and bled as
outlined in (A). Data is from 3-6 mice per genotype. Bars represent means + SEM; statistical
analyses used non-parametric Kruskal-Wallis multiple comparison test with Dunn's post-hoc test
in GraphPad Prism 9.5.1; * p<0.05, ** p<0.01, *** p<0.001; AU - arbitrary units.

1.8 Myb-like SWIRM and MPN domains 1 (MYSM1)

MYSMI1 was discovered as an epigenetic modulator that activates the transcription of androgen
receptor target genes in prostate cancer cell lines®**. Later research revealed its essential regulatory
roles in hematopoiesis, immune response, and various other aspects of mammalian physiology.
MYSMI predominantly acts as a nuclear chromatin-interacting protein and has orthologues
exclusively in vertebrate species??®. This indicates its more recent evolutionary development and
suggests that it has specialized biological functions. Notably, recent discoveries have linked
mutations in MYSMI in humans to a rare hereditary disorder known as bone marrow failure
syndrome (IBMFS), characterized by leukopenia, anemia, and other hematopoietic and
developmental abnormalities, which highlights the biomedical significance of investigating

MYSMI1 functions?% 226227,

1.8.1 MYSMI1 structure and cellular functions

As a DUB of the metalloprotease family, MYSM1 is comprised of the Myb-like SANT domain
which can bind to DNA in vitro, the SWIRM domain which is essential for the protein to be

recruited to DNA and interact with histones in vivo, and the MPN domain which carries catalytic

Page | 62



activity?®. In particular, the MPN metalloprotease domain of MYSM1 is characterized by a JAB1-
MPN-MOV34 (JAMM) motif which consists of a consensus sequence (E-x[2]-H-S/T-Hx[7]-S-
x[2]-D). It allows MYSM1 to coordinate with Zn** and selectively hydrolyze ubiquitin-linked

isopeptide bonds??% 2%7- 228

In the nucleus, MYSMI can act as a DUB by targeting H2AK119ub and consequently de-repress
gene expression’?>. Moreover, MYSM1 can interact with other transcriptional regulators such as
the histone acetyltransferase pCAF**, the BRG1 and BRM catalytic components of the chromatin
remodeling complex SWI/SNF??° and many essential hematopoietic transcription factors
including E2A, PU.1, GATA2, RUNXI, and cMY(C??%-230-231. 232 MYSMI1 activity has also been
associated with DNA damage response, as MYSM1-deficient murine or human cells exhibit
elevated genotoxic stress (increased baseline level of y-H2AX, increased UV-induced ROS
production, increased post-irradiation p53 level and cell death, and others)'®* 2%, A recent study
shows that the mechanistic role of MYSM1 during DNA damage response is not to promote DSB
repair, but to enable the normal cessation of DNA damage response signaling?*?. Furthermore,
MYSM1 is also shown to exert a constitutive inhibitory effect on the p53 stress response pathway,
as inducible deletion of MYSMI1 in mice leads to enhanced p53 protein levels and activation of

p53-regulated stress response genes, such as PUMA and p21 encoding genes®**.

On the other hand, cytoplasmic functions of MYSM1 are also reported. In macrophages, MYSM1
is reported as a potential regulator of signal transduction pathways of innate immunity by targeting
cytosolic substrates. Precisely, MYSMI1 can cleave the K63-polyubiquitin chains on Toll-like

receptor (TLR) signaling pathway components TRAF3 and TRAF6, as well as the K63/K27/M1-
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polyubiquitin chains on RIP2 downstream of NOD2, thereby repressing the innate immune and
inflammatory responses of macrophages?>> 23> 23, Interestingly, the SWIRM and MPN domains,

but not the SANT domain, are essential for the described cytosolic activity of MY SM 1225235236,

Figure 1.8.1 Functional domains of MYSM1.

MYSM1 } SANT SWRM ———  MPN }

Domain organization of MYSMI in humans. SANT domain (116-167); SWIRM domain (372-
470), and MPN metalloprotease domain (572-682) containing a JAMM-motif.

This figure is adapted from Fiore, A., Liang, Y., Lin, Y. H., Tung, J., Wang, H., Langlais, D., &
Nijnik, A. (2020)*%°,

1.8.2 MYSMI1 regulates the expression of key transcription factors in hematopoiesis

Since being discovered, MYSM1 was most extensively studied in hematopoietic cells with a focus
on its transcription regulatory role. Previous reports showed that MY SM1 can mediate the removal
of H2AK119ub at a range of gene loci that are essential for the maintenance, differentiation, and
lineage specification of hematopoietic cells, including Gfil in HSCs, Fit3 in dendritic cell
precursors, /d2 in NK cell progenitors, EbfI in B cell progenitors, Pax5 in naive B cells, and
miR150 in Bla cells??> 23% 231. 232 Also, MYSMI can promote the recruitment of important
transcription factors, such as PU.1 to the F/¢3 locus, NFIL3 to the /d2 locus, E2A to the Ebf1 locus,
and GATA2 together with RUNX1 to the Gfil locus??® 23% 2. 232 Consistently, depletion of
MY SMI leads to increased recruitment of PRC1 at these loci and consequent disruptions of HSC
quiescence and function, dendritic cell development, NK cell maturation, B cell lineage
specification and differentiation, and other defects®”>. Hence, by orchestrating the histone H2A

deubiquitination status, MYSMI1 is able to de-repress gene transcription and act as an intrinsic

Page | 64



regulator of hematopoietic cells. In addition, MYSM1 has also been proposed to mediate
transcription activation by forming a complex with the HAT pCAF in a prostate cancer cell line,
although there are no similar reports suggesting a link between MYSMI-mediated histone

deubiquitination and acetylation in hematopoietic cells yet*>*.

Consistent with the described role of MYSMI as a transcriptional and epigenetic regulator,
Mysm1™~mouse with MYSMI1 deficiency exhibits a severe depletion of HSPCs, including the DC
precursors®’. Specifically, MYSM1 deficiency results in increased H2A monoubiquitin level, and
consequently leads to decreased FIt3 expression and disrupted PU.1 recruitment to the Flt3
promoter, suggesting that MYSM1 acts as a DUB in regulating the early checkpoints during DC

development??’

. However, the roles of MYSMI1 at later stages in DC differentiation, maturation,
activation, and effector functions remain unknown, which encourages us to further examine the

role of MYSMI1 in the transcriptional regulation of DC biology, including in DC maturation and

effector functions.
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Figure 1.8.2 Overview of the reported roles of MYSMI1 in the transcriptional regulation of
hematopoiesis.

Stem and progenitor cells

: j B1a cells

MYSMI was shown to de-repress the expression of EbfI in B cell progenitors, Pax5 in naive B
cells, miR150 in Bla cells, /d2 in NK cell progenitors, F/t3 in dendritic cell precursors, and Gfil/
in hematopoietic stem and progenitor cells, through deubiquitination of histone H2AK119ub, and
interactions with hematopoietic transcription factors E2A, PU.1, GATA2, RUNXI1, cMYC, and
NFIL3.

This figure 1s adopted from Fiore, A., Liang, Y., Lin, Y. H., Tung, J., Wang, H., Langlais, D., &
Nijnik, A. (2020)*%.

Plasma cells
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1.8.3 MYSM1 maintains ribosomal protein gene expression in HSCs

Previous works of our lab demonstrated the critical role of MYSMI1 in the early stages of
hematopoiesis and, possibly to a lesser extent, in humoral immune response®*® 2*°. We and others
characterized p53 activation as the common feature of MYSMI1 deficiency and the driving
mechanism for hematopoietic failure and other associated pathologies, as demonstrated by the
rescue of Mysml~~ phenotypes in the MysmI” p53~~ double knockout mice?*® 23% 240- 241 e
proposed that MYSM1 deficiency is a new form of ribosomopathy, as MYSMI1 exerts a key
regulatory role in the expression of genes encoding ribosomal-protein (RP-genes) and in the
repression of the p53 pathway?*> 243, We conducted the first genome-wide analysis for MYSMI -
regulated genes in mouse HSCs and confirmed that MY SM1 maintains the expression of RP-genes
244 However, MYSMI1 deficiency did not lead to detectable elevation of H2AK119ub levels at the
MYSMI-binding sites within these RP-gene promoters®*, suggesting other modes for their
transcriptional regulation by MYSM1. Hence, we decide to further explore the regulatory role of
MYSMI1 in the hematopoietic system by investigating whether all biologically significant

MYSMI1 functions are universally dependent on its DUB catalytic activity and whether MYSM1

catalytic activity is essential for the maintenance of hematopoiesis in vivo.
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Chapter 2: Rationale and Objectives
2.3 Rationale

BAPI1 and MYSMI1 are important regulators of gene expression. Previous studies revealed the
essential roles of these two DUBs in hematopoiesis. Precisely, BAP1 deficiency in mice resulted
in MDS-like hematopoietic abnormalities (including splenomegaly, monocytosis, neutrophilia,

222

and anemia)*?! as well as thymic atrophy and reduction of T cells?*?, suggesting that BAP1 is

crucial to myeloid cell development and T lymphocyte development, respectively. B cell depletion

1222

was also reported, but not analyzed in detail*“~. Our research team examined the influence of BAP1

I"Imb1-Cre mouse line. This

deficiency on B lymphocytes by characterizing a novel Bap
demonstrated that B-cell specific BAP1 deletion resulted in impaired B cell differentiation from
the pro-B to pre-B and immature B cell stages, as well as reduced systemic B cells and
compromised Ab responses to immunization®?®. These results suggest a B-cell intrinsic role of
BAP1 to regulate B cell development. However, whether BAP1 modulates B cell development by

regulating gene expression via its H2A-DUB activity, and whether BAP1 also plays a role in B

cell maturation and activation, remain largely unknown. Hence, we hypothesize that BAP1

functions as an important regulator of the transcriptional programs of I) B cell development and

II) B cell mediated immune response. One focus of the current work is to further investigate the

mechanistic role of BAP1 in B cell development, B cell activation, and antibody mediated immune

response.

MYSMI1, on the other hand, has been reported as a key regulator in the early stages of
hematopoiesis and, possibly to a lesser extent, in humoral immune response®*®2*°, Previous studies

showed that MYSM1, as a H2A-DUB, is able to remove H2AK119ub and regulate the expression
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of key genes (including Gfil, Fit3, 1d2, Ebf1, Pax5, and miR150) involved in the maintenance,
differentiation, and lineage specification of hematopoietic cells, including lymphocytes and DCs?%>
230,231,232 Nevertheless, the DUB catalytic activity of MYSMI is associated with many but not all
of its functions. Previously, we and others demonstrated the importance of MYSM1-p53 axis in
HSPC development and function?3% 239 240. 241, 242, 243 Nore recently, we conducted the first
genome-wide analysis for MYSM 1 -regulated genes in mouse HSCs and confirmed that MYSM1
maintains the expression of genes encoding ribosomal proteins (RP-genes)***. However, during
transcriptomic analyses of our MYSM1-deficient mouse lines, the lack of detectable elevation of
H2AKI119ub at the MYSMI1-binding sites within these RP-gene promoters made us wonder
whether MYSM1 mediates such transcriptional regulation by acting as a DUB or though protein-

protein interactions***. Therefore, we decides to further explore the regulatory role of MYSMI in

the hematopoietic system. We hypothesize that the DUB catalytic activity of MYSMI1 is essential

for the maintenance of hematopoiesis. In the current study, we focus on investigating whether the

loss of MYSMI1 catalytic function and the loss of MYSMI protein exert comparable effects to
various hematopoietic cell lineages. In addition, we also further examine the role of MYSMI in

the transcriptional regulation of DC biology, including in DC maturation and effector functions.

2.4 Objectives

Aim 1: To explore the role of BAP1 in B cell development.
Aim 2: To explore the role of BAP1 in B cell mediated immune response.

Aim 3: To explore the role of MYSMI1 and its DUB activity in hematopoiesis.
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Chapter 3: Methodology

3.4 Materials and Methods for Exploring the Role of BAP1 in B Cell Development

3.1.1 Cell culture

Murine pro-B lymphocyte cell line Ba/F3 was maintained at 0.5-2 x10° cells/mL in RPMI-1640
(Wisent) with 10% Fetal Calf Serum (FCS, Wisent), 2mM L-Glutamine, 100pg/mL streptomycin,
100U/mL penicillin (Wisent), and 5% WEHI conditioned media as the source of IL-3. Ba/F3 cell
lines stably expressing triple-FLAG-tagged murine BAP1 were derived as previously described®*,

and maintained under 2pg/mL puromycin selection (Wisent).

3.1.2 CRISPR-Cas9 gene targeting

pSpCas9(BB)-2A-GFP (PX458) was obtained through Addgene (#48138). gRNA fragments

targeting Bap 1 were designed using the Zhang lab software (http.//crispr.mit.edu) and ligated into

Bbsl (NEB) digested PX458. Plasmids were transformed into DHS5a competent cells, purified
using PureLink HiPure Plasmid Filter Midiprep Kit (Invitrogen), and verified by Sanger
sequencing. To introduce the constructed plasmid into Ba/F3 cells, nucleofection was performed
using Amaxa Cell Line Nucleofector Kit V (Lonza) according to the manufacturer’s protocols.
Single GFP" cells were sorted 48 hours after the nucleofection and then expanded over two weeks
to generate single cell clones. The loss of BAP1 protein expression in the cell line clones was
validated via Western blotting, with the following antibodies: anti-BAP1 (D7W70, Cell Signaling
Technology), anti-B-Actin (D6AS, Cell Signaling Technology), HRP-conjugated anti-mouse-Ig

(eB144, Rockland), and HRP-conjugated anti-rabbit-Ig (eB182, Rockland).
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3.1.3 Chromatin immunoprecipitation (ChlP)

ChIP was performed as described previously >*°, with minor modifications. Briefly, cells were
fixed with 1% formaldehyde in the culture media for 10 minutes at room temperature, followed by
addition of 0.125M of glycine to stop fixation. Nuclei were extracted with 5 minutes lysis in 0.25%
Triton buffer, followed by 30 minutes in 200mM NaCl buffer. Nuclei were resuspended in
sonication buffer and sonicated for twelve cycles of 30 seconds with a digital sonifier (Branson
Ultrasonics) at 80%, with 30 seconds rest in cooled circulating water.

Beads immunocomplexes were prepared overnight by conjugating 40uL of Dynabeads Protein G
(Invitrogen, Life Technologies) with antibodies: anti-BAP1 (Cell Signaling Technology, DIWI9B,
52.8 pg), anti-FLAG M2 (Sigma, F1804, 5 ng) or anti-H2AK119Ub (Cell Signaling Technology,
D27C4, 5 pg). Immunoprecipitation was performed by overnight incubation of antibody-bead
matrices with sheared chromatin from the equivalent of 5x10° cells. For BAP1-FLAG ChIP, 4
washes were performed with medium-stringency buffers, while 6 low-stringency washes were
used for histone ChIP. Samples were de-crosslinked by overnight incubation at 65C in 1% SDS
buffer, and following RNaseA and Proteinase K enzymatic treatments, ChIP DNA was purified
using Qiaquick PCR Cleanup kit (Qiagen).

ChIP-seq libraries were prepared using the Illumina TruSeq kit and sequenced on an Illumina
HiSeq 4000 sequencer in paired-end 50bp configuration, with input DNA from the same cells
sequenced as negative control. The reads were mapped to the UCSC mouse mm9 reference
genome with Bowtie 1.0.0 >*6, and BAP1 binding sites identified using peak detection algorithm
MACS1.4 ?*’ with comparisons for read enrichment against control input DNA from the same
cells. Normalized sequence read density profiles (bigwig) were generated with Homer tool 2*® and

visualized with IGV 2*°. Gene ontology (GO) and disease ontology enrichment analyses on genes
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associated with BAP1 ChIP-Seq binding clusters were performed on GREAT 4.0.4 2*° with Basal
plus extension option, searching for genes within 2kb upstream, 2kb downstream, and 200kb in

distal.

3.1.4 ChlIP-Seq and RNA-Seq data consolidation

Full gene annotations with transcription start site (TSS) were obtained from the UCSC mouse mm9
reference genome. An in-house Python script was developed to load the genomic locations of
ChIP-Seq binding sites and the TSS locations of RNA-Seq dysregulated genes, and search for gene

TSS located within a specific distance to each ChIP-Seq binding site.

3.1.5 Statistical analyses

Statistical analyses used Prism 7.01 (GraphPad Inc.), with Student’s #-test for two datasets and
ANOVA for multiple comparisons. Further information for each dataset is provided in the Figure

Legends.

3.5 Materials and Methods to Explore the Role of BAP1 in B cell Mediated Immune Response

3.2.1 Mice
The Bap™!«(EUCOMMHmMe nyqyqe strain carries a conditional (floxed) allele of the Bap!l gene; it
was generated by the Wellcome Trust Sanger Institute Mouse Genetics Project and Infrafrontier/

EMMA (www.infrafrontier.eu) " 2°>233  and described in our recent work 2%3. The strain was bred

to the transgenic line expressing Cre recombinase under the control of the B cell lineage specific
promoter mb1-Cre (from Prof. Michael Reth, MPI fiir Inmunbiologie und Epigenetik, Germany)

23 and to the B6.129P2(Cg)-Ighgl™!©9&"/] mouse strain (Jackson Labs: 010611, Cyl-cre)
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expressing Cre recombinase from the endogenous immunoglobulin heavy constant gamma 1 locus
(Ighgl) *». As we previously described 22, the loxP sites flank exons 6-12
(ENSMUSE00000121807-00000121801) of the main ENSMUST00000022458.10 Bapl
transcript, and the BapI” allele is predicted to disrupt BAP1 protein coding sequence from amino
acid 126 (out of 728), precluding full expression of the N-terminal UCH catalytic domain and all
the downstream domains of the protein. All lines were on the C57BL/6 genetic background. Both
male and female animals were used in experiments, sex-matched between test and control groups.
Experiments were in accordance with the guidelines of the Canadian Council on Animal Care and
protocol MCGL-2011-6029 approved by the McGill Animal Care Committee. Genotyping was
performed in house using the DreamTaq DNA Polymerase (Thermo Fisher Scientific) and primers

from IDT Technologies.

3.2.2 Cell culture

Mouse B cell line CH12F3, which is a widely used model for the study of B cell activation and
class switching 2°°, was maintained at 0.5-2 x10° cells/mL in RPMI-1640 (Thermo Fisher
Scientific) with 10% Fetal Calf Serum (FCS, Thermo Fisher Scientific), 2mM L-Glutamine,
100pg/mL streptomycin, 100U/mL penicillin (Thermo Fisher Scientific), and 5% NCTC (Sigma-

Aldrich).

3.2.3 CRISPR-Cas9 gene targeting

BapI®® CHI12F3 cells were generated through CRISPR-Cas9 gene editing according to our

223

previously described protocols “~°. gRNAs were designed with http://crispr.mit.edu online tools

257, gRNA Bapl Exon4 Chr14:32,066,155: gcaaatggatcgaagagcgc,
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gRNA Bapl Exon5 Chrl4:32,066,654: ggcgtgagtggcacaagagt, and cloned into the
pSpCas9(BB)-2A-GFP (PX458) plasmid (Addgene, #48138). Sequence-verified plasmids were
introduced into CH12F3 cells through nucleofection using the Amaxa Cell Line Nucleofector Kit
V (Lonza) according to the manufacturer’s protocol. Single GFP* IgA™ cells were sorted on day-2,
and expanded for further 14 days to generate single cell clones. Loss of BAP1 protein was
validated with Western blotting and the following antibodies: anti-BAP1 (D7W70, Cell Signaling

Technology) and anti-B-Actin (D6AS, Cell Signaling Technology).

3.2.4 CHI2F3 cell assays

AlamarBlue fluorogenic assay (ThermoFisher Scientific) was performed according to the
manufacturer's protocols, as we previously described 22*. Cells were seeded into 96-well plates at
10° /mL, rested overnight, and the AlamarBlue reagent added at 10% (v/v). Fluorescence intensity
was recorded at the 4-hour timepoint on the EnSpire Plate reader (Perkin Elmer), at the 560nm
excitation and 590nm emission wavelengths. For the CFSE-dilution assay, 5 x 10° cells were
incubated in 2 uM CellTrace™ CFSE (ThermoFisher Scientific) in 1mL of PBS for 10 min at
37°C. The cells were washed in PBS with 5% FBS, followed by a second wash in PBS. The cells
were re-suspended in complete media at 2 x 10° /mL and maintained in culture overnight at 37°C
5% COz. The cells were counterstained with Fixable Viability Dye eFluo780 (ThermoFisher
Scientific), and the data were acquired on the BD Fortessa and analyzed with FlowJo (Tree Star,
BD Biosciences) software. In some assays the CH12F3 cells were stimulated with TGF-f (Ing/ml,

R&D Systems), IL-4 (10 ng/ml, Peprotech), and anti—-CD40 (1pg/ml, BD Biosciences).
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3.2.5 Primary B cell cultures

The protocols were as described in our recent work 2°%. Briefly, naive primary mouse B cells were
purified from splenocytes using EasySep™ Mouse B Cell Isolation Kit (19854, Stem Cell
Technologies) and were cultured at 37°C with 5% COz in iGB media: RPMI-1640 (Wisent),
supplemented with 10% FBS (Wisent), 1% penicillin/streptomycin (Wisent), 0.1 mM 2-
mercaptoethanol (BioShop), 10 mM HEPES, and 1 mM sodium pyruvate. Mouse primary B cells
were labeled with 2.5uM CellTrace™ Violet (C34557, Invitrogen) in PBS for 20 minutes at 37°C
before quenching as recommended by the supplier. For switching to IgA, B cells were stimulated
with mouse recombinant IL-21 (20ng/mL, Peprotech), TGF-B1 (5ng/mL), retinoic acid (1uM,
Sigma), F(ab’)2 goat anti-mouse IgM (5ug/mL, Jackson ImmunoResearch) and anti-CD40 mAb
FGK45 (5ug/mL, prepared in-house from hybridoma), as previously described 2*°. To measure
class switching to IgA, cells were treated with mouse FcR blocking reagent (130-092-575,
Miltenyi Biotec) then stained with anti IgA-PE (1040-09, Southern Biotech). Dead cells were
excluded using eBioscience™ Fixable Viability Dye eFluor™ 780 (65-0865-14, Invitrogen).
Induced GC B cells (iGBs) were generated on 40LB feeder cells (a gift from Dr. Daisuke Kitamura,
Tokyo University of Science, Tokyo, Japan) 2°. One day prior to B cell plating, 40LB cells were
treated with 10pg/mL mitomycin C (SKU M-1108, AG Scientific) at 0.5 x 10° cells per mL in
10cm dishes with  DMEM media supplemented with 10% FBS (Wisent) and 1%
penicillin/streptomycin (Wisent). After treatment, the cells were washed 6 times with 10 mL of
PBS and plated at 1.3x10° cells per well in 0.5 mL (24-well plate). Subsequently, purified naive B
cells were plated onto the 40LB feeders at 2x10° cells in 1mL of iGB media, supplemented with 1
ng/mL IL-4 (214-14, Peprotech). On days 3, 4 and 5, the cells were either harvested for

downstream analyses in PBS with 0.5% BSA and 2 mM EDTA or fed with 1 mL of fresh iGB
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media with 1 ng/mL IL-4. Class switching to IgG1 was analyzed by flow cytometry, treating with
mouse FcR blocking reagent and staining the cells with anti-IgG1 PE (550083, A85-1, BD
Pharmingen) and anti-IgM BV421 (562595, R6-60.2, BD Pharmingen). For the analyses of cell
division, iGBs were stained with 2.5uM CellTrace™ Violet on the day of plating, according to the
manufacturer’s protocol. Cell numbers for the iGBs growth curves were calculated using Countess

3 Automated Cell Counter.

3.2.6 Mouse immunization

For the phycoerythrin (PE) immunization the mice were injected subcutaneously with immunogen
emulsion comprising 100 pl CFA (Thermo Fisher Scientific), 15 ng of R-PE (ProZyme, Cedarlane),
and 100 pl PBS, vortexed for 45 min prior to the injection. For the immunization with sheep red
blood cells (SRBCs), the mice were injected intravenously with 10° SRBCs (Innovative Research

IC10-0210, Cedarlane) in 300uls of PBS. Immunization protocols were previously described 2°"

262

3.2.7 Analyses of antibody titres

ELISA analyses of total immunoglobulin levels in the serum of naive mice (or in the supernatants
from B cell cultures) used rat anti-mouse capture antibodies IgM 1I/41, IgG1 A85-3, and IgG3 R2-
38 (BD Biosciences, 1 pg/ml) followed by detection with goat anti-mouse IgG(H+L)-HRP
(Southern Biotechnologies). For the analysis of total IgG2c levels capture antibody goat anti-
mouse Ig (H+L) and detection antibody goat anti-mouse [gG2c-biotin (Southern Biotechnologies),
followed by streptavidin-HRP (Thermo Fisher Scientific) were used. Purified mouse IgM, 1gG1,

IgG2c, and IgG3 isotype control antibodies (BioLegend) were used as standards for the calculation
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of immunoglobulin concentrations. In the ELISA assays for the detection of PE-specific antibodies,
the plates were coated with R-PE (10 pg/ml, ProZyme, Cedarlane), and developed with biotin goat
anti-mouse IgM, IgG1, IgG2c, or IgG3 (Southern Biotechnologies), followed by streptavidin-HRP
(Thermo Fisher Scientific). All the ELISAs were developed with SuperAquaBlue substrate
(Thermo Fisher Scientific), and data acquired at 405 nm on EnSpire 2300 plate reader
(PerkinElmer). Throughout the ELISA procedure, PBS with 0.05% Tween-20 was used as the
Wash Bufter, PBS with 1% bovine serum albumin (Wisent) as the Blocking Buffer, and PBS with
0.1% bovine serum albumin (Wisent) as the Assay Diluent.

The detection of SRBC-specific antibodies was performed by flow cytometry, as described
previously 263, Briefly, mouse serum samples were pre-diluted 1:60 in PBS and incubated with 3x
10° SRBC for 30 min on ice. The SRBCs were washed and stained with goat anti-mouse IgG
AlexaFluor488 (Poly4053, BioLegend, 1:200), or with goat anti-mouse IgM-biotin (1020-08,
Southern Biotechnologies, 1:750), or IgG1-biotin (1070-08, Southern Biotechnologies, 1:750),
followed by streptavidin — PerCP-Cy5.5 (BioLegend). Following thorough washing, the samples
were analyzed on BD Fortessa and data processed with FlowJo software (Tree Star, BD
Biosciences). SRBCs pre-incubated with serum of naive mice and stained as described above were

analyzed as negative controls.

3.2.8 Flow cytometry

Cell suspensions of mouse tissues were prepared in RPMI-1640 (Thermo Fisher Scientific) with
2% (v/v) FCS, 100pg/ml streptomycin and 100U/ml penicillin (Thermo Fisher Scientific). The
cells were stained for surface-markers in PBS with 2% FCS for 20 min on ice, with the following

antibodies: Alexa Fluor 488 anti-GL7 (GL7, Biolegend); APC anti-CD21/CD35 (7E9, Biolegend),
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anti-CD86 (GL-1, Biolegend), anti-CD267/TACI (ebio8F10-3, eBioscience), and anti-IgD (11-
26c¢.2a, BioLegend); APC-eFluor780 anti-CD45R/B220 (RA3-6B2, ThermoFisher); APC-Cy7
anti-CD5 (53-7.3, Biolegend); Brilliant UltraViolet 395 anti-CD43 (S7, BD Biosciences); Brilliant
Violet 421 anti-CD95/Fas (Jo2, BD Biosciences) and anti-CD138 (281-2, BioLegend); Brilliant
Violet 650 anti-CD45R/B220 (RA3-6B2, BioLegend); Biotin anti-IgG1 (polyclonal, 1070-08,
Southern Biotech); eFluor450 anti-CD45R/B220 (RA3-6B2, Thermo Fisher); FITC anti-CD23
(B3B4, Invitrogen) and anti-Ki67 (SolA15, eBioscience); Pacific Blue anti-IgD (11-26c¢.2a,
BioLegend); PE anti-Blimp-1 (5E7, Biolegend), anti-CD184/CXCR4 (L276F12, Biolegend) and
anti-IgM (II/41, Thermo Fisher); PE-Cy7 anti-CD19 (6D5, BioLegend), anti-CD21/CD35
(eBio8D9, Invitrogen), and anti-CD38 (90, Invitrogen); PerCP-Cy5.5 anti-CD4 (RM4-4,
Biolegend), anti-CD8a (53-6.7, Biolegend), anti-CD11b (M1/70, eBioscience), anti-CD19 (1D3,
Tonbo Biosciences), anti-CD45R/B220 (RA3-6B2, BioLegend), anti-IgD (11-26c¢.2a Biolegend),
anti-CD93 (AA4.1, Biolegend), anti-NK1.1 (PK136, Biolegend), and anti-TER119 (Ly-76,
Biolegend). Brilliant Violet 785 Streptavidin (Biolegend) was used to detect biotin-conjugated
antibodies. Viability Dye eFluor® 506 (eBioscience) was used to discriminate dead cells.
Compensation was performed with BD CompBeads (BD Biosciences). The data were acquired on

BD Fortessa and analyzed with FlowJo software (Tree Star, BD Biosciences).

3.2.9 Cell isolation and sorting

Total B cells were isolated from mouse spleens via magnetic enrichment using the EasySep Mouse
CD19 Positive Selection Kit IT (Stem Cell Technologies). For the FACS-sorting of B cell subsets,
mouse spleens were mechanically dissociated in PBS with 0.1% BSA and 2mM EDTA, passed

through 40 um cell-strainers, and subjected to red blood cell lysis in ACK buffer (0.15M NH4CI,
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10mM KHCO3, 0.ImM EDTA). Cells were stained with the following antibodies: Alexa Fluor
488 anti-GL7 (GL7, BioLegend), Brilliant Violet 421 anti-CD95/Fas (Jo2, BD Biosciences), and
Brilliant Violet 650 anti-CD45R/B220 (RA3-6B2, BioLegend). Viability Dye 7-AAD (Biolegend)

was used to discriminate dead cells. Sorting was performed on the FACSAria (BD Biosciences).

3.2.10 Chromatin immunoprecipitation (ChIP)

ChIP was performed as described previously 2> 2%, Cells were fixed with 1% formaldehyde in
cell culture media for 10 min at room temperature, followed by addition of 0.125 M glycine to
stop the fixation. Nuclei were extracted with 5 min lysis in 0.25% Triton buffer, followed by 30
minutes in 200mM NaCl buffer. Nuclei were resuspended in sonication buffer and sonicated for
12 cycles of 30 sec with a digital sonifier (Branson Ultrasonics) at 80%, with 30 sec rest in cooled
circulating water. Beads immunocomplexes were prepared overnight by conjugating 40uL of
Dynabeads Protein G (Thermo Fisher Scientific) with antibodies anti-BAP1 (Cell Signaling
Technology, DIWO9B, 52.8 pg) or anti-H2AK119ub (Cell Signaling Technology, D27C4, 5 pg).
Immunoprecipitation was performed with an overnight incubation of the antibody-bead matrices
with sheared chromatin from the equivalent of 5x10° cells. Six washes were performed with low-
stringency buffers, and samples de-crosslinked by overnight incubation in 1% SDS buffer at 65C.
Following treatments with RNaseA and Proteinase K, ChIP DNA was purified using Qiaquick
PCR Cleanup kit (Qiagen).

ChIP-seq libraries were prepared using the Illumina TruSeq kit and sequenced on the Illumina
NovaSeq 6000 in a paired-end 100bp configuration, with input DNA from the same cells
sequenced as the negative controls. The reads were mapped to the UCSC mouse mm9 reference

genome with Bowtie 1.0.0 2*, and BAP1 binding sites identified using the MACS1.4 peak
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detection algorithm 27, comparing for read enrichment against input DNA from the same cells.
Normalized sequence read density profiles (bigwig) were generated with Homer 2*® and visualized
with IGV 2% Gene ontology (GO) enrichment analysis on the genes associated with the BAP1
ChIP-Seq binding clusters was performed on GREAT 4.0.4 2°° with Basal plus extension, searching

for genes within 2kb upstream, 2kb downstream, or 200kb in distal.

3.2.11 RNA sequencing

RNA-seq protocols were as previously described 2*2%, Briefly, RNA was isolated using the Mag-
MAX total RNA kit (Ambion) and quality assessed using Bioanalyzer RNA Pico chips (Agilent).
rRNA depletion and library preparation were performed using the SMARTer Stranded RNA-Seq
kit (Takara Clontech). The libraries were sequenced on an Illumina Novaseq 6000 in a paired-end
100 bp configuration aiming for 50x10° reads per sample. The quality of the sequencing reads was
confirmed using the FastQC tool (Babraham Bioinformatics), and low-quality bases were trimmed
from the read extremities using Trimmomatic v.0.33 2. The reads were then mapped to the mouse

] 266,267,268 Gene expression was

UCSC mm9 reference genome assembly using Hisat2 v2.2.
quantified by counting the number of uniquely mapped reads with featureCounts using default
parameters 2%°. We retained genes that had an expression level of at least 5 counts per 10° reads
(CPM) in at least 4 of the samples 2’. TMM normalization and differential gene expression
analyses were conducted using the edgeR Bioconductor package *’!. Dimension reduction analysis
was performed using the Principal Component and Partial Least Squares regression method 272,
Pairwise comparisons were performed between genotypes or between treatments, and genes with

changes in expression > |2.0| fold and Benjamini-Hochberg adjusted p values < 0.05 were

considered significant. Gene ontology (GO) enrichment analyses on differentially expressed gene
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8 23, and Gene Set Enrichment

clusters were performed with DAVID Bioinformatics Resources 6.
Analysis (GSEA) was performed with GSEA tool v4.3.2 using MSigDB v2022.1 with default
configuration and permutation within gene sets 2’%. For the RNA-Seq data consolidation with the
ChIP-Seq data, full gene annotations were obtained from UCSC mouse mm9 reference genome.
An in-house Python script was developed to load the genomic locations of ChIP-Seq binding sites
and RNA-Seq dysregulated genes, and search for gene TSS within a specific distance to each ChIP-

Seq binding site, as previously described 2**.

3.2.12 Statistical analyses

Statistical analyses used Prism 9.5.1 (GraphPad Inc.), with Student’s #-test for two datasets and

ANOVA for multiple comparisons, with further information provided in Figure Legends.

3.6 Materials and Methods to Explore the Role of MYSM1 DUB Activity in Hematopoiesis

3.3.1 Generation of Mysm1P%6N mijce

Mysm1P8¢N mice were generated on a C57BL/6JR]j background using pronuclear microinjection
in mouse zygotes. Zygotes isolated from C57BL/6JRj mice were co-injected with Cas9 protein
(200ng/pl) and Mysm1 exon 16-targeting guide RNA (5’-GTGTCAATATCTCGTAAAGA-3’;
25ng/d) from px330 plasmid, along with oligonucleotide repair templates (20ng/pl) for the
introduction of the D660N mutation (see below). Founder mice were screened for the desired point
mutation by PCR amplification and Sanger sequencing using the following primers: 5’-
GGCATTATAGTGCACTCTGGAA-3’ and 5-TATACTCAACTGCTGACCTTCCA-3".
Mysm1P8¢N founders were backcrossed once onto C57BL/6JR]j and maintained for the desired

experimental genotype.
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sSDNA D660N HDR repair template:
GGCTACAGTGTCATTGGGTGGTACCATTCTCATCCTGCATTTGATCCTAATCCATCTT
TAAGGAATATTGACACACAAGCCAAATACCAGGTGTGTTGTTACATACCTACATTTT
GTAAATTATTA

ssSDNA silent mutation HDR repair template:
GGCTACAGTGTCATTGGGTGGTACCATTCTCATCCTGCATTTGATCCTAATCCATCTTTA
AGGGACATTGACACACAAGCCAAATACCAGGTGTGTTGTTACATACCTACATTTTGTA

AATTATTA

3.3.2 Other mouse lines and genotyping

Mouse lines Mysm 17~ and Mysm 11

carry the loss-of-function and the conditional alleles of Mysm I
gene, respectively, and were previously described 8%234275 " Mysm IV CreFR™? mice were derived
for tamoxifen-inducible Mysml deletion by crossing MysmI?? and Gt(ROSA)26Sor™! (crERT2)
strains, as previously described 2**. All lines were on the C57BL/6 genetic background. The mice
were maintained under specific pathogen-free conditions and sex-matched across experimental
groups. All experiments were in accordance with the guidelines of the Canadian Council on
Animal Care and protocol AUP-2011-6029 approved by the McGill Animal Care Committee.

Mouse genotyping for the Mysm 1P%N allele was performed with a custom designed TagMan SNP
Genotyping assay and TagMan Genotyping Master Mix on a StepOnePlus instrument (all reagents
from ThermoFisher Scientific). Other genotyping was performed by conventional genomic PCR

with DreamTaq DNA Polymerase (ThermoFisher Scientific) and primers from Integrated DNA

Technologies.
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3.3.3 Tamoxifen mouse treatment

For tamoxifen-induced MysmI-gene deletion, mice of Mysm V™ Cre®*™2, Mysm 17PN CrefR™?, and
control genotypes were injected intraperitoneally with tamoxifen (Sigma-Aldrich, T5648) in
sterilized corn oil at 0.12 mg/gram per injection, with 8 doses administered in total over 16 days,
as in our previous work 23 24276 Successful deletion of Mysml exon 3 was validated by PCR
analyses of the genomic DNA from lymphoid organs and BMDCs of the mice, as described

234

previously =%, and the loss of MYSMI1 protein expression in lymphoid tissues was validated by

Western blotting 277,

3.3.4 Mouse bone marrow transplantation

For competitive bone marrow transplantations, recipient wild type B6.SJL-PtprcaPepcb/Boy
(JAX002014, congenic for CD45.1) mice were irradiated with 2 doses of 4.5Gy, delivered 3 hours
apart, in an RS2000 irradiator (Rad Source). Wild-type CD45.1-marked bone marrow cells were
mixed in a 1:1 ratio with bone marrow cells from mice of Mysm1"V*Cre**"2, Mysm1V1CrefR™2, or

IVPNCrePRT2 genotypes, and the mixes transplanted into three independent cohorts of

Mysm
recipient mice via intravenous injection. The mice were kept on neomycin in drinking water (2g/1,
BioShop) for 3 weeks. Successful reconstitution of the hematopoietic system by donor cells was
confirmed with a bleed and flow cytometry analysis at 12 weeks, and was followed with tamoxifen

treatment to induce MysmI" to MysmI® allele conversion and further studies to compare

hematopoietic function across the Mysm1 genotypes.

Page | 83



3.3.5 BMDC cultures and stimulation

For BMDC derivation, mouse bone marrow was resuspended at 107 cells/mL and seeded dropwise
at 75 uLs per well into 6-well non-tissue culture treated plates (Fisher Scientific) containing 3
mL/well of RPMI-1640 media, with 10% fetal calf serum (FCS) (both from ThermoFisher
Scientific), 2 mM L-glutamine (Wisent), 100 U/mL penicillin/streptomycin (Wisent), 50 uM B-
mercaptoethanol (Millipore-Sigma), and 20 ng/mL granulocyte-macrophage colony-stimulating
factor (GM-CSF, 315-03, Peprotech) The cultures were fed with fresh media at days 3 and 6. After
8-9 days, BMDCs were harvested and seeded at 10° cells/mL for stimulation with
lipopolysaccharide (LPS, E. coli O111:B4, Millipore-Sigma), polyinosinic—polycytidylic acid

(poly(I:C), Millipore-Sigma), or (1—3)-B-D-glucan from Alcaligenes faecalis (Millipore-Sigma).

3.3.6 BMDC antigen presentation assays

BMDCs  derived from  tamoxifen treated mice of  MysmIVPN Cre®®™? and

control Mysm %" CreERT?

genotypes were either untreated or stimulated with LPS (10 ng/mL, E.
coli O111:B4, Millipore-Sigma) and whole OVA (1 mg/mL, Worthington, LS003061) for 18 h.
OT-1I CD4 T cells were isolated from B6.Cg-Tg(TcraTcrb)425Cbn/J mice (Jackson Laboratories,
JAX 004194) using the EasySep™ Mouse CD4" T Cell Isolation Kit (Stem Cell Technologies,
19852). In some assays, the T cells were pre-loaded with 10 uM Cell Proliferation Dye eFluor™
450 (ThermoFisher Scientific), according to the manufacturer's protocol. BMDCs were co-
cultured with OT-II CD4 T cells in round-bottom 96-well plates for 3—4 days, at 10* BMDCs and
10° T cells per well (1:10 ratio), in IMDM media with 10% fetal calf serum (FCS) (ThermoFisher

Scientific), 2 mM L-glutamine (Wisent), 100 U/mL penicillin/streptomycin (Wisent), and 50 uM

B-mercaptoethanol (Millipore-Sigma). The cultures were analysed by flow cytometry at day 3, for
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T cell activation markers (CD44, CD69) and for the Cell Proliferation Dye eFluor™ 450, pre-
gating on live CD3"CD4" T cells. Alternatively, for the analyses of cytokine production, the
cultures were stimulated on day 4 with Cell Activation Cocktail (BioLegend, 423302, 1:500),
containing ionomycin and phorbol 12-myristate-13-acetate (PMA) for 4 h, with the addition of
Brefeldin A and Monensin to block cytokine secretion (BioLegend 420701, 420601, 1:1000) over
the last 2 h. The cells were stained for intracellular cytokines IFNy, IL-2, IL-4, and IL-10 using the
BD Fixation/Permeabilization Solution Kit (BD Biosciences, 554714) and the antibodies listed
below:

Table 3.3.6.1 Antibodies and other reagents used in the flow cytometry analyses.

Fluorophore Target Company Clone Catalogue
Alexa Fluor 647 | IL-4 BioLegend 11B11 504112
APC CD44 ThermoFisher IM7 17-0441-83
APC CD86 BioLegend GL-1 105012
APC E:C[I)_?’EYCIEIZ n BioLegend 5D3/CLEC12A | 143405
APC/Cy7 XCR1 BioLegend ZET 148223
Biotin CD3 BioLegend 17A2 100243
BUV395 CD3 BD Biosciences 145-2C11 563565
BUV395 CD45 BD Biosciences 30-F11 564279
BUV737 CD11c BD Biosciences HL3 612796
BUV737 CD16/CD32 BD Biosciences 2.4G2 612783
BUV737 CD45.1 BD Biosciences A20 612811
BVv421 CD34 BD Biosciences RAM34 562608
Bv421 IL-2 BioLegend JES6-5H4 503825
BV650 CD117 (c-kit) BioLegend ACK2 135125
BV785 CDA45.2 BioLegend 104 109839
BV785 F4/80 BioLegend BM8 123141
eFluor 450 CD11b ThermoFisher M1/70 48-0112-82
eFluor 450 CD45R (B220) ThermoFisher RA3-6B2 48-0452-82
FITC CDA40 BioLegend HMA40-3 102906
FITC CD69 BioLegend H1.2F3 104506
FITC SDDg,lq?SB ST2, BioLegend 927 127007, 127008
PE CD3 BioLegend 17A2 100206

PE CD45.1 BioLegend A20 110708

PE CD80 ThermoFisher 16-10A1 12-0801-82
PE CD135 (FIt3) ThermoFisher A2F10 12-1351-83
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PE CD172a (SIRPa) | BiolLegend P84 144011
PE IFNy BioLegend W18272D 163503
PE/Cy7 CD45.2 BioLegend 104 109830
PE/Cy7 CD64 (FcyRI) BioLegend X54-5/7.1 139313, 139314
PE/Cy7 CD115 (CSF-1R) | BioLegend AFS98 135523
PE/Cy7 gg 2|_714) (B7-HL | BioLegend 10F.9G2 124314
PerCP/Cy5.5 CD3 BioLegend 17A2 100217
PerCP/Cy5.5 CD4 BioLegend RM4-4 116012
PerCP/Cy5.5 CD19 Tonbo Bio 1D3 65-0193-U100
PerCP/Cy5.5 CD172a (SIRPa) BioLegend P84 144009
PerCP/Cy5.5 ggi_?zs) (B7-DC. | BioLegend TY25 107218
PE/Cy7 IL-10 BioLegend JES5-16E3 505025
APC Ly-6A/E (Sca-1) ThermoFisher D7 17-5981-83
BV650 MHCII BioLegend M5/114.15.2 107641
PerCP/Cy5.5 NK-1.1 BioLegend PK136 108727
BV785 Streptavidin BioLegend - 405249
TrueStain .
- feX (anti-mouse) BioLegend 93 101320

3.3.7 Flow cytometry

Cell suspensions of mouse tissues were prepared in RPMI-1640 (Wisent) with 2% (v/v) fetal calf

serum (FCS), 100pg/ml streptomycin and 100U/ml penicillin (Wisent). The cells were stained for

surface-markers in PBS with 2% FCS for 20 minutes on ice, using antibodies and gating strategies

listed below:

Table 3.3.7.1 Antibodies and other reagents used in the flow cytometry analyses.

Fluorophore | Target Manufacturer Catalog Number | Clone
AF488 GL7 BioLegend 144612 GL7

APC CD21/CD35 Biolegend 123412 7E9

APC CD86 BioLegend 105012 GL-1

APC CD267/TACI Invitogen 17-5942-82 ebio8F10-3
Biotin I1gG1 Southern Biotech 1070-08 polyclonal
BV421 CDI138 BioLegend 142508 281-2
BV421 CD95/Fas BD Bioscience 562633 Jo2
BV650 CD45R/B220 | BioLegend 103241 RA3-6B2
BV785 Streptavidin BiolLegend 405249 n/a

FITC KI67 eBioscience 11-5698-80 SolA15
FITC CD23 Invitrogen A15820 B3B4

Page | 86




Pacific Blue | IgD BioLegend 405712 11-26¢c.2a
PE Blimp-1 BioLegend 150005 SE7

PE CD184/CXCR4 | BioLegend 146505 L276F12
PE IgM Invitogen 12-5790-83 11/41
PE-Cy7 CD19 BioLegend 115520 6D5
PE-Cy7 CD21/CD35 Invitogen 13-0211-82 eBio8D9
PE-Cy7 CD38 Invitogen 25-0381-82 90
PerCPCy5.5 | CDll1b eBioscience 45-0112-82 M1/70
PerCPCy5.5 | CD4 BioLegend 116012 RM4-4
PerCPCy5.5 | CD8a BioLegend 100734 53-6.7
PerCPCy5.5 | IgD BioLegend 405709 11-26¢
PerCPCy5.5 | NKI.1 BioLegend 108727 PK136
PerCPCy5.5 | Terll9 BioLegend 116228 Ly-76
PerCPCy5.5 | CD19 Tonbo Biosciences 50-105-4943 1D3
PerCPCy5.5 | CD45R/B220 BioLegend 103236 RA3-6B2
PerCPCy5.5 | CD93 BioLegend 136512 AA4.1
eFluor506 Viability Dye eBioscience 65-0866-18 n/a

Table 3.3.7.2 Flow cytometry gating strategies to identify B cell subpopulations in mouse

tissues.
Cell Subsets Markers used for gating
B cells B220*

Memory B cells

B220*, CD38*, GL7~

Germinal centre (GC) B
cells

B220*, CD95/Fas*, GL7*

DZ GC B cells

B220*, CD95/Fas*, GL7", CD86~, CXCR4"

LZ GC B cells

B220*, CD95/Fas*, GL7*, CD86", CXCR4~

Plasmablasts/Plasma
cells

Lin- (CD11b-, TER119, CD4", CD8", NK1.1"), CD138*, TACI*

Plasmablast

Lin- (CD11b-, TER119, CD4", CD8", NK1.1"), CD138*, TACI",

CD19%, B220"

Early Plasma cells

Lin- (CD11b-, TER119, CD4, CD8", NK1.1"), CD138*, TACI",

CD19%, B220"

Mature Plasma cells

Lin- (CD11b-, TER119, CD4", CD8", NK1.1"), CD138*, TACI",

CD19, B220"

Plasmablast

Lin- (CD11b-, TER119, CD4, CD8", NK1.1"), CD138*, TACI",

CD19*, B220" Ki67*

Early Plasma cells

Lin- (CD11b-, TER119, CD4", CD8", NK1.1"), CD138*, TACI",

Blimp1*, B220", Ki67-
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Late Plasma cells Lin- (CD11b-, TER119, CD4", CD8", NK1.1"), CD138*, TACI",
Blimpl®, B220", Ki67~

T1 Transitional B cells | CD19", B220*, CD93*, IgM*, CD23-

T2 Transitional B cells | CD19", B220*, CD93", IgM*, CD23*

T3 Transitional B cells | CD19*, B220*, CD93", IgM'"°, CD23*

Follicular (FO) B cells | CD19", B220", CD93", IgM*, CD21%, IgD*

FO I B cells CD19%, B220*, CD93", IgM', CD21*, IgD*

FO I1 B cells CD19*, B220*, CD93", IgMM, CD21*, IgD*

Marginal Zone (MZ) B | CD19*, B220*, CD93", IgM", CD21" CD23'"
cells

MZ Precursor (MZP) B | CD19*, B220*, CD93", IgM", CD21", cD23"
cells

Bila B cells CD19*, B220'", CD43", CD5"

B1b B cells CD19*, B220'", CD43*, CD5

Viability Dye eFluor® 506 (ThermoFisher Scientific) was used to discriminate dead cells.
Compensation was performed with BD™ CompBeads (BD Biosciences). The data were acquired

on BD Fortessa and analyzed with FACS Diva (BD Biosciences) or FlowJo (Tree Star) software.

3.3.8 Western blotting

Western blotting was performed as previously described 2*°, with cells lysed in RIPA buffer
supplemented with protease and phosphatase inhibitors (ThermoFisher Scientific). Protein
concentration was measured using the BCA assay (ThermoFisher Scientific) on an EnSpire 2300
multilabel reader (PerkinElmer). Protein lysate samples were boiled in Laemmli buffer and 1.25%
B-mercaptoethanol (Sigma-Aldrich) before loading onto gels, alongside Precision Plus
Kaleidoscope standards (Bio-Rad). Upon gel-to-membrane transfer, nitrocellulose membranes
(GE Healthcare) were blocked with 5% milk in TBS-T and probed with antibodies against
MYSMI1 (EPR18657, Abcam) and B-Actin (D6AS, Cell Signaling Technology) at 4°C overnight,

followed by secondary antibodies Abcam - goat anti-rabbit [gG H&L (HRP) - ab6721 horseradish
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peroxidase (HRP)-conjugated or Rockland - Rabbit TrueBlot: anti-rabbit IlgG HRP - 18-8816-31
at room temperature for 1 hour, with TBS-T washes after each incubation. Protein bands were
detected using Western Lightning Plus-ECL (PerkinElmer) and HyBlot CL autoradiography films

(Harvard Apparatus Canada).

3.3.9 RNA isolation and RT-gPCR

RNA was extracted using the MagMAX™ Total RNA Isolation Kit (Invitrogen, Thermo Fisher
Scientific) or the EZ-10 DNAaway RNA kit (Bio Basic), according to manufacturer’s protocol,
and quantified with NanoDrop (ThermoFisher Scientific). cDNA was prepared using the Moloney
murine leukemia virus (MMLV) reverse-transcription kit and quantitative PCRs run on a
StepOnePlus instrument with PowerSYBR master mix (all from Thermo Fisher Scientific).
Primers were purchased from Integrated DNA Technologies, as shown below:

Table 3.3.9.1 Primers for RT-qPCR analyses.

Target | Forward primer Reverse primer

Cd274 | TGCGGACTACAAGCGAATCACG CTCAGCTTCTGGATAACCCTCG
1110 TGGAGCAGGTGAAGAGTGATTTTA | CACTGCAGGTGTTTTAGCTTTTCA
1112b GGCTGGTGCAAAGAAACATGGACT | AGAGACGCCATTCCACATGTCACT
111D CAGGATGAGGACATGAGCACC CTCTGCAGACTCAAACTCCAC

116 CATGTTCTCTGGGAAATCGTG TTCTGCAAGTGCATCATCG

Mysml | TGTGGATGTGGAAGGAGATG TGGTGCTATCCAGAGTCCAA

Infa CGGACTCCGCAAAGTCTAAG CAGTTCTATGGCCCAGACCCT
Gapdh | TGCAGTGGCAAAGTGGAGAT ACTGTGCCGTTGAATTTGCC

3.3.10 In vitro fluorescence catalytic activity assay

Genes for wild-type and mutated mouse MYSM1 were sub-cloned into pFastBac vectors, which
contain an N-terminal hexahistidine tag. The D660N mutation was introduced using standard site-

directed mutagenesis protocols. MYSMI1 proteins were expressed in Sf9 cells, infected with
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recombinant baculovirus and grown at 27C for ~66 hours. Proteins were purified by sonicating the
cells, followed by Ni-NTA affinity, Mono-Q and size exclusion chromatography (Superdex 2001).
The final yield was ~0.8 mg/ L of cells.

Enzymatic assays were conducted in assay buffer comprised of 20 mM Tris pH 8.1, 100 mM NaCl,
0.01% BSA, 1 mM DTT at room temperature in 96-well low binding black plates. 12.5uL of either
MYSM1 or MYSM 1PN at 300 nM was added to the 96-well plate followed by the addition of
12.5uL of serially diluted substrate (0.02 - 40 uM) and immediately placed into a fluorescence

spectrophotometer with excitation/emission wavelengths set to 485/535 nm, respectively.

3.3.11 RNA sequencing

RNA-seq protocols were as previously described 22> 24, Briefly, RNA yields and quality were
assessed using Bioanalyzer (Agilent). rRNA depletion and library preparation were performed
using the KAPA RNA HyperPrep Kit with RiboErase (Roche). The libraries were sequenced on an
Illumina Novaseq 6000 in a paired-end 100 bp configuration aiming for 50x10° reads per sample.
The quality of the sequencing reads was confirmed using the FastQC tool (Babraham
Bioinformatics), and low-quality bases were trimmed from the read extremities using
Trimmomatic v.0.33 2%°. The reads were then mapped to the mouse UCSC GRCm39/mm39
reference genome assembly using Hisat2 v2.2.1 266267268 ' Gene expression was quantified by
counting the number of uniquely mapped reads with featureCounts using default parameters 6%,
We retained genes that had an expression level of at least 5 counts per 10° reads (CPM) in at least
3 of the samples 2. TMM normalization and differential gene expression analyses were conducted
using the edgeR Bioconductor package 2. Dimension reduction analysis was performed using the

Principal Component and Partial Least Squares regression method 2’2, Pairwise comparisons were
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performed between genotypes or between treatments, and genes with changes in expression > |1.5|
fold and Benjamini-Hochberg adjusted p values < 0.01 were considered significant. Gene ontology
(GO) enrichment analyses on differentially expressed gene clusters were performed with DAVID
Bioinformatics Resources 6.8 27°, and Gene Set Enrichment Analysis (GSEA) was performed with

GSEA tool v4.3.2 using MSigDB v2022.1 with default configuration and permutation within gene

sets 274,

3.3.12 Statistical analyses

Statistical analyses used Prism 7.01 (GraphPad Inc.), with Student’s two-tailed #-test for two

datasets and ANOVA for multiple comparisons; p<0.05 was considered significant.
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Chapter 4: Results

4.1 Role of BAP1 in the Development of B Lymphocytes

4.1.1 Loss of BAPI impairs B cell development, viability, and cell cycle progression

In previous studies, we investigated the role of BAP1 in B lymphocyte development by generating

1Y% ;b 1-Cre mouse strain®?3, where BAP1 depletion occurs specifically

and characterizing the Bap
in B cells upon mb1 expression starting from the pre-pro-B cell stage?**. Through flow cytometry
analysis, we found that the loss of BAPI resulted in a systemic reduction in B cell numbers?®.
Precisely, multiple splenic B cell subpopulations, including transitional B cell subsets (T2-3),
follicular B cell subsets (FOL I-II), and marginal zone progenitor (MZP) B cells, were depleted in

Bap 1V mb1-Cre mice??

. Moreover, chimeric analysis confirmed the cell intrinsic role of BAP1
in B cells?®. Consistently, we observed a significant reduction in both the frequencies and the
absolute numbers of large pre-B cells and mature B cells, as well as an expansion of pro-B cells in

1" mb]1-Cre mice compared to the controls??’. This indicates a cell

the bone marrow of Bap
intrinsic requirement for BAP1 for normal progression of B cell development. Further analysis
using Annexin V staining revealed an increase in the proportion of late apoptotic/necrotic cells
within the large pre-B cells, indicating impaired cell viability??*. Likewise, Ki67 and histone

H3S10p staining of bone marrow cells from the Bap ™™

mb1-Cre mice demonstrated a significant
increase in the proportion of GO cells and a corresponding decrease in G1-S-G2 cells within the
large pre-B, small pre-B, immature, and mature B cell subpopulations, indicating that the loss of
BAPI impairs cell cycle progression®?*. Furthermore, RNA-Seq transcriptomic analysis of pre-B

and immature B cells from the Bap ™1

mb1-Cre mice revealed that the dysregulated genes resulted
from BAP1 deficiency are enriched in biological pathways including “cell proliferation”, “DNA

replication”, and “cell division” (Figure 4.1.1) 2%3. Thus, we proposed that BAP1 regulates B cell
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development, possibly by modulating B cell proliferation and cell cycle progression. In the current

study, we sought to further explore the mechanistic role of BAP1 in B cells.

Figure 4.1.1 RNA-Seq analysis of BapI-deficient pre-B and immature B cells.
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Data presented are from 3-4 mice per genotype. (A) Schematic representation of the mouse
genotypes and cell sorting protocols for the RNA-Seq experiment. (B) 3D principal component
analysis model demonstrating the gene expression profiles of each RNA-Seq sample: differences
between cell types are described by principal component 1 (PC1, 46.5% variability) and
differences between genotypes are described by PC2 and PC3 (9.3% and 5.6% variability,
respectively). (C) Normalized enrichment scores (NES) of 4,436 pre-established biological
processes expression signatures used in the gene set enrichment analysis (GSEA). (D) Heat map
displaying 916 significantly dysregulated genes when comparing Bap!V"Cre and control Bap1"*
cells. The significance threshold is fold change > 1.5 and False Discovery Rate (FDR) <0.01.
Relative gene expression to the average of pre-B and immature B control Bap!"* groups are used
to generate the heat map. Genes are grouped into Clusters [-VI based on their expression pattern
across the two cell types and three genotypes. (E) Gene ontology (GO) enrichment analysis on the
genes from the Clusters [-VI described in (D). The top two enriched biological processes terms per
cluster are displayed.

4.1.2 Impaired cell proliferation in BAPI-deficient B cell precursor cell lines

To further analyze the impact of BAP1 loss on B cell survival and proliferation and the molecular
mechanisms involved, Bap! gene was targeted with CRISPR/Cas9 in the B cell precursor cell line
Ba/F3. Two gRNAs were designed to target Bap/ exons 4 and 5 that encode the key N-terminal
catalytic domain of the protein (Figure 4.1.2A). Cell clones were screened by PCR for deletions
within the Bap1 locus, and six clones were selected and further analyzed by Western blotting to
confirm the loss of BAP1 protein (Figure 4.1.2B). There was no defect in the viability
of BapI®* cell lines, as demonstrated by equivalent frequencies of live, early apoptotic, and late
apoptotic/necrotic cells between the Bap/*® and control cell cultures (Figure 4.1.2C). The effect
of BAPI loss on the proliferation of the B cell lines was further analyzed with two approaches: a
colorimetric alamarBlue assay conducted in bulk cell population, and a flow cytometric CFSE-
dilution assay providing proliferation data at single cell resolution. Both approaches demonstrated
a reduction in cell proliferation for all the BapI*'® clones tested, reaching statistical significance

for the majority of the clones (Figure 4.1.2D-F). This further confirmed the role of BAP1 in the
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regulation of B cell proliferation and indicated the Bap!*® Ba/F3 cell lines as a model for further

analyses of the molecular mechanisms involved.

Figure 4.1.2 Impaired proliferation in CRISPR/Cas9 BAP1-deficient B cell precursor cell

line Ba/F3.
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(A) gRNA targeted cleavage on Bapl gene sequence. gRNA1 and gRNA2 were designed to target
exons 4 and 5 of mm9 Bapl gene, respectively. The gRNA-targeted DNA fragments of exons 4
and 5, as well as the corresponding amino acids of BAP1 protein are displayed in detail. Arrows
indicate predicted sites of Cas9 mediated double strand break (DSB). Both the cleavage sites are
upstream of the key catalytic residue of BAP1 protein Cys-91 (red). (B) Loss of BAP1 protein
expression in Bap1%“ cell line clones 1-6, demonstrated with Western blotting, using p-Actin as
the loading control. Additional clone with residual BAP1 expression, analyzed on the gel between
clones 2 and 3, was excluded from subsequent analysis. (C) Cell viability analysis with flow
cytometry, staining the cells with Annexin V and Viability Dye, to identify live (AnxV"V506),
early apoptotic (AnxV"V506°), and late apoptotic/necrotic (AnxVV506") cells; consolidated data
from 6 Bapl?“ cell clones is presented. (D) Cell proliferation analysis with colorimetric
alamarBlue assay, demonstrating reduced proliferation of Bap1?“ cell clones. Data presented is
from one experiment and was reproduced in a second independent experiment. (E) Cell
proliferation analyses with a flow cytometry based CFSE-dilution assay, gating on live cells.
Consolidated data from two independent experiments is presented, normalizing the CFSE mean
fluorescence intensity (MFI) of Bap1%“ cell clones in each experiment to their corresponding WT
control. In (C-E), bars represent mean = SEM; statistical analyses were performed using ANOVA;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or not significant if significance is not
indicated. (F) Representative histograms showing CFSE fluorescence of WT and Bapl#“ clones
KO3 and KO4, at 22 hours of culture, gating on live cells. A histogram showing CFSE fluorescence
of WT cells prior to culture (0 hours, dotted line) is included as a control.

4.1.3 Mapping BAPI binding across the B cell genome

To identify the genes directly regulated by BAP1, we mapped the genome-wide DNA-binding sites
of BAP1 by ChIP-Seq. The experiment was carried out in the B cell precursor cell line Ba/F3: a)
using wild type cells with an anti-BAP1 antibody, and b) using cells stably expressing 3xFLAG-
tagged BAP1 protein with an antibody against the FLAG epitope®?!. We identified a total of 13,163
BAP1 binding sites (or peaks) across the genome, with a very high concordance between the two
datasets (Figure 4.1.3A). Ordering the BAP1-binding sites based on their distance to the nearest
gene transcription start site (TSS), 74% were located within 1kb of the nearest TSS and were
therefore classified as gene-proximal (<1kb to TSS, 9,680 sites), and the remaining 26% were
classified as gene-distal (>1kb to TSS, 3,483 sites). To gain functional insight into the
transcriptional targets of BAP1 in B cells, gene ontology analysis was performed on the genes in

the vicinity of each BAP1 binding site using the Genomic Regions Enrichment of Annotations
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Tool (GREAT)?*. This demonstrated that the genes near the gene-proximal BAP1 binding sites
were highly enriched for biological process ontology terms “cell cycle” and “DNA metabolic
process” (Figure 4.1.3B), suggesting the direct involvement of BAP1 in the regulation of the

transcriptional programs required for B cell proliferation.
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Figure 4.1.3 ChIP-Seq analysis of BAP1 binding sites and the impact of BAP1 loss on histone
H2AK119ub levels, in the B cell precursor cell line Ba/F3.
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(A) Heat map showing the tag density of 13,163 BAPI binding sites identified in ChIP-Seq
experiments from wild type Ba/F3 B cell lineage precursor cells (WT) and Ba/F3 cells stably
expressing triple-FLAG-tagged BAP1 (FLAG x3). The sites are ranked based on their distance to
the nearest gene transcriptional start site (TSS). Gene-proximal sites are defined as having the
nearest gene TSS within 1kb, and gene-distal sites are defined as having the nearest gene TSS
further than 1kb. (B) Gene Ontology analysis of the nearest genes to each BAP1 binding site,
performed on the GREAT website?*°. The -logio(binomial FDR) value for each term is plotted. (C,
D) Histograms showing the average normalized tag densities of BAP1 and histone H2AK119ub
around the gene-proximal (C) and gene-distal (D) BAP1 binding sites. The tag densities of BAP1
are determined from the ChIP-Seq data of WT and FLAG x3 Ba/F3 cells, and the tag densities of
histone H2AK119ub are from the ChIP-Seq data of WT and two Bapl?” (KO) Ba/F3 cells
lines. (E) Venn diagram comparing the BAP1 binding sites identified in our ChIP-Seq datasets
from B cells with BAP1 binding sites identified in previous studies in ES-cells and macrophages®?!
278 (F) Analyses of the co-localization of BAP1 binding sites identified in our ChIP-Seq data with
the binding sites for other functionally related transcriptional regulators in previously published
studies. Heatmap displaying the Spearman rank correlations between all pairwise comparisons for
the BAP1 ChIP-Seq data and the ChIP-Seq datasets of other functionally related transcriptional
regulators. Spearman correlations were calculated using the normalized tag densities (= 100bp
around peak summit) across the entire set of binding sites identified from the ChIP-Seq
experiments. The BAP1 ChIP-Seq from Ba/F3 cells represents our datasets and is described in (A,
B). The others are public datasets, downloaded and re-analyzed using our pipeline: BAP1 ChIP-
Seq from ES cells?’’®, the BAP1, HCF1, and OGT ChIP-Seq from bone marrow derived
macrophages®?!, the ASXL1 ChIP-Seq from c-Kit" bone marrow cells?”’, the RING1B, CBX7,
EZH2, and USP16 ChIP-Seq from quiescent CD43" resting splenic B cells*®, and the YY1 ChIP-
Seq from follicular B cells (CD19"AA4°CD21°CD23")?8!; all datasets are from mouse.

4.1.4 BAPI functions as a deubiquitinase for histone H2AK119ub in B cells

To gain insights into the mechanisms of BAP1 transcriptional and epigenetic regulation in the B
cell lineage, we performed ChIP-Seq analysis for the repressive histone mark H2AK119ub,
comparing the BapI** and control Ba/F3 B cell precursor cell lines. Two clones of Bapl*'* cells
were selected, KO3 and KO4, based on full loss of BAP1 protein and a proliferation defect
representing an average of that seen across all the available clones (Figures 4.1.2D, E). The ChIP-
Seq data demonstrated that on average the genomic regions surrounding the BAP1 binding sites
had low levels of histone H2AK119ub in wild type Ba/F3 cells, consistent with their predominant
localization at promoters of expressed genes (Figures 4.1.3C, D). Importantly, the levels of histone

]A/A

H2AK119ub at these BAP1-bound genomic sites were significantly elevated in Bap relative
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to wild-type cells (Figures 4.1.3C, D). This indicated the non-redundant role of BAP1 as a DUB

for histone H2AK 119ub in the B cell lineage, as previously also reported for other cell types!** 20%

209, 215

To compare the roles of BAP1 in transcriptional regulation in B cells and other cell types, we
consolidated our BAP1 ChIP-Seq and previously published BAP1 ChIP-Seq datasets, with
macrophages and ES cells being the source of the available data*?!:?’®. Spearman rank correlation
analysis was performed for all pairwise comparisons. The results demonstrate a considerable
overlap in the genomic location of BAP1 binding across the cell types, and also highlight a subset
of BAP1 binding sites potentially specific to B cells (Figures 4.1.3E, F). Genes nearest to each of
the “shared” and the “cell-type specific” subsets of BAP1 binding sites were further analyzed for
enrichment of biological process GO-terms, demonstrating shared BAP1 binding at the genes
involved in many housekeeping biological processes, including “cell-cycle”, across the different

cell lineages.

To gain mechanistic insights into BAP1 cross-talk with other transcriptional regulators, we further
consolidated our BAP1 ChIP-Seq with ChIP-Seq datasets for BAP1-associated transcriptional
regulators ASXL 1194 200.209.215 "R 1197.205.211 \QGT29422! ' and YY 1!, for components of PRC
complexes RING1B, CBX7, and EZH2'4 143,282 and with a dataset for DUB USP16%%°, using data
from murine B cells (where available) and also datasets from macrophages and hematopoietic
progenitors?2!: 248.280.283 * A gjonificant correlation in genomic localization was observed between
BAPI1 and BAPI1-interacting proteins ASXL1, HCF1, YY1 and to a lesser extent OGT (Figure

4.1.3F), suggesting that BAP1 acts in cooperation with these proteins in the B cell lineage, as in
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other cell types. Weak correlation was observed between the genomic localization of BAP1 and
the RING1B catalytic subunit of the histone H2A ubiquitin ligase PRC1, and no correlation was
seen with the PRC2 catalytic subunit EZH2 (Figure 4.1.3F), supporting the antagonistic roles of
BAPI1 and PRCs in transcriptional regulation. Interestingly, a positive correlation was observed
between BAP1 and USP16, indicating that these DUBs may target some common genomic

locations, and suggesting cooperative or complementary functions (Figure 4.1.3F).

4.1.5 Exploring BAPI Regulated Transcriptional Programs in B Cell Development

We consolidated our ChIP-Seq and RNA-Seq datasets and identified in total 591 genes that had
BAP1 binding sites in their proximity and were dysregulated in expression in BAP1 deficiency.
Repeating the analysis for each cluster of genes dysregulated in BAPI-deficient B cells, we
observed a strong and significant overrepresentation of BAP1 binding sites at the genes in the
downregulated Clusters IV-VI (Figure 4.1.4A, Figure 4.1.1D, E). In particular, the strongest
overrepresentation of genes with BAP1 binding sites was seen for Cluster V, enriched for the genes
involved in cell cycle progression and downregulated in expression in BAP1-deficient pre-B cells
(Figure 4.1.4A, Figure 4.1.1D, E). Overall, this demonstrates a strong concordance between our
RNA-Seq and ChIP-Seq datasets, consistent with the primary function of BAP1 as a transcriptional
activator. The strong correlation between BAP1 occupancy, histone H2AK119ub levels, and gene
expression suggests a direct role of BAP1 in the regulation of genes essential for normal cell cycle

progression in pre-B cells.

Gene ontology (GO) analysis further confirmed that the set of genes in proximity of BAP1 binding

sites and downregulated in expression in BAP1-deficient pre-B cells was strongly enriched for
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GO-terms “cell cycle” and “DNA replication” (Cluster V, Figure 4.1.4B). Notably, this gene set
included the key genes encoding: regulators of G1/S cell cycle transition (Ccne2, Cdc25a) and the
initiation of DNA replication (Cdc6, Cdc45, Cdtl); components of the core DNA replication
machinery (Polal, Poldl, Pole, Pole2, Pcna, Rfcl, Dna2, Ligl, Mcm2-7) and enzymes involved
in deoxyribonucleotide synthesis (Rrml, Rrm2); regulators of G2/M cell cycle transition
(Bubl, Cdc25a, Espll, Plkl), mitotic spindle dynamics (Haus4, Haus5, Ndc80, Kif2c, Kif23, Kif11,
Kntcl), and cytokinesis (Anin, Ect2, Prcl); key regulators of chromatin structure through the S
and M phases of the cell cycle (Esco2, Ncapd?2, Ncapg2, Uhrf1); and several general biomarkers
of cell proliferation (Foxml, Mki67) (Figure 4.1.4C). Overall, our data suggests a direct role of
BAP1 in the regulation of the transcriptional programs of cell proliferation, linked to its

requirement for cell cycle progression in pre-B cells and for normal B cell development.

To gain insights into the putative mechanisms through which BAP1 may regulate the
transcriptional programs of cell cycle progression in B cell development, we assessed the levels of

1%2 relative to control Ba/F3 B cell precursor cell

the repressive histone mark H2AK119ub in Bap
lines from our ChIP-Seq data, specifically focusing on the BAP1 binding sites within the promoters
Cluster V genes downregulated in expression in BAP1 deficient pre-B cells and assigned GO-
terms “cell cycle”, “DNA replication”, and “cell division” (69 genes). Importantly, a significant
increase in histone H2AK119ub levels was observed in BapI*™ relative to control cells at these
promoters (Figure 4.1.4D, E). This strongly suggests that BAP1 regulates the expression of the

genes essential for cell proliferation and cell cycle progression in B cell development at least in

part via the deubiquitination of histone H2AK119ub.
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In summary, we previously analyzed the role of BAP1 in B cells using the Bap ™" mb1-Cre mouse
model, which has a selective loss of BAP1 throughout the B cell lineage, and demonstrated the
cell-intrinsic requirement for BAP1 in the normal progression of B cell development 2**. In the
current study, we established BAP1’s role as a DUB for histone H2AK119ub in the regulation of
the transcriptional programs of cell proliferation in pre-B cells 2*>.While BAP1 remains highly
expressed throughout the B cell lineage 2%, its role in the regulation of B cell activation and

humoral immune response remains unknown and would be the focus of our next step.
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Figure 4.1.4 BAP1 in the regulation of genes involved in cell proliferation and cell cycle
progression in pre-B cells.

A B
mm Proximal (1kb) GO: Biological processes = Upregulated
— g'Stzl (50k5tz))kb p53-mediated apoptotic signaling pathway E Downregulated
== Random ( ) Activation of cysteine-type endopeptidase

Cellular response to angiotensin

Regulation of catalytic activity
1] Granuloma formation
ER stress-induced apoptotic signaling pathway

Regulation of blood vessel endothelial cell migration
Regulation of histone deacetylase activity
Regulation of cell cycle

Intracellular signal transduction
vV Cilium morphogenesis

g Cilium assembly
§<j b Cell cycle
=) \ DNA replication
S Cellular response to DNA damage stimulus
Lipid metabolic process
Random Vi Thymus development
Regulation of transcription
T T T T 1
0 20 40 60 80 100 0 10 20 30
% dysregulated genes -log,o(p-value)
with BAP1 binding
C
10 15 70 20 15 20
BAP1
nput
- — bt f— (R r— o......n R EETReTEY - A P L
-
Ccne2 \ Cdc6 ; Pole . Mcm5 Mcm6 Mcm10
Bap1"/* ‘ 200 l 75 115 460 630 150
ARE Y PR TP | .....IA‘.A.,-.LIL Radlsied woiu L S PV P (Y SPUPYRTI N FIRITIY TS THTY B
Bap1%*Cre (
P 1| FYR ™ AT Rl b hla bbb b N thonomtal | NI TR I
Bap1'iCre -2.5x -2.6X 21X -1.9X -2.0x -2.3X
-y N P\ O { (TR VY 1 PR N PV R a addllan oomiaik | S | TN aial 4 FTINN .
20 20 40 15 30 45
BAP1
Nl i
A A ke b e [ SY TS R — [ S —— e
Ly < d d <I>Nca 2
Rrm2 Uhrf1 Bub1 Haus4 Kif2c S
Bap 1+ 1400 950 175 175 155 355
| | RPN otk wav d LTI 1 PR ST P e I Jy ST SR { | RS LML M a
Bap1i*Cre ‘
P [ AT TR RN T TR D i Jdotd L g | P
Bap1¥iCre -2.3x 21X 2.0X 2.4X -1.8X 2.2X
1 A RSO (AN TR PO VT comes e 4dd P | TR al szaca
D 4.4x1019 E
5.0x10% Cluster V cell cycle-related genes
50 — 40
2 2
@ B 307 — BAP1
& 40+ G 20 =" Input
= £ 40
o . o
g % g o
o 5 15
3 20+ ?
& N 404 N — H2Aub WT
= © Ny Ve AR H2Aub KO3
< 107 E o5 3 — H2Aub KO4
= P Input
0 T T T 0.0 .
WT KO3 KO4 -5000 0 5000

Distance from BAP1 peak summit (bp)

Page | 104



(A) Consolidation of the RNA-Seq and ChIP-Seq datasets, described in Figure 4.1.1 and 4.1.3,
showing the percentages of genes dysregulated in expression in Bap "'Cre cells with at least one
BAPI binding site within the indicated range of their TSS. Analysis is performed for each of the
Cluster I-VI of the genes dysregulated in Bap’'Cre cells, as defined in Figure 4.1.1D. The
random genes cluster consists of ten groups of 300 genes randomly selected from 24,421 genes in
the mm9 genome. The random binding sites consist of ten groups of 10,000 genomic locations
randomly selected from the mm9 genome. Fisher Exact Test is used to calculate the p-
values. (B) Gene ontology (GO) enrichment analysis for the Clusters I-VI genes, dysregulated in
expression in Bap 'Cre cells, and containing a proximal or distal BAP1 binding site. Top three
enriched biological process terms per Cluster are displayed. (C) Genomic snapshots of selected
genes that represent the putative direct transcriptional targets of BAP1 in pre-B cells. The genes
are selected from Cluster V genes that are downregulated in expression in Bap ''Cre pre-B cells,
carry a proximal or distal BAP1 binding site, and are functionally linked to cell proliferation and
cell cycle progression. ChIP-Seq tracks for BAP1 and input DNA are shown on the top two lanes.
The gene feature track is shown in the middle. Averaged RNA-Seq tracks for pre-B cells are in the
bottom three lanes, with fold changes comparing expression levels in Bapl¥1Cre and
control Bap!"* samples indicated. The maximum data range of each track is indicated at the top-
right corner of the track. (D) Box plot showing histone H2AK119ub read intensities £2.5kb to
BAP1 binding sites near putative BAP1-regulated Cluster V genes, functionally linked to cell
proliferation and cell cycle progression; (GO terms: GO:0007049 ~cell cycle; GO:0006260 ~DNA
replication; GO:0051301 ~cell division; mmu04110: Cell cycle; and/or mmu03030: DNA
replication, 69 genes in total). The Mann-Whitney U test was used to calculate the p-
values. (E) Histograms showing the average normalized read intensities of BAP1 and histone
H2AK119ub at the BAP1 binding sites proximal to the select subset of Cluster V genes,
functionally linked to cell proliferation and cell cycle progression, as specified above. The read
intensities of BAP1 are determined from the ChIP-Seq data of WT and FLAG x3 Ba/F3 cells, and
the read intensities of histone H2AKI119ub are from the ChIP-Seq data of WT and
two Bap1¥4 (KO) Ba/F3 cell lines.
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4.2 Role of BAP1 in B cell mediated immune response

4.2.1 B-cell specific loss of BAPI results in impaired antibody production

In previous studies, we hypothesized that BAP1 may function as an essential transcriptional

1" mb1-Cre mouse

regulator of B cell mediated immune response, and characterized the Bap
model, in which BAP1 is specifically depleted throughout the B cell lineage*?>. We observed
significant reductions in antibody titres (including IgM isotype and class-switched IgG1, IgG2c,
and IgG3 isotypes) in the serum of naive Bap ™" mb1-Cre mice compared to BapI™* and Bap1™*
mb1-Cre control mice, either at the naive state or following primary and boost immunizations
(Figure 1.7.3). This indicates that BAP1 expression in the B cell lineage is crucial for the induction
of B cell mediated immune response. Moreover, as mentioned in the previous sections, Bap ™™
mb1-Cre mice lack BAP1 expression throughout the B cell lineage, resulting in impaired B cell
development and reduced B cell numbers in lymphoid organs 2%, which could in part account for
the impaired antibody production in these mice. Hence, in this study, our objective is to test the

direct role of BAP1 in the regulation of B cell mediated immune response, independently of its

functions in B cell development.

4.2.2 Cell-intrinsic role of BAPI in mature activated B cells in humoral immune response

To test the direct regulatory role of BAP1 in B cell mediated immune response while minimizing
the influence of its functions in B cell development, we generated the Bap "™ Cy1-Cre mice, with
Cre expression driven from the IgG1 heavy chain locus and Cre activity restricted to the activated,
germinal centre (GC), and downstream B cell populations >>. In contrast to the Bap!¥™ mb1-Cre
mice %2, naive BapI™™ Cy1-Cre mice had normal numbers of splenic pre-GC B cells, including

the transitional, follicular, and marginal zone subsets (Figure 4.2.1). At the same time, the effective

Page | 106



Cre-mediated Bapl" to BapI” allele conversion was demonstrated by PCR-genotyping of the
genomic DNA from ex vivo stimulated BapI™™ Cy1-Cre and control Bapl™" Cyl-Cre B cells
(Figure 4.2.2A-B). Furthermore, RNA-seq analyses of splenic Bap!™" Cyl-Cre GC B cells
demonstrated a strong reduction in the transcript reads mapping to the Bap ! floxed exons 6-12, as

compared to the GC B cells from mice of control BapI™* Cy1-Cre genotype (Figure 4.2.2C-D).

Cohorts of naive BapI™" Cyl-Cre mice were analyzed for total serum antibody levels and
demonstrated a significant reduction in IgG1 but not IgM titres relative to the Bapl™" Cyl-Cre
control group (Figure 4.2.3A). Further cohorts of Bap!™" Cy1-Cre and control Bap!™* Cyl-Cre
mice were immunized, either subcutaneously with PE/CFA or intravenously with sheep red blood
cells (SRBCs) and analyzed for antigen specific antibody titres over a time-course post-prime and
post-boost immunization. A strong reduction in the antigen-specific antibody levels in Bapl™1
Cyl-Cre mice relative to the control Bapl™" Cyl-Cre group was observed across both
immunization models and most time-points (Figure 4.2.3B-E). Overall, these findings
demonstrate the direct and cell intrinsic role of BAP1 in the induction of B cell mediated immune

response, independent of its previously reported functions in B cell development 223,
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Figure 4.2.1 Analysis of splenic B cell populations in naive BapI™" Cy1-Cre mice.
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(A-B) Quantification of transitional T1, T2, and T3, follicular FOL I and FOL II, marginal zone
progenitor (MZP) and marginal zone (MZ) B cell population in the spleen of Bap1™™ Cy1-Cre and
control Bapl™* Cyl-Cre mice, presented (A) as a percentage of live CD19" B cell lineage
splenocytes, and (B) as an absolute cell number per mouse spleen. Cells are gates as live CD19"
B cells, followed by B220"CD93 IgM'CD23" for T1, B220"CD93"IgM"'CD23" for T2, and
B220"CD93*IgM"°CD23" for T3 transitional B cells, B220"CD93 CD21 1gM*IgD" for FOL I and
B220"CD93CD21"IgM"IgD" for FOL II follicular B cells, B220"CD93 CD21"IgM"CD23" for
MZP and B220"CD93-CD21"IgM"CD23~ for MZ B cells, as previously described 2*°. Data are
from 4 mice per genotype. Bars represent mean = SEM; statistical analysis by #-test; ** p<0.01;
not significant if not indicated. (C) Representative flow cytometry plots of the spleen of naive
Bap1™M Cy1-Cre and control Bapl™" Cyl-Cre mice, showing the gating for T1, T2, T3, FOL I,
FOL II, MZP, and MZ B cell populations, according to the markers listed above. Percentages of

cells within each gate relative to the parent gate for each mouse genotype are presented as mean +
S.D.

Figure 4.2.2 Confirmation of Cre-mediated BapI-gene inactivation in stimulated Bapl™"
Cy1-Cre B cells.
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(A-B) Genomic PCR analyses of splenic B cells of BapI™™ Cy1-Cre and control Bapl** Cy1-Cre
genotypes, with and without in vitro stimulation with LPS + IL-4 or anti-CD40 + IL-4. Tail-clip
samples from the same mice are included as additional negative controls. (A) Loss of Bap-floxed
allele and (B) gain of BapI-null allele in the stimulated Bap ™™ Cy1-Cre B cells but not in control
samples. PCR primers were Bapl Fw TGGGGATGTCTGGGGTAAAG with (A) Bapl Rv
TGGTGGCAAATGAGACCTTG and (B) Bapl ex13 _Rv2 AGTGCCATCCTACTCAGCAAA.
(C-D) Loss of expression of the BapI-floxed exons 6-12 in the RNA-seq data from primary GC B
cells of BapI™M Cyl1-Cre genotype relative to control Bapl™* Cyl-Cre genotype. (C) Dot plot
showing the number of sequencing reads mapped to Bap! exons 6-12 in the RNA-seq data from
GC B cells of Bap!"" Cy1-Cre and control Bapl™* Cy1-Cre genotypes. Statistical analysis used
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Student’s #-test; *** p < 0.001. (D) Genomic snapshots of the RNA-seq tracks of Bapl floxed
exons 6-12 from GC B cells of Bap!"™ Cyl-Cre and control Bapl™" Cyl1-Cre genotypes. The
maximum data range (y-axis scale) of the tracks is 12.

Figure 4.2.3 Reduced antibody levels and impaired antibody mediated immune response to
immunization in Bap1"" Cy1-Cre mice
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(A) Levels of total IgM and IgG1 antibody isotypes in the serum of naive mice of Bap!™" Cy1-
Cre and control BapI™ and BapI*™* Cyl1-Cre genotypes, assessed by ELISA. Data are from 9-11
mice per genotype, consolidated from two independent experiments. (B) Antigen specific antibody
titres in the mice of Bapl™® Cyl-Cre and control BapI™ and Bapl™ Cyl-Cre genotypes,
immunized with PE in CFA adjuvant, as outlined above; data acquired with ELISA from 3-5 mice
per genotype. (C) Experimental plan and timeline for the analyses of BapI™® Cy1-Cre and control
Bapl™ Cyl-Cre mouse responses to sheep red blood cell (SRBC) immunization. (D) Antigen
specific antibody titres in the serum of mice of Bap!™" Cy1-Cre and control BapI** Cyl-Cre
genotypes following SRBC immunization. Data are from 6-8 mice per genotype and reproduced
in two independent experiments. Bars represent means + SEM; statistical analyses used ANOVA
with Sidak’s post-hoc test comparing Bap!"" Cy1-Cre and BapI™* Cy1-Cre groups; * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001, or not significant if not indicated; AU — arbitrary units; MFI
— mean fluorescence intensity. (E) Representative flow cytometry analyses of mouse serum for
SRBC-binding antibody levels, involving the incubation of SRBCs with the serum followed by
the staining of SRBCs for antibody binding, as previously described 6.

4.2.3 Germinal center dysfunction and plasma cell depletion with the loss of BAPI

To understand the impact of BAP1-loss on the cellular dynamics of humoral immune response,

Iﬂ/ﬂ ]+/+

mice of Bap ™" Cy1-Cre and control BapI™" Cy1-Cre genotypes, both naive and challenged with
SRBC-immunization (as shown in 4.2.4C), were analyzed for the numbers of germinal centre (GC)
B cells, memory B cells, and plasma cells using flow cytometry (Figure 4.2.4). While there was
no significant change in the absolute numbers of GC B cells in Bap ™™ Cy1-Cre relative to control
mice at day 11 following the SRBC-immunization (Figure 4.2.4A), we observed a significant
reduction in the ratio of dark zone (DZ) to light zone (LZ) GC B cells (Figure 4.2.4B), primarily
due to an expansion in the number of LZ B cells (data not shown). Importantly, BapI™™ Cy1-Cre
mice showed a reduction in the numbers of class switched IgG1* GC B cells (Figure 4.2.4C), with
a significant depletion of IgG1" cells within both the DZ and LZ subpopulations (data not shown),
as well as a reduction in IgG1" memory B cells (Figure 4.2.4D). Absolute numbers of plasma cells
were also significantly reduced in both the spleen and bone marrow of BapI™™ Cy1-Cre mice

(Figure 4.2.4F), with a particularly strong depletion of the IgG1" class-switched plasma cells

(Figure 4.2.4G). Further analysis of the plasma cell population demonstrated a more significant
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depletion of plasmablasts and early plasma cells as compared to late plasma cells in the Bap ™™
Cy1-Cre mice (Figure 4.2.5A-B), and a reduction in the proportion of plasma cells positive for the
Ki-67 marker of cell proliferation at least in the bone marrow (Figure 4.2.5C). Overall, the
significant depletion of plasma cells likely contributes to the failure to produce and sustain normal

antibody titres in the Bap ™" Cy1-Cre mice.

The mice were further analyzed for GC B cells, memory B cells, and plasma cells at day 7 after
the boost SRBC immunization, and the data are presented in Figure 4.2.6. Surprisingly, an increase
in GC B cells was observed in Bap ™" Cy1-Cre mice relative to the control cohort after the booster
immunization (Figure 4.2.6A), and this may reflect the modulatory effects of pre-existing high
antibody titres on B cell recruitment into the GC in the control group 2*¢. Furthermore, the numbers
of IgG1" class-switched GC and memory B cells in the Bap/™™ Cy1-Cre mice were restored to
normal after the booster immunization (Figure 4.2.6C-D), consistent with the considerable rise in
their antibody titres at this time point (Figure 4.2.2D-E). However, the reduced ratio of DZ to LZ
GC B cells and the significant depletion of class switched IgG1+ plasma cells persisted even after
the booster immunization in Bap ™™ Cy1-Cre mice (Figure 4.2.6B, G). The persisting plasma cell
phenotype likely contributes to the ongoing reduction in the antibody titres in BapI™® Cy1-Cre

mice.
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Figure 4.2.4. Analyses of germinal centre (GC) B cells, memory B cells, and plasma cells in

BapI™1 Cy1-Cre mice.
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Mice of Bap ™™ Cy1-Cre and control Bapl™* Cyl1-Cre genotypes, both naive and at day 11 post-
primary SRBC-immunization, were analyzed by flow cytometry. (A) Absolute numbers of GC B
cells per mouse spleen, (B) ratio of dark zone (DZ) to light zone (LZ) GC B cells, (C) absolute
numbers of IgG1" GC B cells per mouse spleen, and (D) absolute numbers of IgG1" memory B
cells per mouse spleen, comparing between the Bap ! genotypes and immunization conditions. (E)
Representative flow cytometry plots analyzing splenic GC B cells; average percentage of cells in
each gate relative to the parent gate for all the mice in each group is indicated as mean + SD. (F-
G) Absolute numbers of total plasma cells and IgG1" plasma cells in the bone marrow and spleen,
comparing between the Bapl genotypes and immunization conditions. (H) Representative flow
cytometry analyses of plasma cells in the spleen of BapI™® Cy1-Cre and control Bap™" Cyl-Cre
mice, both naive and at day 11 post-primary SRBC-immunization; average percentage of cells in
each gate relative to the parent gate for all the mice in each group is indicated as mean + SD. Bars
represent means + SEM; statistical analyses used ANOVA with Sidak’s post-hoc test to compare
between the Bapl™"™ Cy1-Cre and Bapl™" Cyl-Cre genotypes and immunization conditions; *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. GC B cells were gated as live B220"GL7"CD95"
cells and divided into CXCR4'CD86™ dark zone (DZ) and CXCR4 CD86" light zone (LZ) cell.
Plasma cells were gated as live CD138 "TACI " cells, negative for the lineage markers CD11b,
TER119, CD4, CDS, and NK1.1.
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Figure 4.2.5 Further analyses of plasma cells in BapI™" Cy1-Cre mice.
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Mice of Bap ™™ Cy1-Cre and control Bapl™* Cyl1-Cre genotypes, both naive and at day 11 post-
primary SRBC-immunization, were analyzed by flow cytometry. (A) Absolute numbers of
plasmablasts, early plasma cells, and late plasma cells in mouse bone marrow (top panel) and
spleen (bottom panel), comparing between the Bap! genotypes and immunization conditions. (B)
Representative flow cytometry plots analyzing bone marrow plasma cells, gated as live Lin~
CDI138"TACI ", and showing the staining for the CD19"B220" plasmablast subpopulation; average
percentage of cells in each gate relative to the parent gate for all the mice in each group is indicated
as mean = SD. (C) Analyses of bone marrow plasma cells for Ki-67 marker of cell proliferation,
including quantification of the percentage of Ki-67+ plasma cells (left panel), and representative
flow cytometry histogram gated on plasma cells and showing Ki-67 staining (right panel). All bars
represent means = SEM; statistical analyses used ANOVA with Sidak’s post-hoc test to compare
between the BapI™? Cyl1-Cre and BapI** Cyl-Cre genotypes and immunization conditions; *
p<0.05, ** p<0.01, *** p<0.001. Plasma cells were gated as live CD138" TACI" cells, negative
for the lineage markers CD11b, TER119, CD4, CD8, and NK1.1, and classified into CD19"B220"
plasmablasts, CD19"B220™ early plasma cells, and CD19 B220™ late plasma cells. Intracellular
staining for BLIMP1 transcription factor was used to validate plasma cell gating (data not shown).
Furthermore, alternative staining for plasmablasts as B220" Ki67", early plasma cells as BLIMP1*
B220° Ki67", and late plasma cells as BLIMP1* B220~ Ki67~ gave similar results and conclusions
(data not shown).
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Figure 4.2.6 Analyses of germinal centre (GC) B cells, memory B cells, and plasma cells in
Bap 1" Cy1-Cre mice post-boost immunization.
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Mice of Bap1™" Cy1-Cre and control Bapl™* Cyl-Cre genotypes, both naive and at day 7 post-
boost SRBC-immunization, were analyzed by flow cytometry. (A) Absolute numbers of GC B
cells per mouse spleen, (B) ratio of dark zone (DZ) to light zone (LZ) GC B cells, (C) absolute
numbers of IgG1" GC B cells per mouse spleen, and (D) absolute numbers of IgG1" memory B
cells per mouse spleen, comparing between the Bap ! genotypes and immunization conditions. (E)
Representative flow cytometry plots analyzing splenic GC B cells; average percentage of cells in
each gate relative to the parent gate for all the mice in each group is indicated as mean + SD. (F-
G) Absolute numbers of total plasma cells and IgG1" plasma cells in the bone marrow and spleen,
comparing between the Bapl genotypes and immunization conditions. (H) Representative flow
cytometry analyses of plasma cells in the spleen of BapI™® Cy1-Cre and control Bap™" Cyl-Cre
mice, both naive and at day 7 post-boost SRBC-immunization; average percentage of cells in each
gate relative to the parent gate for all the mice in each group is indicated as mean + SD. Bars
represent means + SEM; statistical analyses used ANOVA with Sidak’s post-hoc test to compare
between the Bapl™"" Cy1-Cre and Bapl™" Cyl-Cre genotypes and immunization conditions; *
p<0.05, ** p<0.01, *** p<0.001. GC B cells were gated as live B220"GL7"'CD95" cells and
divided into CXCR4'CD86 dark zone (DZ) and CXCR4 CD86" light zone (LZ) cell. Plasma cells
were gated as live CD138 "TACI * cells, negative for the lineage markers CD11b, TER119, CD4,
CDS8, and NK1.1.

4.2.4 Loss of BAPI in primary B cells does not impair antibody class switching

While the more significant impact of BAP1-loss on the numbers of IgG1" rather than total GC B
cells and plasma cells in the Bap /™™ Cy1-Cre model may reflect the higher expression of Cre in
the IgG1™ cells >, it may also suggest a role for BAP1 in B cell immunoglobulin class switching.
We therefore proceeded to directly test the effects of Bap/-loss on B cell class switching in vitro.
Induced GC B cells (iGBs) of BapI™® Cy1-Cre and control Bapl™* Cyl-Cre genotypes were
generated on the 40LB feeder cells that provide CD40L and BAFF, as described previously 2°% 260,
iGBs were analyzed at day 4 for class switching to IgGl and demonstrated no significant
differences between the Bap ™™ Cy1-Cre and control BapI™* Cyl1-Cre cultures (Figure 4.2.7A-B).
We further analyzed B cell proliferation in the iGBs cultures, using either the CellTrace Violet
(CTV) dilution method with flow cytometry (Figure 4.2.7C-D, day 4) or manual cell counting
(Figure 4.2.7E, days 0-6). This demonstrated a significant impairment in the proliferation for

Bap 1" Cy1-Cre relative to control BapI™* Cy1-Cre B cells under these culture conditions (Figure
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4.2.7C-E). Further analyses of the B cell class switching rates per cell division in this model
confirmed that the loss of Bapl does not directly interfere with B cell class switching, and any
reduction in class switched BapI™™ Cyl-Cre B cells can be attributed to impaired B cell

proliferation (Figure 4.2.7C,F).

]ﬂ/ﬂ ]+/+

Primary B cells from Bap Cy1-Cre and control Bapl™" Cyl-Cre mice were also stimulated in
culture to class-switch to IgA with IL-21, anti-CD40, anti-IgM, TGF-B, and retinoic acid, as
reported previously 2°°. Again, BapI™" Cyl1-Cre B cells demonstrated normal levels of class
switching over 4 days in culture (Figure 4.2.8A-B), though Cre-mediated BapI™ to BapI” allele
conversion was observed as early as days 3, albeit without full loss of the BapI™ allele (Figure
4.2.8C-D). It is notable that no loss of cell proliferation was observed in these cultures, and this
may reflect biological differences in the responses of Bap I-deficient B cells to different stimulation

conditions or the lower efficiency of Cy1-Cre in the cells undergoing class switching to IgA relative

to IgG1, as shown by the persistent detection of the Bap™ allele in these cells (Figure 4.2.8D).

We further evaluated class switching using splenic B cells from BapI™™ mb1-Cre and control

Bapl™

mb1-Cre mice, as in this model the Cre-mediated Bap/-allele deletion takes place from
the early stages in B cell lineage development, and the full loss of BAP1 protein in Bap %™ mb1-
Cre splenic B cells has been validated through Western blotting in our previously published studies
223 Thus, to further assess the role of BAP1 in antibody class switching, Bap!™"™ mb1-Cre and
control Bap ™" mb1-Cre B cells were stimulated in culture with IL-21, anti-CD40, anti-IgM, TGF-

B, and retinoic acid to class-switch to IgA and analyzed at day 3 (Figure 4.2.7G-K). While Bap ™1

mb1-Cre B cells showed a trend toward impaired cell proliferation relative to the control B cells
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(Figure 4.2.7G,1,J), there were no differences in class switching per cell division between the
Bap1-genotypes (Figure 4.2.7K), consistent with our findings with the BapI™" Cy1-Cre B cells
(Figure 4.2.7F, 4.2.8B). Overall, we conclude that BAP1 is not directly required for the normal

progression of antibody class switching.

Given the impaired proliferation of Bapl-deficient B cells under some of the stimulation
conditions presented above, we further analyzed the effects of BAP1 on B cell viability. No
significant differences in cell viability were observed between BapI™1 Cyl-Cre and control
BapI*"* Cy1-Cre germinal centre B cells, memory B cells, or plasma cells, freshly isolated from
naive mice or from mice at day 11 post-SRBC immunization (Figure 4.2.9A-D). Further analysis
of the plasma cell populations as plasmablasts, early plasma cells, and mature plasma cells also
demonstrated no differences in viability based on the Bap-genotype of the cells (data not shown).
However, such analyses may not detect subtle changes in cell viability due to the rapid clearance
of dead cells in healthy tissues, and we therefore further analyzed the viability of primary B cells
of Bap ™™ Cy1-Cre and control Bapl™" Cy1-Cre genotypes in culture, stimulated over 5 days with
either anti-CD40 and IL-4, or with LPS and IL-4. This demonstrated a mild but statistically
significant reduction in the viability of BapI™™ Cy1-Cre relative to control Bap*"* Cy1-Cre B cells
under both stimulation conditions (Figure 4.2.9E). Overall, we conclude that the loss of BAP1 can

impair the viability of activated B cells.
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Figure 4.2.7 Loss of BAP1 does not impair immunoglobulin class switching in primary B
cells.
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Induced GC B cells (iGB) of BapI™® Cyl1-Cre and control BapI™" Cyl-Cre genotypes were
generated on 40LB feeders, as described previously 2°*2%° and analyzed at day 4 of culture for
(A-C) immunoglobulin class switching to IgG1, and (C-D) cell proliferation using the CellTrace
Violet (CTV) dilution method. (E) Growth curves of iGBs of Bap1"™ Cy1-Cre and control Bap™*
Cy1-Cre genotypes over a 6-day time course, evaluated with cell counting and demonstrating the
impaired proliferation of BapI-deficient B cells. (F) Antibody class switching per cell division,
comparing Bapl™ Cyl-Cre and control Bapl™ Cyl-Cre iGBs at day 4 and showing no
differences between the genotypes. Bars represent means = SEM, with two mice per genotype. (G-
K) Primary splenic B cells of Bap!™™ mb1-Cre and control Bapl™" mbl-Cre genotypes were
stimulated in culture to induce class switching to IgA. (G) Analyses of the cultures at day 3 of
stimulation for class-switching to IgA and for cell proliferation using the CTV-dilution method
demonstrated no differences in class switching between the Bap-genotypes. (H) Quantification
of the B cell cultures for class-switching to IgA demonstrated no differences between the Bapi-
genotypes. (I-J) Analyses of B cell proliferation using (I) cell counting or (J) CTV-dilution method
demonstrated a trend toward decreased proliferation of Bap!/™™ mb1-Cre relative to the control
BapI™* mb1-Cre B cells. (K) Antibody class switching per cell division comparing Bap 71 mb1-
Cre and control BapI™* mbl-Cre B cells showed no differences between the genotypes. Bars
represent means = SEM with two mice per genotype. Statistical analyses used (B, H, I) unpaired
two-tailed Student’s ¢-test or (E, K) two-way ANOVA with Sidak’s multiple comparison test; p-
values are indicated in the figure or not-significant (NS) if not indicated.

Figure 4.2.8 Partial BapI-deletion does not impair immunoglobulin class switching to IgA
isotype in primary B cells.
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Primary splenic B cells from Bap ™™ Cy1-Cre and control Bap!™* Cy1-Cre mice were stimulated
in culture to induce class switching to IgA. (A) Analyses of the B cell cultures on day 4 of
stimulation for class-switching to IgA and for cell proliferation using the CFSE-dilution method
demonstrated no differences between the BapI-genotypes. (B) Analyses of the B cell cultures for
class-switching to IgA quantified per cell division demonstrated no differences between the Bap -
genotypes. (C-D) Genomic PCR analyses of the BapI™™ Cy1-Cre and control BapI*'* Cy1-Cre B
cell cultures, either unstimulated on day O or on days 3-4 of stimulation. Gain of the Bap/-null
allele (C), but without the loss of the BapI™ allele (D) in stimulated Bap /™™ Cy1-Cre B cells is
demonstrated, indicating that Cyl-Cre is only partially effective. Primers were Bapl Fw
TGGGGATGTCTGGGGTAAAG with (C) Bapl_ex13 Rv2 AGTGCCATCCTACTCAGCAAA
or (D) Bapl Rv TGGTGGCAAATGAGACCTTG.

Figure 4.2.9 Analyses of the viability of BapI-deficient B cells.
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(A-D) Viability of primary B cells from the spleen and bone marrow of the mice of Bap!"" Cy1-
Cre and control Bapl™* Cyl-Cre genotypes, either naive or at day 11 post-primary SRBC-
immunization, analyzed by flow cytometry based on fixable viability dye exclusion. (A) Splenic
germinal centre (GC) B cells, dark zone GC B cells, light zone GC B cells, and IgG1" GC B cells,
(B) splenic IgG1" memory B cells, and (C-D) total plasma cells and IgG1* plasma cells in the bone
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marrow and spleen show no differences in cell viability between the Bapl-genotypes. GC B cells
were gated as live B220"GL7'CD95" cells and divided into CXCR4"CD86 dark zone (DZ) and
CXCR4 CD86" light zone (LZ) cell. Plasma cells were gated as live CD138 "TACI * cells, negative
for the lineage markers CD11b, TER119, CD4, CDS, and NK1.1. Bars represent means + SEM;
statistical analyses used ANOVA with Sidak’s post-hoc test to compare Bapl™" Cyl1-Cre and
BapI*"* Cy1-Cre groups; no significant differences in B cell viability based on the BapI-genotype
were detected. (E) Viability of primary splenic B cells of BapI™™ Cyl-Cre and control Bapl™*
Cy1-Cre genotypes at day 5 of in vitro stimulation with anti-CD40 (2 pg/ml) and IL-4 (5 ng/ml),
or with LPS (1 ug/mL) and IL-4 (5 ng/ml), analyzed by flow cytometry based on fixable viability
dye exclusion. Bars represent means £ SEM; statistical analyses used used Student’s z-test; **
p<0.01, *** p<0.001.

4.2.5 Impaired proliferation in Bapl CRISPR/Cas9 gene targeted CHI2F3 B cells

To further explore the roles and mechanisms of BAP1 activity in B cells, we targeted Bapl gene
using CRISPR/Cas9 in the CH12F3 B cell lymphoma line ¢, which is a commonly used model
for the analyses of B cell activation, class switching, and associated cellular processes. gRNAs
were designed to target Bapl exons 4 and 5 that encode the N-terminal catalytic domain of the
protein (Figure 4.2.10A), and single-cell clones screened by PCR for deletions within the targeted
regions of the Bap1 locus. Further analyses of five Bap1*/* single-cell clones by Western blotting

confirmed the full loss of BAP1 protein expression (Figure 4.2.10B).

Based on the impaired proliferation of Bap1™f Cy1-Cre primary B cells in the iGB cultures (Figure
4.2.7) and on our previous report of impaired proliferation in Bap1™™ mb1-Cre pre-B cells 22, we
analyzed the Bapl®® CH12F3 cell clones for defects in proliferation, using the AlamarBlue
resazurin/resorufin-based assay in bulk cell cultures, and the flow cytometry based CFSE dilution
method. The assays demonstrated a significant reduction in cell proliferation for the Bap1
CH12F3 cell clones relative to control wild type CH12F3 cells (Figure 4.2.10C-E), as well as the
reduced viability of Bap1®® CH12F3 cell at least under unstimulated culture conditions (Figure
4.2.10F). This demonstrates the conservation of Bapl-deficiency phenotypes between CH12F3
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cells and primary B cells and establishes the Bap1#® CH12F3 cells as a model for further analyses

of BAPL1 functions in B cell biology.

Figure 4.2.10 CRISPR/Cas9-mediated BaplI-deletion in CH12F3 B cells, and the impaired
proliferation of BapI-deficient CH12F3 cell clones.
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(A) Bapl gene targeting strategy: gRNA1 was designed to target exon 4, and gRNA2 and gRNA3
were designed to target exon 5 of Bap! gene, encoding the BAP1 catalytic domain (mm9 genome
assembly). gRNAs were used in pairs to improve the efficiency of PCR screening for the deletions.
The diagram shows the gRNA-targeted fragments of exons 4 and 5, as well as the corresponding
amino acids of BAP1 protein. Arrows indicate the predicted sites of Cas9-mediated double strand
breaks (DSB), and the key catalytic residue of BAP1 protein Cys91 is indicated in red. (B) Western
blot validating the loss of BAP1 protein expression in Bap /' CH12F3 clones 1-5, using B-Actin
as the loading control. The CH12F3 clones with successful Bapl-deletions were targeted with
gRNA2 and gRNA3. (C-E) Analyses of the effects of BAP1 loss of CH12F3 cell proliferation. (C)
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AlamarBlue assay demonstrates reduced proliferation of Bapl*/* CH12F3 cells; data is averaged
from clones 1-5. (D-E) Cell proliferation analyses using a flow cytometry based CFSE-dilution
assay, with the CH12F3 cells pre-loaded with CFSE and maintained in culture overnight. (D)
Quantification of the CFSE mean fluorescence intensity (MFI) of Bap/** CH12F3 clones 1-5
relative to control wild type CH12F3 cells, demonstrating the reduced proliferation of Bapl®*
CHI12F3 cells. (E) Representative CFSE dilution histograms, gated on live cells and demonstrating
reduced proliferation of BapI®® relative to control wild type CHI2F3 cells. (F) Viability of
CHI2F3 cells, analyzed by flow cytometry based on fixable viability dye exclusion, comparing
Bap1™® clones 1-5 to control wild type cells, using either unstimulated cells or cells at day 3 of
stimulation with TGF-B (1 ng/ml), IL-4 (10 ng/ml), and anti-mouse CD40 (1pg/ml). (C-D, F) Bars
represent mean = SEM; statistical analyses used Student’s #-test; * p<0.05, *** p<0.001, ns — not
significant.

4.2.6 BAPI genome-wide binding in B lymphocytes

To identify the genomic regions directly regulated by BAP1 in mature B cells, we conducted ChIP-
seq to map BAP1 genome-wide DNA-binding sites using an anti-BAP1 antibody and wild type
CH12F3 cells, with and without stimulation with TGF-f, IL-4, and anti-CD40 over 72 hours.
While there are limitations to using CH12F3 cells as a model of primary GC B cells, BAP1 is a
challenging target, with most previously published ChlIP-seq datasets using cells that express an
epitope-tagged BAP1 protein 214 221 287 \We have therefore also repeated the ChIP-seq analysis
using CH12F3 cells stably expressing 3xFLAG-tagged BAP1 with an antibody against the FLAG
epitope, as previously described 22 223, We identified a total of 1,499 BAP1 binding sites (or
peaks) across the genome (Figure 4.2.11A, Figure 4.2.12A), with the high concordance between
the dataset from unstimulated and stimulated CH12F3 cells, indicating that BAP1 recruitment to
chromatin is constitutive rather than induced with B cell stimulation. Among the BAP1 binding
sites 88% were classified as gene-proximal based on their distance to the nearest gene transcription
start site (<1kb to TSS). To gain insights into the biological functions of the BAP1 transcriptional
target genes, ontology analyses were performed on the genes in the vicinity of the BAP1 binding

sites using the Genomic Regions Enrichment of Annotations Tool (GREAT) 2. This
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demonstrated a highly significant association of the gene-proximal BAP1 binding sites with the
genes involved in proteosome-dependent protein degradation, DNA damage response, and protein
trafficking, and the association of the gene-distal BAP1 binding sites with the genes involved in
the regulation of transcription and RNA processing (Figure 4.2.11B). This suggests the role of
BAPL in the regulation of many transcriptional programs essential for normal cell physiology, as

well as for the induction of B cell activation and humoral immune response.

To compare the role of BAP1 as a transcriptional regulator in mature B cells to its role in other cell
types, we consolidated our newly acquired BAP1 ChIP-Seq with the previously published BAP1
ChIP-Seq datasets from Ba/F3 pro-B cells 22, ES cells 7, and macrophages ??!. This indicated a
considerable overlap in BAP1 genomic binding and suggested shared BAP1 functions in the
regulation of housekeeping transcriptional programs across many cell types (Figures 4.2.13A). To
gain further insights into the cross-talk between BAP1 and other transcriptional regulators, we also
consolidated our BAP1 ChIP-Seq data with the public ChIP-Seq datasets for BAP1-associated
transcriptional regulators, including HCF1 and OGT in macrophages 2*!, and ASXLI in
hematopoietic stem and progenitor cells (HSPC) 2”°. A significant overlap in the genomic
localization was observed between BAP1 and BAP1-interacting proteins ASXL1, HCF1, and to a
lesser extent OGT (Figure 4.2.12B), indicating that BAP1 may act in cooperation with these
transcriptional regulators in B cells, as in other cell types. Furthermore, we consolidated our BAP1
ChIP-seq data with the public ChIP-seq datasets from primary murine B cells for the other major
regulators of the histone H2AK119ub epigenetic mark, including polycomb proteins RINGIB,
CBX7, YY1, EZH2 and deubiquitinase USP16 28% 28! 'We observed an overlap in the genomic

binding of BAP1 with components of the polycomb repressive complex 1 (PRC1), including its
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E3 ubiquitin ligase catalytic subunit RING1B (Figure 4.2.12B). This suggests that BAP1 and
PRC1 may co-regulate histone H2AK119ub levels and turnover at shared genomic locations.
Interestingly, we also observed an overlap in the genomic binding of BAP1 and another well-
known H2AK119ub-deubiquitinase USP16 (Figure 4.2.12B), suggesting their cooperative or

complementary functions.
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Figure 4.2.11 ChIP-seq analyses of BAP1 genome-wide binding and the effects of BAP1-loss
on the histone H2AK119ub levels in CH12F3 B cells.
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(A) Heat-map showing the tag densities of 1,499 BAP1 binding sites identified in the ChIP-Seq
experiments from wild type CH12F3 cells, untreated and at 72-hours of stimulation with TGFf,
IL-4, and anti-CD40. The sites are ranked based on their distance to the nearest gene transcription
start site (TSS), and the gene-proximal sites are defined based on their location within 1kb to the
nearest gene TSS. (B) Gene ontology (GO) analysis performed on the GREAT website, showing
the biological process GO-terms enriched for the genes nearest to each BAP1 binding site, plotting
the -logio(binomial FDR) for each GO-term. (C) ChIP-Seq analyses of histone H2AK119ub levels
at the BAP1 binding sites in CH12F3 cells, including wild type (WT) control cells and three
independent clones of CRISPR/Cas9 edited BAP-knockout cells (KO3-4-5). Box plots show the
H2AK119ub read intensities +5kb to the gene-proximal and gene-distal BAP1 binding sites,
comparing WT and KO cells; the p-values are calculated using Mann-Whitney U-test. (D) Gene
ontology enrichment analyses on the genes that undergo an increase in the levels of histone
H2AK119ub (fold change > 2.0) around their transcription start sites (£1.5kb to TSS) in BapI*2
versus control CH12F3 B cells; the -log10(p-values) are listed for selected top GO-terms.
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Figure 4.2.12 ChIP-seq analyses of the BAP1 genomic binding sites in CH12F3 cells in
consolidation with other relevant public ChIP-seq datasets. (A-B)
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Heatmaps showing the tag densities of 1,499 BAPI1 binding sites identified in our ChIP-seq
analyses of CHI12F3 cells, including from left to right wild type (WT) cells analyzed with anti-
BAPI antibody, cells stably expressing FLAGx3-tagged BAP1 analyzed with anti-FLAG antibody,
and WT cells stimulated with TGFp, IL-4, and anti-CD40 for 72 hours and analyzed with anti-
BAPI antibody. (A) The BAP1 ChIP-seq datasets from CHI12F3 cells are consolidated with the
available public BAP1 ChIP-seq datasets, including from Ba/F3 pro-B cells %, ES cells ?’¥, and
bone marrow derived macrophages ?*!, to analyze for BAP1 binding site colocalization across
different cell types. (B) The BAP1 ChIP-seq datasets from CH12F3 cells are consolidated with the
public ChIP-seq datasets for BAP1 associated transcriptional regulators, including HCF1 and OGT
in bone marrow derived macrophages ?2! and ASXL1 in bone marrow hematopoietic stem and
progenitor cells (HSPCs, cKit") 27°, as well as ChIP-seq datasets for other regulators of histone
H2AK119ub, including polycomb proteins RING1B, CBX7, EZH2 and deubiquitinase USP16
from quiescent CD43" resting splenic B cells 2*° and polycomb protein YY1 from follicular splenic
B cells (CD19"AA4-CD21°CD23") 281 All public ChIP-seq datasets are from mouse, downloaded
and re-analyzed using our pipelines.

4.2.7 Non-redundant role of BAPI as a deubiquitinase for histone H2AKI119ub in B cells

To assess the role of BAP1 as a DUB for histone H2AK119ub in activated B cells, consistent with
its reported function in other cell types '%, further ChIP-Seq analyses were performed to quantify
the histone mark H2AK119ub. The study compared control wild type (WT) and BAP1-deficient
Bap1*® CH12F3 B cell lines, analyzing three independent clones of CH12F3 cells (KO3-4-5) and
repeating the analyses at steady-state and following cell activation (TGF, IL-4, anti-CD40, 72
hours). ChIP-Seq data demonstrated that the loss of BAP1 resulted in a highly significant increase
in histone H2AK119ub levels at the BAP1 binding sites and surrounding genomic regions (+5kb)
in all the three BapI®* clones and under both untreated and stimulated conditions (Figures
4.2.12C). This establishes the non-redundant role of BAP1 as a DUB for histone H2AK119ub in

B lymphocytes.

Next, we set out to interrogate the biological functions of the genes regulated via the BAP1 DUB-
activity for H2AK119ub. We therefore re-analyzed our ChIP-seq datasets to identify the genes

with a >2-fold increase in H2AK 119ub within +1.5kb to their TSS in the Bap1** relative to control
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CH12F3 B cells. GO-term analysis on this gene-set indicated that the genes undergoing an increase
in H2AK 119ub with the loss of BAP1 encode regulators of protein transport, Ub-dependent protein
degradation, DNA damage response and repair, RNA processing, as well as autophagosome
assembly and cell cycle progression (Figure 4.2.11D). This demonstrates a strong concordance in
the biological functions of this gene-set with the genes marked by BAP1-binding (Figure 4.2.11B,
D). Overall, we conclude that BAP1 acts as a DUB for H2AK119ub in B cells to regulate many
transcriptional programs essential for normal cell physiology, and for B cell activation and the

induction of humoral immune response.

For further insights into BAP1 functions as a DUB for H2AK119ub in the transcriptional networks
of B cell mediated immune response, we performed supplementary analyses to consolidate our
ChIP-seq datasets with the published RNA-seq data characterizing the transcriptional response of
wild type CH12F3 cells to stimulation ?*®, and the transcriptional change with the transition from
follicular to GC in primary B cells ?*. In both cases, we identified a subset of differentially
expressed genes that in our datasets have proximal BAP1 binding and sustain an increase in
H2AK119ub with the loss of BAP1. Such datasets may represent a starting point for future studies
to validate and characterize genes under the direct transcriptional control of BAP1 in activated B

cells.

4.2.8 BAPI-regulated transcriptional programs of germinal center B cells

To further analyze the role of BAPI in the transcriptional regulation of B cell activation, RNA-
Seq gene expression analysis was conducted on GC B cells isolated from the spleen of Bap ™™

Cy1-Cre and control BapI™" Cyl-Cre mice at day 11 post-SRBC immunization, with the cells
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gated for FACS-sorting as shown in Figure 4.2.13. As already discussed, a strong reduction in the
expression of the BapI™ exons was demonstrated in the RNA-seq datasets from BapI™™ Cy1-Cre
relative to control GC B cells (Figure 4.2.2C-D), confirming an effective Cre-mediated Bapl gene
inactivation in the cells captured for the RNA-seq. Importantly, dimension reduction analysis of
the gene expression profiles revealed a clear segregation of the Bap!™" Cyl1-Cre and control
BapI™* Cyl-Cre GC datasets (Figure 4.2.14A, PC1 — 31% and PC2 —14% variance), which

indicates a significant transcriptional change in GC B cells with the loss of BAP1.

To explore the biological functions of the genes dysregulated in BapI-deficient GC B cells, gene

set enrichment analysis (GSEA) was performed 27

This demonstrated a significant
downregulation of the transcriptional signatures involved in B cell engagement with T-helper cells,
such as "positive regulation of T cell proliferation’ and 'positive regulation of IL2 production' in the
Bap 1V Cy1-Cre GC B cells, as well as an upregulation of the transcriptional signatures linked to
mitochondrial function such as 'inner mitochondrial membrane organization', 'ATP biosynthetic
process', and 'oxidative phosphorylation' (Figure 4.2.14B). We also conducted a differential gene
expression analysis between the Bap ™™ Cy1-Cre and control BapI*"* Cy1-Cre GC B cells, at the
fold change (FC) > |2.0] and false discovery rate (FDR) < 0.05, which identified 94 upregulated
and 76 downregulated genes in the Bap/™"™ Cy1-Cre GC B cells. Applying gene ontology (GO)
analysis, we note the downregulation of the transcriptional signature of 'intracellular signal
transduction' in the Bap "™ Cy1-Cre GC B cells (Figure 4.2.14C), with the downregulated genes
including important positive and negative regulators of B cell receptor signaling, such as Nfaml

290 Camk2d **', Lrrk2 >, Dgka 293 and Chip ¥+ 2% (Figure 4.2.14D). As an example, Cblb

encodes an E3 ubiquitin ligase that targets CD79a, CD79b, and IRF4 to regulate the initiation and
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progression of the GC-reaction 2°* 2%, Overall, the cell intrinsic loss of BAP1 in GC B cells
resulted in a dysregulation of the transcriptional programs essential for normal induction of

humoral immune response.

We consolidated the RNA-seq and ChIP-seq datasets to identify putative genes under the direct
transcriptional control of BAP1 in B cells, as the genes dysregulated in BapI™" Cy1-Cre GC B
cells and with BAP1-binding at their promoters in CH12F3 and/or BaF3 B cell lines. While our
datasets showed no evidence for BAP1 regulation of the genes encoding the major mediators of B
cell lineage choice, GC reaction, or plasma cell differentiation (Bach2, Batf, Bcl6, Blimp1/Prdml,
Irf4, Irf8, Myc, Pax5, Xbp1), we identified 73 putative BAP1-regulated genes. Such genes included
the regulators of B cell receptor signaling Dgka and Cblb, already discussed above (Figure
4.2.14D-E) 2%:2°4 295 The genes also included Litaf that encodes a repressor of Bcl6-expression
and a regulator of autophagy and apoptosis in B cell lymphoma 2°% %7, as well as Igf2bp3 that
encodes a reader of the N6-methyladenosine (m6A) RNA-modification, specifically induced in
GC B cells and essential for normal induction of humoral immune response (Figure 4.2.14D-E)
2% In summary, our study identifies novel transcriptional targets of BAP1 that are essential for the
progression of GC-reaction and can contribute to the failure of humoral immunity with the loss of

BAPI1 function.
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Figure 4.2.13 Gating strategy used for the FACS-sort of GC B cells for RNA-seq analyses.
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GC B cells were FACS-sorted from total splenocytes of Bap 1™V Cyl-Cre and control Bap1™* Cyl-
Cre mice at day 11 after the primary intravenous immunization with SRBC. Representative flow
cytometry plots show the gating for GC B cell population as live B220"GL7"°CD95" cells.
Percentages of cells within each gate relative to the parent gate for each mouse genotype are

presented as mean = S.D.
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Figure 4.2.14 RNA-Seq analysis of the transcriptome of BapI"™ Cy1-Cre and control Bap1™*
Cy1-Cre GC B cells.
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(A) Principal component analysis plot demonstrating the gene expression profiles of the RNA-Seq
samples: differences between the Bapl genotypes are described by principal component 1 (PC1,
31% variability) and PC2 (14%). (B) Gene set enrichment analysis (GSEA) showing the
normalized enrichment scores (NES) of 3,107 pre-established biological processes transcriptional
signatures in BapI™™ Cy1-Cre relative to control Bapl™" Cy1-Cre GC B cells. (C) Gene ontology
enrichment analysis of the genes downregulated in BapI™™ Cy1-Cre relative to control Bapl™*
Cy1-Cre GC B cells, at fold change (FC) > |2.0| and false discovery rate (FDR) <0.05; -log10(p-
values) for the top GO-terms are presented. (D) Examples of the genes downregulated in Bapl™*
Cy1-Cre GC B cells and encoding important regulators on B cell receptor signaling, GC reaction,
and humoral immunity; data presented as normalized read counts per million (CPM); bars
represent mean = SEM; * p< 0.05, ** p<0.01, *** p<0.001. (E) Genomic snapshots of selected
genes representing the putative direct transcriptional targets of BAPI in B cells, based on their
altered expression in the Bap ™" Cy1-Cre GC B cells RNA-seq data and on BAP1 binding at their
promoters in the ChIP-seq data. ChIP-Seq tracks for BAP1 and input DNA are shown on the top
two lanes, including new data from CH12F3 B cells and previously published data from Ba/F3
pre-B cells 2. The gene feature track is shown in the middle, and averaged RNA-Seq tracks are
in the bottom, with fold changes comparing expression in BapI™™ Cy1-Cre and control Bapl™*
Cy1-Cre GC B cells indicated. The maximum data range of each track is indicated at the top-right
corner.
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4.3 Role of MYSM1 and its DUB Activity in Hematopoiesis

4.3.1 Loss of MYSM1 impairs HSC function and hematopoietic cell differentiation

MY SMI is another focus of our study. Like BAP1, MYSM1 is also a deubiquitinase (DUB) that
is able to target histone H2AK119ub and is a potential regulator of gene expression in
hematopoietic and immune systems. Previous studies revealed the importance of MYSMI1 in
hematopoiesis. Mice with systemic loss of MYSM1 show partial embryonic lethality, growth

180,232 which resemble the inherited bone marrow

retardation, and severe hematopoietic defects
failure syndrome (IBMFS) of human patients with MysmI mutations??> 226 227- 29 " Through
characterizing Mysm I~ inducible knockout mouse models, we and others found that the loss of
MYSMI resulted in impaired HSC quiescence, apoptosis of hematopoietic progenitors, and a
severe depletion of erythroid cells, lymphocytes, DCs, and other hematopoietic lineages 8% 232237,
Moreover, we and others characterized p53 activation as the common feature of MYSMI1
deficiency and the driving mechanism for the described hematopoietic pathologies, which is
demonstrated by the rescue of Mysm 1™~ phenotypes in the Mysm1”p53” double knockout mice >3
239,240,241, 300 However, although several mechanisms for p53 activation in MYSM1 deficiency
were proposed, no clear link to MYSM1 DUB catalytic activity has emerged so far 23% 240 244,301,
In fact, it is important to stress that not all MYSMI1 functions are directly linked to its DUB
catalytic activity, and it also engages in many functionally significant protein-protein interactions
224,235 Recently, we conducted the first genome-wide analysis for MYSM1-regulated genes in
mouse HSCs and reported that MYSM1 maintains the expression of genes encoding ribosomal
proteins 2*, however with MYSMI1-loss the levels of H2AK119ub at the MYSM1-binding sites

within these gene promoters remained below the level of detection, suggesting other modes for

their transcriptional regulation by MYSMI1 2%, Overall, it remains unknown whether all

Page | 139



biologically significant MYSMI1 functions are universally dependent on its DUB catalytic activity
and whether MYSM1 catalytic activity is essential for the maintenance of hematopoiesis in vivo.

]D660N

In the current study, we generated and characterized mouse strains carrying a Mysm point

mutation predicted to render MYSMI1 protein catalytically inactive without affecting its stability

ERT2 mouse strains with a

and expression (referred to as MysmI°NPN and MysmI"PNCre
constitutive and an inducible loss of MYSM1 DUB catalytic activity, respectively). We sought to
compare the developmental, hematopoietic, and immune phenotypes resulting from the loss of
MYSMI1 catalytic function versus the full loss of MYSMI1 protein in mouse models, and further

explore the role of MYSMI and its DUB catalytic activity in development and functions of

hematopoietic cells.

4.3.2 Loss of catalytic activity in the MYSM1 PN mutant protein

To generate an allele encoding a catalytically inactive MYSMI in mouse we chose to introduce
the Mysm 1PN point mutation at the highly conserved aspartic acid 660 residue within the JAMM
motif of the MPN catalytic domain (Figure 4.3.1A). This residue is considered essential to the
catalytic mechanism and is predicted to interact with both Zn>" and the substrate ***3%2, To confirm
that the catalytic activity of MYSM1P%N js indeed impaired, we expressed and purified both wild-
type MYSM1 and MYSMP®N proteins from Sf9 insect cells, and performed an in vitro catalytic
activity assay using Ubiquitin-Rhodamine 110 as substrate. The proteins were purified from Sf9
insect cells at a similar yield (0.78 mg/L of cells for wild type MYSM1, 0.83 mg/L of cells for
MYSM1P6N) and eluted in a retention volume slightly lower than 13 mL in size exclusion
chromatography, demonstrating that they were not aggregated and likely not misfolded (Figure

4.3.2A). We found that wild-type MYSMI1 cleaved the substrate in a dose-dependent manner with
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a Km of 8.5 uM for the substrate, whereas the activity of MYSMP®N was completely abrogated

(Figure 4.3.1B). This confirms that the D660N mutation inactivates the catalytic activity of mouse

MYSMI1 protein.

Figure 4.3.1 Development and validation of the mouse model expressing a catalytically

inactive MYSM1.
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(A) Domain structure of the mouse MYSMI protein indicating the mutation in the MPN catalytic
domain predicted to render the protein catalytically inactive. (B) Catalytic activity assay of
recombinant mouse MYSMI1 against ubiquitin-Rhodamine substrate demonstrates that the D660N
mutation results in a full loss of the DUB catalytic activity. (C) Sanger sequencing of the Mysm [
locus in the genomic DNA of wild type control and MysmI°N'" heterozygous mice, indicating the
DNA sequences and the corresponding amino acid sequences of the wild type and mutant proteins.
(D) High embryonic lethality of Mysm PPN mice: offspring genotypes obtained from the mating
of two MysmI1"'PN heterozygous parents show strong deviation from expected Mendelian ratios.
(E) Length and weight of the age- and sex- matched mice of Mysm """, Mysm1”~ and Mysm 1°~NPN
genotypes; bars represent means = SEM, statistical analysis with ANOVA comparing each group
to the control, * p<0.05, ** p<0.01, *** p<0.001, NS - not significant. (F) Representative image
of the age- and sex- matched mice of MysmI™*, MysmI”~ and MysmIPVPN genotypes, showing
reduced body size and tail dysmorphology. (G) Western blot of mouse bone marrow cell lysates
showing comparable MY SM1 protein levels in Mysm1™" and MysmI°PNPN samples. (H) Western
blot of splenocyte lysates from tamoxifen-treated Cre®®? transgenic mice of Mysm V", Mysm 171,
and Mysm1"PN genotypes, showing strong depletion of MYSMI1 protein in the MysmI** cells,
and comparable MY SM1 protein levels between MysmI** and Mysm1*PN samples. -actin is used
as a loading control in (G-H).

Figure 4.3.2 Supplemental analyses of MYSM1D660N protein and transcript.
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(A) Size exclusion chromatography of murine wild type MYSM1 (green) and MYSM P66
(purple) proteins, recombinantly expressed in Sf9 insect cells, with associated SDS-PAGE. The
Superdex 200 increase analytical column (GE Healthcare) was eluted at a flow rate of 0.75 mL/min
with 20 mM Tris (pH 8.1), 150 mM NacCl, 1 mM DTT. Fractions containing the cleanest samples
were pooled and concentrated to ~10 mg/mL. The yields of the wild type and mutant proteins were
0.78 mg/L and 0.83 mg/L of insect cell culture, respectively. (B) RT-qPCR analysis of the Mysm 1
transcript in mouse bone marrow cells using new primer pairs spanning the Mysm/ exon junctions
15-16 and 16-17, demonstrating no change in the levels of Mysm1 transcript spliced across these
exon junctions in MysmIPVPN relative to Mysm1™" control cells. Each dot represents a different
mouse; transcript levels are normalized to Hprt housekeeping control transcript and then to the
mean Mysm1 transcript levels in the Mysm """ control mice.

4.3.3 Generation of the Mysm1 P55°N mouse strain

We used CRISPR/Cas9-mediated genome editing in zygotes to introduce the point mutation into
exon 16 of Mysm1. C57BL/6 zygotes were co-injected with Cas9 protein and a gRNA, along with
two homology-dependent recombination (HDR) templates. Since conventional knockout of
MY SM1 causes partial embryonic lethality, we used two HDR templates to increase the efficiency
of the procedure: one HDR template for the introduction of the D660N mutation and a second
template introducing silent mutations to disrupt the gRNA recognition site 33, The founder
harboring both the D660N and silent mutations was backcrossed onto C57BL/6 mice to generate
heterozygous Mysm1P%N mice lacking the silent mutations on the other Mysm1 allele. Sanger
sequencing of the genomic DNA demonstrated successful introduction of the point mutation that
translates into the MYSM1P®N amino acid substitution in the protein (Figure 4.3.1C). The
sequencing window covered 371 nucleotides (NCBI GRCm39 Mysm1, Gene ID: 320713, range
from 94840309 to 94840679), and included the entire Mysm1 exon-16 and >80 nucleotides of the
flanking introns at both ends, and demonstrated no other mutations apart from those shown in
Figure 4.3.1C and resulting in the D660N substitution in the protein. As the mutations are located
>20 nucleotides away from the 3’ splice site of Mysm1 exon-16 they are not expected to disrupt
splicing 3%; and further analysis of the Mysm1P®C°N allele with the Spliceator online tool
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(www.lbgi.fr/spliceator/) predicted no changes in splicing. Furthermore, RT-gPCR analysis of
mouse bone marrow cells with the primer pairs spanning Mysm1 exon junctions 15-16 and 16-17
demonstrated no changes in the levels of Mysm1 transcript successfully spliced across these exon

junctions in Mysm1PNPN compared to Mysm1** control cells (Figure 4.3.2B).

4.3.4 Mysm1 PNDN mouse model: partial embryonic lethality and developmental phenotypes

IPNPN mice were born in sub-Mendelian numbers, with only ~4% of offspring from an

Mysm
intercross of two heterozygous parents having the MysmI°N'PN genotype, indicating that the loss
of MYSMI catalytic activity causes increased embryonic lethality (Figure 4.3.1D). At adulthood,

IPNPN mice were significantly smaller in length and weight than their littermates (Figure

Mysm
4.3.1E-F), and had abnormally short tails (Figure 4.3.1F), as previously seen in the Mysm ™~ mice
180.232 Importantly, we demonstrated similar levels of MYSM1 protein in Mysm PPN and control
MysmI*"" bone marrow cells, and the expected loss of MYSMI1 protein expression in Mysml™”
cells (Figure 4.3.1G). Overall, we highlight the similarity in the gross developmental phenotypes

of the MysmI°'®N and Mysm1”~ mouse strains, and establish the essential role of the MYSMI

DUB catalytic activity in vivo.

4.3.5 Mysm1 /VPNCreERT2 oy 5e model for an inducible loss of the MYSM] catalytic activity

Given the partial embryonic lethality and low availability of the Mysm I°VPN mice, we crossed the
mice to the MysmIV1Cre®®™? mouse strain that allows highly efficient MysmI™ to MysmI” allele

conversion with tamoxifen treatment, as demonstrated in our previous studies ** 2**. Here we

Iﬂ/ﬂ ]ﬂ/DN

derived cohorts of Cre®®™-transgenic mice of MysmIV*, MysmIV% and Mysm genotypes,

which were born in normal Mendelian numbers, lacked any obvious developmental phenotypes,
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and bred normally (data not shown). Following tamoxifen treatment, we demonstrated a strong
depletion of MYSMI protein in MysmI*® mouse splenocytes, but comparable retention of
MYSM1 protein levels in MysmI®* and MysmI1*PN samples (Figure 4.3.1H). The Mysm VPN
Cre®®T2 model will test the effects of the loss of MYSM1 DUB catalytic activity on the
maintenance of hematopoiesis, leukocyte development, and other aspects of mammalian
physiology, independently of its roles in mouse development and the significant developmental

phenotypes seen in the Mysm I°VPN mouse strain.

4.3.6 Severe hematologic dysfunction in Mysm1 PPN and Mysm1 VPN CreERT? mice

Hematology analyses of the blood of MysmIPNPN and MysmI”~ mice relative to the Mysmi1™*

controls, demonstrated severe hematopoietic dysfunction, characterized by macrocytic anemia,
with reduction in blood erythrocyte counts, hematocrit, and hemoglobin concentration, as well as

an increased in mean corpuscular volume (MCV, Figure 4.3.3A). Severe depletion of leukocytes

]DN/DN Ji +/+

and lymphocytes in Mysm relative to control Mysm mice was also observed (Figure

] DN/DN

4.3.3A). Overall, the reported anemia and leukopenia phenotypes of Mysm mice are highly

consistent with those observed in the MysmI”~ mouse model (Figure 4.3.3A), and also clinically

in the patients with MYSM] loss-of-function mutations 22> 226-227. 299

We conducted further hematology analyses on tamoxifen-treated Cre®®™ transgenic mice of

]+/ﬂ ]ﬂ/ﬂ ]DN/ﬂ

MysmI™", MysmI™, and Mysm genotypes, and observed highly similar hematopoietic

phenotypes in the Mysm1*PN

mice, including macrocytic anemia, leukopenia, and lymphocyte
depletion (Figure 4.3.3B). We further observed an increase in platelets in Mysm V2 mice (Figure

4.3.3B), while platelets were not quantified in the Mysm I°VPN model due to increased clotting of
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the blood samples. Elevated platelet counts were previously reported for the Mysm 17~ mouse strain

180,225 "and although the mechanisms remain poorly understood they may be linked to elevated

inflammatory response in Mysml”" mice 23> 236 305

, as thrombocytosis is a common feature of
systemic inflammation 3%. Overall, we demonstrate that the loss of MYSM1 DUB catalytic
activity in either constitutive or inducible mouse models results in a severe hematologic

dysfunction with highly similar phenotypes to the previously characterized Mysm - and Mysm1**

mouse strains.

Figure 4.3.3 Hematologic dysfunction in the mouse models with the loss of MYSM1 DUB
catalytic activity.
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Hematology analyses were conducted on the blood of (A) MysmI™", MysmI”~, and Mysm1°N'PN
mice, and (B) Cre®*R®™-transgenic tamoxifen-treated mice of Mysm ™", MysmI1™1 and Mysm 17PN
genotypes. Data is from (A) 3-8 mice per genotype consolidated from two independent
experiments, or (B) 5-6 mice per genotype consolidated from two independent experiments. Bars
represent means £ SEM; statistical analysis with ANOVA comparing each group to the control, *
p<0.05, ** p<0.01, *** p<0.001, NS - not significant; MCV - mean corpuscular volume.
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4.3.7 Depletion of lymphoid and myeloid immune cells in the Mysm1 PPN mice

Severe reduction in lymphocyte numbers, including B cells, CD4 T cells, CD8 T cells, and NK

] DN/DN ] A/DN

cells, was also observed in the spleen of the Mysm and Mysm mice, with the overall
phenotype being highly similar to that of the MysmI” and MysmI** mouse models (Figure
4.3.4A-D). An increase in the proportion of dead cells was also observed, particularly for splenic
B cells and NK cells in MysmIPNPN relative to control Mysm ™" mice (Figure 4.3.5A). Further
analyses confirmed the depletion of splenic transitional (T1-3) and follicular B cells in the
MysmI°NPN and Mysm 1PN mice, with a somewhat milder depletion of the marginal zone B cell
population (Figure 4.3.6A-B). The numbers of myeloid cells, including monocytes, macrophages,

and neutrophils, were somewhat more variable across the experimental groups, but also showed a

depletion in the MysmI°NPN and Mysm 1~PN mice (Figure 4.3.4E-F, Figure 4.3.5B).
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Figure 4.3.4 Depletion of splenic lymphoid and myeloid immune cells with the loss of MYSM1
DUB catalytic activity.
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Flow cytometry analyses were performed on (A,C-E) Mysm 1", Mysm1~", and Mysm1°V°N mice,
and (B,F) Cre®®™ transgenic mice of Mysm IV, Mysm 1", and Mysm 17PN genotypes at >20 weeks
after tamoxifen treatment, to quantify (A-B) B cells (CD19°CD3"), CD4 T cells (CD3"CD4"CDS"),
CDS8 T cells (CD3"CD4CDS8"), NK cells (CD3'NK1.1%), and (E-F) monocytes (CD45"CD3"
NK1.1"CD11b"'Ly6C'Ly6G’), = macrophages  (CD45"'CD3'NK1.1"CD11b"  Ly6GLy6C
F4/80°CD64"), and neutrophils (CD45"CD3NK1.1°CD11b"Ly6G Ly6C"). The data is from (A) 3-
10 mice per genotype consolidated from two independent experiments, or (B) 8-11 mice per
genotype consolidated from three independent experiments. Bars represent means + SEM;
statistical analysis with ANOVA and Dunnett’s post-hoc test, comparing each group to the control,
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, NS - not significant. (C-D) Representative
flow cytometry plots of the spleen of MysmI™", Mysm1”, and MysmI°VPN mice gated on live
cells and showing the depletion of (C) CD19" B cells and (D) CD4" and CD8" T cells in Mysm 1™
and MysmI1°NPN mice; the average frequencies of cells in the gates are presented as mean = st. dev.
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Figure 4.3.5 Supplemental analyses of the proportion of dead cells among hematopoietic and
immune cells in MysmI1°NPN relative to control MysmI** mice, based on eFluor506 viability

dye staining and flow cytometry.
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(A-B) Splenic immune cells were gated as follows: B cells (CDI9'CD3"), CD4 T cells
(CD3"CD4'CDS8"), CD8 T cells (CD3'CD4CD8"), NK cells (CD3'NK1.1"), monocytes
(CD45"CD3'NK1.1"CD11b"Ly6C Ly6G"), macrophages (CD45"CD3'NK1.1°CD11b"Ly6G Ly6C
F4/80"CD64"), and neutrophils (CD45°CD3'NK1.1"CD11b"Ly6G*Ly6C"). (C) Bone marrow
hematopoietic stem cells and multipotent progenitor cells were gated as LSK (LincKit"Scal™),
followed by CDI150°CD48 CD34°FIt3- for HSCs, CDI150°CD48 CD34'FIt3~ for MPPI,
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CDI150"CD48"CD34 FIt3" for MPP2, CDI50CD48°CD34'Flt3” for MPP3, and CDI150
CD48'CD34'FIt3" for MPP4. (D) Bone marrow lineage committed progenitors were gated as
follows: common lymphoid progenitors (CLP, LinTL7Ra‘cKit'°Scal®), common myeloid
progenitors (CMP, LincKit"Scal’CD34'CD16/32"), granulocyte monocyte progenitors (GMP,
LincKit'Scal CD34"CD16/32"), megakaryocyte erythroid progenitors (MEP, LincKit"Scal
CD34CD16/32"), and megakaryocyte progenitors (MkP, Lin'cKit'Scal’ CD150"CD41"). Data is
from 3 MysmI°NYPN and 10 MysmI™" control mice consolidated from two independent
experiments. Bars represent means + SEM; statistical analyses with unpaired Student’s #-test, *
p<0.05, ** p<0.01, *** p<0.001, NS - not significant.

Figure 4.3.6 Depletion of splenic transitional, follicular, and marginal zone B cells with the
loss of MYSM1 DUB catalytic activity.
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Flow cytometry analyses were performed on (A) Mysm1™*, Mysm17, and Mysm1 °N'°N mice, and
on (B) Cre®®™ transgenic mice of MysmI™*, Mysm1"", and Mysm1"PN genotypes at >20 weeks
after tamoxifen injections, to quantify the following B cell populations: transitional 1 (T1,
CD19"B220"CD93 IgM*CD23"), transitional 2 (T2, CDI19"'B220°CD93'IgM'CD23"),
transitional 3 (T3, CD19"B220°CD93 IgM!°CD23"), follicular I (FOLI, CD19"B220"CD93
CD2171gM*IgD"), follicular 11 (FOLII, CD19"B220"CD93-CD21"IgM"IgD"), marginal zone
progenitors (MZP, CD19"B220"CD93-CD21"IgM"CD23"), and marginal zone B cells (MZ,
CD19"B220"CD93-CD21"IgM"CD23"), as previously 1,2. The data is from (A) 3-10 mice per
genotype consolidated from two independent experiments, or (B) 8-11 mice per genotype
consolidated from three independent experiments. Bars represent means += SEM; statistical
analysis with ANOVA and Dunnett’s post-hoc test, comparing each group to the control, * p<0.05,
* p<0.01, *** p<0.001, **** p<0.0001, NS - not significant.
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4.3.8 Severe depletion of lymphocyte precursors in the Mysm1 PVPN mice

We further analyzed for the B and T cell precursor subsets in the bone marrow and thymus of

MysmIPVPN and Mysm 1™ mice, relative to the Mysm ™"

controls. We observed a strong depletion
of most B cell precursor subsets, including pre-pro-B and pro-B cells (Fraction A-B), pre-B cells,
and the immature and mature bone marrow B cell populations in the MysmI°VPN and Mysm1”
mice (Figure 4.3.7A,C). Similarly, we observed a strong depletion of most thymocyte populations
in the MysmIPNPN and Mysm1”" mice (Figure 4.3.7B,D). Overall, this indicates that the loss of

MYSM1 DUB catalytic activity or the loss of MYSM1 protein expression both results in a severe

defect in B and T lymphocyte development.
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Figure 4.3.7 Depletion of B and T lymphocyte precursors in the bone marrow and thymus in
mice with the loss of MYSM1 DUB catalytic activity.
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Flow cytometry analyses were performed on MysmI*™*, Mysml”, and MysmI°N°N mice,
analyzing (A) the bone marrow for the following B cell populations: Fraction A (FrA, B220 TgM
IgD"CD43"CD24"°BP1%), Fraction B (FrB, B220" IgM IgDCD43*CD24"BP1%), Fraction C (FrC,
B220" IgMIgD'CD43"CD24'BP1%), large pre-B  cells (B220°'CDI19IgM IgD CD43
IL7RaMFSChi), small pre-B cells (B220*CD19 1gM IgD"CD43 IL7Ra°FSC®), immature B cells
(B220"IgMIgD"), mature B cells (B220"IgM'IgD"); and (B) the thymus for double negative
thymocytes DN1 (CD45°CD4CD8 CD44°'CD257), DN2 (CD45'CD4 CD8CD44"'CD25"), DN3
(CD45°CD4CD8CD44CD25"), and DN4 (CD45°'CD4CD8CD44 CD25Y), double positive
thymocytes (DP, CD45"CD4"CD8"), and single positive thymocytes (CD45°CD4"CD8  and
CD45°CD4°CD8"). The data is from 3-10 mice per genotype consolidated from two independent
experiments. Bars represent means = SEM; statistical analysis with ANOVA and Dunnett’s post-
hoc test, comparing each group to the control, * p<0.05, ** p<0.01, *** p<0.001; bone marrow
cell counts are presented per two tibias and femurs. (C) Representative flow cytometry plots of the
mouse bone marrow stained for B220 and CD19 B cell markers and (D) of the mouse thymus

stained for CD4 and CDS; the average frequencies of cells in the gates are presented as mean =+ st.
dev.
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4.3.9 Hematopoietic progenitor depletion and hematopoietic dysfunction in Mysm I?VPN mice

To further characterize the dysfunction in hematopoiesis resulting from the in vivo loss of MYSM1
DUB catalytic activity, MysmI°V°N, Mysm17-, and control Mysm1** mice were analyzed for the
numbers of hematopoietic progenitor cells across the different lineages, as well as for the
multipotent progenitors (MPPs) and hematopoietic stem cells (HSCs). We observed a significant
depletion of common lymphoid (CLP), common myeloid (CMP), and granulocyte monocyte

(GMP) progenitors in MysmPNPN

mice (Figure 4.3.8A), while changes in megakaryocyte
erythroid (MEP) and megakaryocyte (MkP) progenitors did not reach statistical significance
(Figure 4.3.8A). The numbers of HSC and MPPI1-3 cells were highly variable between the

] DN/DN

Mysm mice, and showed trends for expansion, which however did not reach statistical

significance (Figure 4.3.8B-C), and this likely reflects the competing effects of the loss of HSC
quiescence and increased cell apoptosis, as previously reported in the Mysm 1™~ mouse models >
239 Importantly, there was a severe depletion of the lymphoid primed MPP4 cells in both
MysmI°NPN and MysmI”" relative to control mice (Figure 4.3.8B-C), further supporting the
essential role of MYSM1 DUB catalytic activity for lymphopoiesis. Furthermore, an increase in

the proportion of dead cells was observed particularly for lymphoid biased MPP4 and CLP cells

in Mysm PPN relative to control MysmI™" mice (Figure 4.3.5C-D).

The dysfunction in lymphopoiesis and erythropoiesis in the MysmI°NPN mice was further
demonstrated with colony-forming units (CFU) assays, showing a severe depletion of B-cell
lineage and erythroid lineage CFUs in the MysmIPN'PN and Mysm 1™ relative to the control mice
(Figure 4.3.8D). No analysis of myeloid CFUs was conducted, as in previous studies myeloid CFU

numbers in Mysm I~ mice were not significantly impaired '
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Figure 4.3.8 Hematopoietic dysfunction and altered hematopoietic progenitor cell numbers

in Mysm IPN'PN mice.
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Flow cytometry analyses were performed on the bone marrow of MysmlI™*, Mysml™’, and
Mysm1PNVPN mice to quantify (A) common lymphoid progenitors (CLP, Lin IL7R o cKit'°Scal'),
common myeloid progenitors (CMP, LincKit'Scal’CD34°CD16/32"), granulocyte monocyte
progenitors (GMP, LincKit'Scal CD34"CD16/32"), megakaryocyte erythroid progenitors (MEP,
LincKit"Scal CD34'CD16/32°), and megakaryocyte progenitors (MkP, LincKit"Scal CD150"
CD41%); (B) hematopoietic stem cells (HSCs) and multipotent progenitors (MPP1-4), gated as
LSK (LincKit'Scal™), followed by CDI150"CD48CD34FIt3~ for HSCs, CD150"CD48
CD34°FlIt3" for MPP1, CD150"CD48"CD34 'Flt3™ for MPP2, CD150°CD48"CD34 FlIt3" for MPP3,
and CD150°CD48"CD34 FIt3" for MPP4. The data is from 3-10 mice per genotype consolidated
from two independent experiments. Bars represent means = SEM; statistical analysis with ANOVA
and Dunnett’s post-hoc test, comparing each group to the control, * p<0.05, ** p<0.01, ***
p<0.001, **** p<(0.0001, NS — not significant; bone marrow cell counts are presented per two
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tibias and femurs. (C) Representative flow cytometry density plots of the bone marrow of
Mysm1™*, Mysm1”, and MysmI°NPN mice, gated on live Lin- cells and showing the LSK cell
population (top), or gated on the LSK C150°CD48" cells and showing the FlIt3'° MPP3 and Flt3M
MPP4 cells; the average frequency of cells in the gates is presented as mean + st. dev. While the
LSK cell numbers are highly variable (top), a strong depletion of the lymphoid-primed MPP4 cells
is consistently observed in all the MysmI”~ and MysmI°NPN mice (bottom). (D) Colony forming
units (CFU) assays showing depletion of pre-B and erythroid BFU-E progenitors in Mysm 1PNVPN
and Mysm1”~ mouse bone marrow; MMNC — marrow mononuclear cells.

4.3.10 Cell intrinsic role of MYSM1 DUB catalytic activity in hematopoiesis

To directly test the cell-intrinsic requirement for the MYSM1 DUB catalytic activity in
hematopoiesis, competitive bone marrow chimeras were set up. CD45.1" wild type bone marrow
was mixed in a 1:1 ratio with the bone marrow of CD45.2" Cre®®"™ mice of Mysm ™", Mysml va

1PN genotypes, and transplanted into three independent groups of lethally irradiated

or Mysm
recipients (Figure 4.3.9A). The recipient mice were bled at 12-weeks to confirm the normal
reconstitution with donor bone marrow across the genotypes (data not shown), and subsequently
all the mice were administered with tamoxifen to induce the Mysm 1" to Mysm1* allele conversion.

The mice were analyzed for the relative contributions of the CD45.2" bone marrow to the different

hematopoietic lineage, across the three Mysm1 genotypes.

We observed a significant reduction in the contribution of the Mysm1°N'* donor hematopoiesis to
the B cell, CD4 T cell, CD8 T cell, and NK cell populations in the mouse spleen (Figure 4.3.9B),
to monocyte and neutrophil populations in both spleen and bone marrow (Figure 4.3.9B and not
shown), and to all the leukocyte populations in the mouse blood (Figure 4.3.10A). Similar defects
in the reconstitution were observed for the MysmI°N'2 hematopoietic progenitor cells, including
the lineage committed progenitors (CMPs, GMPs, CLPs, MEPs, and MkPs, Figure 4.3.9C), all the

developing B cell subsets (Fractions A-C, pre-B, and immature B cells, Figure 4.3.10B), and the
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majority of T cell precursor subsets within the thymus (Figure 4.3.10C). Among the multipotent

HSC and MPP hematopoietic cells there was no defect in Mysm 1°N2

reconstitution of the early
HSC and MPPI1-2 cells, likely reflecting the balancing effects of the loss of quiescence and
increase in apoptosis among these cells, as in the Mysm 17~ mouse models 22> 23° however impaired
reconstitution was seen for the latter myeloid-biased MPP3 and lymphoid-biased MPP4 subsets

Ji DN/A

(Figure 4.3.10D). Importantly, throughout the datasets presented above the Mysm phenotypes

aligned very well with the Mysm %2

group, both showing strong impairment of hematopoietic
function relative to the MysmI™* control (Figure 4.3.9, Figure 4.3.10). Overall, this demonstrates
the essential and cell-intrinsic role of the MYSM1 DUB catalytic activity in the regulation of

hematopoiesis, and suggests lack of significant MYSMI1 mechanisms of action that are

independent of its catalytic function.
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Figure 4.3.9 Assessing the cell-intrinsic role of MYSM1 DUB catalytic activity in
hematopoiesis and leukocyte development with competitive bone marrow transplantation.
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(A) Schematic representation of the mouse-to-mouse competitive bone marrow transplantation
study. Wild type CD45.1" bone marrow cells were mixed in a 1:1 ratio with Cref®"? transgenic
bone marrow cells of MysmIV*, MysmIV or MysmI"PN genotypes, and the mixes were
transplanted into three independent cohorts of lethally irradiated wild type CD45.1" recipient mice.
Following full hematopoietic reconstitution, the chimeric mice were administered with tamoxifen
to induce the MysmI™ to Mysmi® allele conversion. Clipart images were used toward the
preparation of the Figure (http.//clipart-library.com). (B-C) The relative contribution of
MysmI¥PN, Mysm 1%, and control MysmI** cells to the different hematopoietic and immune cell
populations was evaluated by flow cytometry, quantifying the proportion of CD45.2"CD45.1" cells
within each cell population. Data is from 3-5 mice per group; bars represent means + SEM;
statistical analysis uses ANOVA and Dunnett’s post-hoc test comparing each group to the
MysmI** control; * p<0.05, ** p<0.01, *** p<0.001, or NS - not significant. Data is presented for
the following cell populations: (B) splenic B cells (CD19°CD3"), CD4 T cells (CD3"CD4°CD9),
CD8 T cells (CD3"CD4CD8"), and NK cells (CD3NK1.1%); bone marrow monocytes
(CD11b"Ly6CMLy6G"), neutrophils (CD11b"Ly6C*°Ly6G"), and erythroid cells (CD717%); (C)
bone marrow stem and multipotent progenitors (LKS, LincKit"Scal®), common myeloid
progenitors (CMP, LincKit'Scal’'CD34°CD16/32"), granulocyte monocyte progenitors (GMP,
LincKit'Scal CD34"CD16/32"), common lymphoid  progenitors (CLP, Lin®
cKit'°Scal®IL7Ra"CD16/32°), megakaryocyte erythroid progenitors (MEP, LincKit"Scal CD34
CD16/32"), and megakaryocyte progenitors (MkP, Lin"cKit'Scal'CD16/32°CD150°CD41"). (D)
Representative flow cytometry plots showing the analyses of splenic B cells, splenic T cells, and
bone marrow neutrophils for CD45.1 versus CD45.2 marker expression; percentage of cells in the
gates is shown as mean = st. dev. of all the mice in each group. Gates for CD45.1" and CD45.2"
cells were set independently for each cell population using control non-chimeric WT-B6 (CD45.2)
and WT-SJL (CD45.1) mice, as shown in Figure 4.3.10E.
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Figure 4.3.10 Assessing the cell-intrinsic role of MYSM1 DUB catalytic activity in
hematopoiesis and leukocyte development with competitive bone marrow transplantation.
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Wild type CD45.1" bone marrow cells were mixed in a 1:1 ratio with CreERT?2 transgenic bone
marrow cells of Mysm1V*, Mysm1"%, or Mysm1VPN genotypes, and the mixes were transplanted
into three independent cohorts of lethally irradiated wild type CD45.1" recipient mice. Following
full hematopoietic reconstitution by the donor bone marrows, the chimeric mice were administered
with tamoxifen to induce the MysmI™to MysmI* allele conversion. The relative contribution of
MysmI¥PN, Mysm 1%, and control MysmI** cells to the different hematopoietic and immune cell
populations was evaluated by flow cytometry, gating on CD45.2"CD45.1" cells. Data is from 3-5
mice per group; bars represent means + SEM; statistical analysis with ANOVA and Dunnett’s post-
hoc test comparing each group to the Mysm 1" control; * p<0.05, ** p<0.01, *** p<0.001, or NS
- not significant.

(A) Analysis of the mouse blood, gating on B cells (B220"), CD4 T cells (CD3"CD4°CDS"), CDS8
T cells (CD3"CD8"CD4), NK cells (CD3'NK1.1%), monocytes (CD11b"Ly6CM), and neutrophils
(CD11b"Ly6G™). (B) Analyses of B cell precursor cells in the mouse bone marrow, gating on
B220" for all B cells, and on IgM"CD43"CD24" BP1- for Fraction A, [gM CD43"CD24 'BP1" for
Fraction B, IgM"CD43"CD24"BP1" for Fraction C, IgMIgD CD43" for pre-B cells, [gM IgD" for
immature B cells, and IgM*IgD" for mature B cells. (C) Analyses of T cell development in the
thymus, gating on CD4°CD8 for double-negative thymocytes (DN), CD4"°CD8" for double-
positive thymocytes (DP), CD4"CD8" for CD4 single-positive, and CD4 CD8" for CD8 single-
positive thymocytes. (D) Analysis of hematopoietic stem cells (HSCs) and multipotent progenitors
1-4 (MPP1-4) in mouse bone marrow gated as Lin'cKit"Scal™ followed by CD150°CD48 CD34
Flt3- for HSCs, CD150"CD48CD34'FIt3~ for MPP1, CD150"CD48"CD34 Flt3~ for MPP2,
CDI150°CD48°CD34 Flt3" for MPP3, and CD150°CD48"CD34 Flt3" for MPP4 cells. (E) Setting
the CD45.1"and CD45.2" gates for splenic B cells, splenic T cells, and bone marrow neutrophils,
using control non-chimeric WT-B6 (CD45.2) and WT-SJL (CD45.1) mice; gates for each of the
other cell populations were set independently with the same method.

4.3.11 MYSM]1 is essential for dendritic cell (DC) lineage development

Dendritic cells (DCs), as mentioned before, are the most significant antigen presenting cells of the
immune system, critical for the activation of naive T cells and the induction of adaptive immune
response in the context of infections, vaccinations, and antitumor immunity. A systemic and
constitutive loss of MYSMI1 in the Mysml”~ mice was previously shown to result in a severe
depletion of DCs from early stages in the DC lineage specification 2*’. Here we set out to validate
these studies, re-analyzing the numbers of pre-DCs in the bone marrow and DC subsets in the
spleen of Mysm 1’ mice. Importantly, we also for the first time assessed the role of MYSM1 DUB
catalytic activity in the DC lineage development, by conducting the same analyses on the

] DN/DN

Mysm mice, established in our recent work to express a catalytically inactive MYSM1
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protein 2”7, We observed a severe depletion of DC lineage cells in the bone marrow and of ¢cDCI,
cDC2a, cDC2b and pDC cells in the spleen of Mysm I~ mice (Figure 4.3.11A-C), consistent with
previous studies 237. Furthermore, the MysmI°PN mice demonstrated an equivalent highly
significant depletion of DC lineage cells in the bone marrow and spleen (Figure 4.3.11A-C),
indicating the essential role of the MYSM1 DUB catalytic activity for DC lineage specification

and development.

180, 277, we

Due to the complex developmental phenotypes of both Mysm 17~ and Mysm1°N'°N mice
also adopted the Mysm 1™ Cre®®™ mouse strain for further studies of MYSM1 in the DC lineage,
allowing for a tamoxifen induced deletion of MysmI in phenotypically normal adult mice 2*4. In
our previous work, highly effective Mysml deletion in HSPCs, hematopoietic, and lymphoid
tissues has been demonstrated in this model 2** 2*_ In the current study, we report a significant

depletion of DC lineage cells in the bone marrow and of cDC1, cDC2a, cDC2b and pDC cells in

]ﬂ/ﬂ CreERTZ ]DN/ﬂ CreERTZ

the spleen of the tamoxifen treated Mysm and Mysm relative to control

mice (Figure 4.3.12A-D). This demonstrates the essential role of MYSM1 and its DUB catalytic
activity in the maintenance of DC development, independently of the complex developmental

phenotypes of the previously studied murine models. Furthermore, the bone marrow of tamoxifen

]ﬂ/ﬂ CreERT2 ]DN/ﬂ CreERTZ

treated Mysm and Mysm mice also produced significantly lower numbers
of BMDC:s in vitro (Figure 4.3.13), further confirming that the loss of MYSMI protein or its DUB

catalytic activity throughout the hematopoietic cell hierarchy severely impairs DC development.
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Figure 4.3.11 Constitutive systemic loss of MYSM1 expression or of its catalytic activity

severely impair DC lineage development.
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Mice of Mysm1”-, Mysm1PNPN_ and control Mysm 1" genotypes were analyzed by flow cytometry.
(A) Absolute numbers of DC lineage cells in the bone marrow and of DCs in the spleen, gated as
Lin FIt3"CD11¢*SIRPa" and CD45Lin F4/80 CD64 CD11¢"MHCII" cells, respectively. (B)
Absolute numbers of ¢cDC1, cDC2a, cDC2b, and pDC subsets in the spleen. Cells were gated as
CD45'Lin F4/80 CD64 CD11¢"MHCIT', followed by B220 PDCA1 XCR1* SIRPa for ¢cDC1,
B220"PDCA1 XCRI1 SIRPa'CLECI12a" for cDC2a, B220 PDCA1 XCR1 SIRPa'CLEC12a" for
cDC2b, and B220"PDCA1" for pDCs. Data are from n=4 MysmI1”~ and MysmI°NPN mice per
group and n=10 MysmI™" control mice, consolidated from 2 independent experiments, and
presented as mean + SEM. Statistical analyses used ANOVA with Sidak’s posthoc test, comparing
each group to the Mysm1™"" control; ** p <0.01, *** p <0.001. (C) Representative flow cytometry
plots of the mouse bone marrow, pre-gated on live lineage negative cells, and showing the
depletion of FIt3"CD11c" pre-DCs in the Mysm 1™~ and MysmI°N°N mice. Numbers on the plots
indicate the percentages of cells within each gate out of the parent population, presented as mean
+ SD for all the mice in the group.
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Figure 4.3.12 Inducible loss of MYSMI1 expression or of its catalytic activity impair DC

lineage development.
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Cre™?"2 transgenic mice of Mysm 1V Mysm 1PN, and control Mysm1™™ genotypes were analyzed
by flow cytometry following tamoxifen treatment to induce a systemic MysmI™ to MysmI* allele
conversion. (A) Absolute numbers of DC lineage cells in the bone marrow and of DCs in the spleen,
gated as Lin FIt3'CD11¢"SIRPa" and CD45'Lin F4/80 CD64 CD11¢"MHCII" cells, respectively.
(B) Absolute numbers of cDC1, cDC2a, cDC2b, and pDC subsets in the spleen. Cells were gated
as CD45 Lin F4/80 CD64 CD11¢"MHCII", followed by B220 ' PDCA1 XCR1'SIRPa for ¢cDCl,
B220"PDCA1 XCR1 SIRPa'CLEC12a™ for cDC2a, B220 PDCA1 XCR1 SIRPa'CLEC12a" for
cDC2b, and B220"PDCA1" for pDCs. Data are from n=9-11 mice per group, consolidated from 3
independent experiments, and presented as mean + SEM. Statistical analyses used ANOVA with
Sidak’s posthoc test, comparing each group to the Mysm 1" Cre®®™2 control; * p <0.05, ** p <0.01.
(C) Representative flow cytometry plots of the mouse bone marrow, pre-gated on live lineage
negative cells, and showing the depletion of FIt3*CDI1c¢" pre-DCs in the tamoxifen treated
Mysm1V1 Cre®R2 and Mysm 1PN Cre®®™? mice. (D) Representative flow cytometry plots of the
spleen, pre-gated on live CD45" lineage negative cells, and showing the depletion of CD11c"
MHCII* DCs in tamoxifen treated Mysm V" Cre*®™ and Mysm PN CreFR™? mice. Numbers on
the plots indicate the percentages of cells within each gate out of the parent population, presented
as mean = SD for all the mice in the group.
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Figure 4.3.13 Systemic inducible loss of MYSMI1 expression or of its catalytic activity results
in an impaired BMDC differentiation in culture.
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Flow cytometry analyses were conducted on the BMDC cultures set up with the bone marrow of
tamoxifen treated Cre®®'? transgenic mice of MysmI"V, MysmI®N, and control Mysmi1™™
genotypes. (A) Normal BMDC frequencies but depleted absolute cell numbers in the Mysm 171
Cre®®2 and MysmI°NT CrefR™? BMDC cultures. Data are from n=7-8 mice per group
consolidated from two independent experiments; bars represent mean = SEM; statistical analyses
used ANOVA with Dunnett's post hoc test; NS, not significant, ****p <0.0001. (B) Representative
flow cytometry plots of the BMDC cultures from tamoxifen treated Cre"R'? transgenic mice
of Mysm 1V, MysmI°N'1, and control Mysm ™™ genotypes, showing the gating on BMDCs as live
CD11b"CD11" cells, and demonstrating similar high frequencies of cells with the BMDC surface
markers across the Mysml genotypes. Numbers on the plots indicate the percentages of cells
within each gate out of the parent population, presented as mean = SD of all the mice in the group.
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4.3.12 Cell intrinsic MYSM1 in hematopoietic progenitors is essential for DC development

To test the cell intrinsic role of MYSMI and its catalytic activity in hematopoietic progenitors for
DC lineage development, competitive bone marrow chimeras were set up. CD45.1" wild type bone

marrow was mixed in a 1:1 ratio with the bone marrow of CD45.2" Cre®®™ mice of Mysm ™™,

]ﬂ/ﬂ ]DN/ﬂ

MysmI™", or Mysm genotypes, and the mixes were transplanted into three independent
groups of lethally irradiated recipients. The recipient mice were bled at 12-weeks to confirm
normal reconstitution, and subsequently administered with tamoxifen to induce the Mysm 1" allele

deletion.

The mice were analyzed for the relative contribution of CD45.2" hematopoietic stem and
progenitor cells to the DC lineage, comparing across the three Mysm I genotypes (Figure 4.3.14A).
We observed a highly significant reduction in the contribution of the MysmI"? CreP®"? and
Mysm 1PN CreERT2 donor cells to all the DC populations in the spleen, bone marrow, and blood of

the chimeric mice (Figure 4.3.14B-E, Figure 4.3.15A-B). Furthermore, the bone marrow of the

]ﬂ/ﬂ CreERTZ ]DN/ﬂ

chimeric mice demonstrated an impaired capacity to generate Mysm and Mysm
Cre"™®2 BMDCs in culture (Figure 4.3.15C-D). This demonstrates the essential and cell intrinsic

role of MYSM1 and its DUB catalytic activity in hematopoietic progenitors for the DC lineage

development.
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Figure 4.3.14 Cell intrinsic requirement for MYSM1 expression and its catalytic activity in
the hematopoietic cells for DC lineage development, assessed with competitive bone marrow
chimeras.
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(A) Schematic representation of the mouse-to-mouse competitive bone marrow transplantation
study. Wild type CD45.1" bone marrow cells were mixed in a 1:1 ratio with Cre®®"? transgenic
bone marrow cells of MysmIV* MysmIV or MysmI"PN genotypes, and the mixes were
transplanted into three independent cohorts of lethally irradiated wild type CD45.1" recipient mice,
as described in ?”7. Following full hematopoietic reconstitution, the chimeric mice were
administered with tamoxifen to induce the MysmI™ to MysmI* allele conversion. (B-C) Relative
contribution of Mysm 1PN, Mysm 1%, and control MysmI1** cells to the DC cell populations was
evaluated by flow cytometry, quantifying the proportion of CD45.2"CD45.1" cells within each cell
population. Data are from n=3-5 mice per group, presented as mean = SEM. Statistical analyses
used ANOVA with Sidak’s posthoc test, comparing each group to the MysmI*" control; * p<0.05,
*k p <0.01, *** p <0.001. DCs were gated as CD45"Lin F4/80 CD64 CD11¢"MHCII" cells,
followed by B220 PDCA1 XCR1'SIRPa~ for ¢DCI, B220 PDCA1 XCR1 SIRPa"CLEC12a"
for cDC2a, B220" PDCA1 XCR1 SIRPa*CLEC12a" for cDC2b, and B220"PDCA1" for pDCs, as
shown in Figure S2. (D-E) Representative flow cytometry plots showing the analyses of splenic
and bone marrow DCs in the chimeric mice for CD45.2 versus CD45.1 markers expression;
percentage of cells in the gates is shown as mean = SD of all the mice in each group. Gates for
CD45.2" and CD45.1" cells were set independently for each DC cell population using control non-
chimeric wild type B6-CD45.2 and SJL-CD45.1 mice, as shown in the Figure 4.3.15.
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Figure 4.3.15 Cell intrinsic requirement for MYSMI1 and its catalytic activity for DC lineage
development and responses to microbial stimulation, assessed with competitive bone marrow

chimeras.
Mysm1*T g Mysm11/0 Mysm1UDN
CrefRT2 Cre®R12 CreER2
Blood DCs Blood DCs .
X i Post- i
Pre-tamoxifen t-tamoxifen BMDCs 5 000- CD45.2" BMDCs
60+ NS 60- 801 ' __LPS  _pgcan _poiy(iC)
w
2 2 3 o - 15,000
O 404 Q 40+ + =
+ + o
3 S o 101 = 10,000
< <t 2 E
0 54 a op. O 5,000
o O > 201 :
2 =2 a2
04— 0- 0- ) +f fifl DN +.:‘ﬂ il AON +,I'r| fifl fIDN +,I'r| Il fUDN
fls il VDN
B B6-CD45.2 SJL-CD45.1 B6-CD45.2 SJL-CD45 1
a4 0% 9% ‘E"_n o4 0% 100% g
E 2 3
\ 3 p 3
9 \ 2
& 3
=
99% o
e = O
w
§ ; G
0 0% - 100% 0%
- = - e i e s e 1
b W e oW wt O Y W e e w o w0 ¥ *
< by
(m] SL
© cpas2 CD45.2
D Cre=F72 Mysm 11+ Cre=~T2 Mysm 1w CrefR™2 Mysm{men B6-CD45.2 SJL-CD451
] - - 2 - g
a - o 3 (=)
9] o
- @ « 99% @
(o) o o
o g o i
- et 8(+13)% 14100 | ~ E

- 4 % 64(+19)%
] t . — 1
= e oW W

Chimeric mice were established as presented in Figure 4.3.14A. Briefly, wild type CD45.1" bone
marrow was mixed in a 1:1 ratio with the bone marrow of Mysm 1" Cre®*"2, Mysm 1" CreFRT2
or Mysm 1PN Cref®T2 mice, and the mixes were reconstituted into three independent cohorts of
lethally irradiated wild type CD45.1" recipients. Following full hematopoietic reconstitution, the
chimeric mice were administered with tamoxifen to induce the MysmI™to MysmI” allele
conversion. (A) Relative contributions of the MysmI"* Cre®*™, MysmIV" CreP*2, and
Mysm 17PN Cre®®T2 donor bone marrows to the DC cell populations in the blood of the chimeric
mice, pre- and post-tamoxifen treatment, evaluated by flow cytometry to quantify the proportion
of CD45.2°CD45.1" cells within the live CD11¢"MHCII™ DC cell population. (B) Setting the gates
to quantify the relative reconstitution of DC lineage cells by the CD45.2" versus CD45.1" donors:
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DCs are gated as CD45 Lin F4/80"CD64 CD11¢"MHCII" cells in the spleen and bone marrow of
wild type non-chimeric B6-CD45.2 and SJL-CD45.1 mice in order to set the gates on the
CD45.2" versus CD45.1" DC populations. (C, D) BMDC cultures setup with the bone marrow of
the chimeric mice demonstrate the impaired contribution of MysmIV" Cre®®™? and Mysm VPN
CretRT2 cells to BMDC development. (D) Flow cytometry plots analysing the BMDC cultures from
the chimeric mice for CD45.2 versus CD45.1 markers; BMDCs are gated as live
CD11b"CD11cM cells; percentages of cells in the gates are shown as mean =+ SD for all the mice in
each group. The gates for CD45.2" and CD45.1" cells were set using BMDC cultures from non-
chimeric wild type B6-CD45.2 and SJL-CD45.1 mice. (E) Analysis of PD-L1 induction in
response to microbial stimulation on the BMDCs derived from the chimeric mice, gating on live
CD11b"CD11c" CD45.2°CD45.1 cells. Mysm1*PN BMDCs exhibited reduced PD-L1 induction,
with Mysm 1~ BMDCs showing a similar trend. In contrast, no defects in the induction of co-
stimulatory and activation markers (CD86, CD40, MHCII) were observed for
the Mysm1*®N or Mysm1*® BMDCs (data not shown), and no impaired PD-L1 induction was
observed for the control CD45.2"CD45.1" BMDC:s in the same co-cultures (data not shown). Data
are from n = 3—5 mice per group, presented as mean = SEM. Statistical analyses used ANOVA with
Dunnett's post hoc test, comparing each group to the MysmI** control; *p <0.05, **p <0.01,
**%p <0.001.

4.3.13 MYSM1 in hematopoietic progenitors affects DC transcriptional responses to stimulation

Given the primary function of MYSMI1 as an epigenetic regulator 2% 22

, we hypothesized that
MYSMI1 activities in the DC lineage specification may have downstream effects not only on DC
numbers but also on the DC activation in responses to microbial stimulation. To explore such
effects, BMDCs from the tamoxifen treated mice of Cre®8™2 MysmI¥PN and control CrefR™
MysmI"" genotypes were subjected to bulk RNA-seq, with and without LPS stimulation (n=3-4
mice per group, Figure 4.3.16A). MysmI"* BMDCs, used as the control group, showed normal
transcriptional responses to LPS, consistent with the lack of significant phenotypes with a
heterozygous loss of MYSM1 in all previous studies in mouse and human ?2°. Dimension reduction
analysis of the BMDC gene expression profiles demonstrated a clear segregation based on the
stimulation conditions (PC1, 51% variance, Figure 4.3.16B). Importantly, there was also a clear

segregation of the gene expression profiles based on the Mysm1 genotype for both untreated and

LPS stimulated BMDCs (PC2, 18% variance, Figure 4.3.16B), demonstrating a major effect of a
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pan-hematopoietic loss of MYSMI1 function on the BMDC transcriptome. Differential gene

1PN against control Mysm 1+ BMDCs for each condition,

expression analysis compared Mysm
and the genes with the fold change > |1.5] and FDR < 0.01 were considered significant. This
identified 1019 dysregulated genes in the MysmI~PN BMDCs in total, corresponding to 531
upregulated and 271 downregulated genes at steady-state and 300 upregulated and 141
downregulated genes following LPS stimulation. Hierarchical clustering segregated the genes
differentially expressed in MysmI*N BMDCs into five major Clusters I-V (Figure 4.3.16C), and

the gene ontology (GO) enrichment analysis was performed on the genes in each Cluster to

investigate their biological functions (Figure 4.3.16D).

Clusters I-III corresponded to the genes downregulated in MysmI*PN BMDCs under steady-state
or LPS-stimulation conditions relative to control MysmI*" BMDCs, with the Cluster I genes
undergoing a downregulation in response to LPS across both MysmI genotypes, and the Cluster
II-IIT genes undergoing an upregulation in response to LPS at least in the control group (Figure
4.3.16C). GO analyses revealed that Cluster I was enriched for the genes engaged in ribosome
biogenesis, consistent with the previous reports of MYSMI1 function in the regulation of ribosomal

genes in HSPCs 24 307

, while both Clusters I and II were enriched for the genes engaged in
angiogenesis and responses to hypoxia (Figure 4.3.16D). Importantly, Cluster III was enriched for
genes engaged in immune response and cell migration, with the genes downregulated in

Mysm1¥PN BMDCs including such immunological genes as 1110, 1123a, 1133, Cxcll, Cxclll,

Treml, and others (Figure 4.3.16D, Figure 4.3.17A).
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Clusters IV-V encompassed the genes upregulated in Mysm 1*PN relative to the control Mysm %"
BMDCs, of which Cluster IV genes were primarily downregulated and Cluster V genes primarily
upregulated in the response to LPS stimulation (Figure 4.3.16C). GO analysis demonstrated that
Cluster IV was strongly enriched for the genes engaged in cell cycle progression, including both
cell division and DNA replication, and also for the genes engaged in DNA damage response and
repair (Figure 4.3.16D), consistent with the previously established links between Mysmi-
deficiency and p53-stress response induction in hematopoietic cells 2°%24% 3% Importantly, Cluster
V was enriched for the genes with immune functions, corresponding to the GO-terms 'immune
system process', 'inflammatory response', 'regulation of cytokine production' and others (Figure

]A/DN

4.3.16D). Examples of the Cluster V genes upregulated in the Mysm relative to the control

I~ BMDCs include the genes encoding microbial sensing machinery (7Ir1, TIr6, Tir9,

Mysm
Ticam2, CD180), cytokine response (//12b, Tnfrsfi4, Ifitm3), and MHClI-antigen presentation
(CHITA, H2-DMBI, Figure 4.3.17B-D). Overall, we note that Mysm1*®N BMDCs demonstrated a
downregulation of immunosuppressive //10, Th17-polarizing //23, and Th2-polarizing //33 genes
(Cluster III, Figure 4.3.17A), and an upregulation of Th1-polarizing 7/12b gene (Cluster V, Figure
4.3.17C). Together with the other transcriptional signatures, this demonstrates that the loss of

MYSMI1 function during DC-lineage specification results in the altered DC immune activation

and polarization states.

To further explore the transcriptional signatures dysregulated in BMDCs as the result of a pan-
hematopoietic loss of MYSMI1 function, Gene Set Enrichment Analysis (GSEA) was performed
274 Mysm1~N BMDCs demonstrated an upregulation of the transcriptional signatures of cell cycle

progression and downregulation of the transcriptional signatures of ribosome biogenesis (Figure
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4.3.16E), as already reported in the GO-term analyses above (Figure 4.3.16D). Additionally, GSEA
analysis indicated an upregulation of the transcriptional signatures related to 'aerobic respiration’
and 'oxidative phosphorylation' in the Mysm 1PN BMDCs, suggesting altered metabolic profile of
the cells, as well as downregulation of the transcriptional signatures of 'non-canonical WNT
signaling' and 'response to interferon beta'. Overall, we conclude that the loss of MYSM1 DUB
catalytic activity throughout DC lineage development results not only in a severe depletion of DC
numbers, but also in the production of functionally altered DCs, with a dysregulation of many
housekeeping transcriptional programs and a significantly altered induction of key immunological

genes in response to microbial stimulation.
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Figure 4.3.16 Pan-hematopoietic loss of MYSMI1 function results in altered DC
transcriptional profiles, including significant changes in the DC responses to microbial

stimulation.
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(A) Schematic of the bulk RNA-seq analyses of BMDCs derived from the tamoxifen treated
Cre™®? transgenic mice of MysmI¥PN and control MysmI™* genotypes, at steady-state and
following LPS stimulation. Tamoxifen treated MysmI"PN Cre®®™ mice (A/DN) express a
catalytically inactive MYSM1, whereas Mysm 17" CrefRT? control mice (A/+) express wild type
MY SMI1. Bone marrow was extracted at >12 weeks after the tamoxifen treatment, BMDCs derived
in vitro over 9 days of culture, and subsequently harvested and cultured for further 18 hours either
untreated or with LPS stimulation (10 ng/mL). (B) Partial component analysis plot demonstrating
the gene expression profiles of Mysm 1PN and control Mysm1** BMDCs with and without LPS
stimulation, with the response to LPS described by the principal component 1 (PC1, 51%
variability) and the differences between the genotypes by PC2 (18% variability). (C) Heatmap
displaying 1015 genes significantly dysregulated between MysmI*PN and control MysmI®*
BMDC:s, at steady state and following LPS stimulation. The significance threshold is fold change
> |1.5] and FDR < 0.01, and the data are presented relative to the average of the control
unstimulated MysmI** BMDC group. Hierarchical clustering of the genes was performed using
Pearson correlation with average linkage to generate the Clusters I-V. (D) Gene ontology (GO)
enrichment analysis of the differentially expressed genes in Clusters I-V; select representative
biological process GO-terms are displayed. (E) Gene set enrichment analysis (GSEA) of the
transcriptional signatures of MysmI*PN relative to control Mysm1** BMDCs, with and without
LPS stimulation, showing the normalized enrichment scores (NES) for pre-established biological
process transcriptional signatures. Select representative biological processes are labelled on the
plot.
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Figure 4.3.17 Examples of DC transcriptional changes resulting from a pan-hematopoietic
loss of MYSM1 function, including the genes encoding important mediators of DC activation
and immune response.
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Normalized read counts per million (CPM) are presented from the bulk RNA-seq analyses of
BMDCs from the tamoxifen treated Mysm 17PN Cre®®™ and control Mysm1"" CretR™? mice, at
steady-state and following LPS stimulation, as shown in Figure 4.3.16. Data are from n = 3—4 mice
per group and presented as mean = SEM. Statistical analyses used ANOVA and Sidak's post hoc
test, comparing to the Mysm V" Cre®*"2 control group for each condition; *p <0.05, **p <0.01,
*#%p <0.001, or not significant if not indicated.
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4.3.14 Loss of MYSM1 modulates DC responses to microbial stimulation

We further tested whether the changes in the responses of MysmI~PN BMDCs to microbial
stimulation alter their capacity to act as antigen presenting cells. For this purpose, BMDCs derived
from tamoxifen treated mice of Cre®8™ MysmI"PN and control MysmIV* genotypes were pre-
stimulated with LPS in the presence of ovalbumin (OVA) and co-cultured with OVA-specific OT-
IT CD4 T cells. The T cells were analysed at days 3—4 for activation markers (CD44, CD69),
cytokine production (IFNy, IL-2, IL-4, IL-10), and for cell proliferation, comparing between the
cultures containing Mysm1*®N and control BMDCs. This demonstrated a largely normal capacity
of Mysm1*PN BMDCs for T cell activation, with a mild increase in the CD44 activation marker

and a mild reduction in IL-2 production for the T cells in co-cultures with Mysm 1PN

as compared
to control BMDCs (Figure 4.3.18 A-D), but no differences in the induction of T cell proliferation
(Figure 4.3.18 E-F), in the expression of CD69, IFNy, IL-4, or IL-10 (Figure 4.3.18), or in T cell
viability (Figure 4.3.18 G). Overall, we conclude that the loss of MYSM1 DUB catalytic activity
in hematopoietic progenitors mildly modulates DC responses to microbial stimulation, however

does not result in major changes in the DC capacity for antigen presentation or CD4 T cell

activation.
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Figure 4.3.18 Impact of a pan-hematopoietic loss of MYSMI catalytic activity on the DC

function as antigen presenting cells.
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BMDCs derived from the tamoxifen treated mice of CreERT2 Mysm 1fl/DN and control Mysm I{l/+
genotypes were either untreated or stimulated with LPS (10 ng/ml) in the presence of whole OVA
(1mg/ml) for 18 hours. The BMDCs were subsequently cocultured with OVA-specific OT-II CD4
T cells in a 1:10 ratio for 3-4 days, and the T cells analyzed for the following readouts as a measure
of DC function. (A-B) Analyses of the T cells for CD44 and CD69 activation markers at day 3 of
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co-culture, comparing between the BMDC Mysml genotypes and stimulation conditions. (A)
Representative flow cytometry histograms of CD44 and CD69 staining, and (B) quantification of
the CD44 and CD69 mean fluorescence intensity (MFI) gating on live CD3+CD4+ T cells. (C-D)
Analyses of the T cells for IFNy, IL-2, IL-4, and IL-10 cytokine production at day 4 of BMDC co-
culture, comparing between the BMDC Mysml genotypes and stimulation conditions. (C)
Representative flow cytometry plots gated on live CD3+CD4+ T cells and showing intracellular
cytokine staining; percentages of cells in the positive gates for all the mice in each group are
indicated as mean £ S.D. (D) Quantification of T cell cytokine production, including the
percentages of cytokine positive live CD3+CD4+ T cells, and the mean fluorescence intensities
(MFTI) of cytokine levels within the cytokine positive T cell populations. (E-F) Analyses of T cell
proliferation at day 3 of co-culture, using a proliferation dye dilution assay and comparing between
the BMDC Mysm1 genotypes and stimulation conditions. (E) Representative flow cytometry plots
of the proliferation dye dilution gating on live CD3+CD4+ T cells, and (F) quantification of the
percentages of T cells in the culture that underwent 0-5 cell divisions are presented. (G) Analyses
of T cell viability at day 3 of co-culture, comparing between the BMDC Mysm ! genotypes and
stimulation conditions. All data are from n=3 mice per group and presented as mean + SEM.
Statistical analyses used ANOVA and Sidak's posthoc test comparing between the Mysml
genotypes for each stimulation condition; * p< 0.05, NS — not significant.
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Chapter 5: Conclusion and Discussion

5.1 Role of BAP1 in B lymphocyte development

In previous studies, we established the non-redundant and cell intrinsic role of BAP1 in the normal

progression of B cell development®?3

. Here, we propose that BAP1 plays a direct role in regulating
the transcriptional programs essential for cell proliferation and cell cycle progression processes in

pre-B cells, through its deubiquitinase (DUB) activity targeting histone H2ZAK119ub.

Our work has deepened the understanding of the molecular functions of BAP1 within the B cell
lineage. To be more precise, using B cell precursor cell line Ba/F3 with CRISPR/Cas9 mediated
Bap1 deletion, we confirmed the role of BAPI in the regulation of B cell proliferation. Moreover,
using Ba/F3 cell lines, we mapped the genome-wide DNA-binding sites of BAP1 through ChIP-
seq analysis, and observed a significant overrepresentation of BAP1 binding sites near genes that
were dysregulated in our previous RNA-seq analyses using BapI™™ mb1-Cre primary murine pre-
B cells, particularly at downregulated genes involved in cell proliferation and cell cycle
progression. Notably, the loss of BAP1 resulted in increased H2AK119ub levels at these sites. This
finding supports our conclusion that BAP1, through its H2A-DUB catalytic activity, plays a direct
role in regulating these genes. Overall, we hypothesize that the disruption of BAP1-regulated
transcriptional programs related to cell proliferation and cycle progression contributes to the

defects in B cell development observed in BAP1 deficiency.

The connection between the loss of BAP1 and reduced cell proliferation, as suggested in our study
of the B cell lineage, is consistent across various cell types?%* 20% 22239 A mentioned earlier,

systemic inducible deletion of Bap! in mice impairs the proliferation of thymocytes and peripheral
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CD4 T cells*??, indicating a shared role for BAP1 across different lymphoid cells. Erythrocyte and
platelet depletions were also observed in this model but were not linked to cell proliferation
defects®?!. BAP1 was also reported to be crucial for the proliferation of several non-hematopoietic
cell lines, where it regulates the transcriptional programs related to cell cycle progression in
collaboration with HCF]!97- 203, 205, 211,309,310 'However, it is worth noticing that BAP1’s role in
promoting cell proliferation is not universal: Bap! deletion in mice leads to an increase in myeloid
leukocytes and progenitor cells, resembling the pathology of myelodysplastic syndrome (MDS)
and chronic myelomonocytic leukemia (CMML)*!. Such contrasting effects of BAP1 loss on
myeloid versus lymphoid lineages are intriguing, especially given our findings showing a strong
correlation in the genomic location of BAP1 binding sites across B cells, macrophages, and ES

Cells221,278

, suggesting common transcriptional functions. The mechanisms behind these distinct
outcomes of BAP1 loss on myeloid and lymphoid lineage cells merit further investigation, and

may provide insights into the tumor suppressor roles of BAP1 and its ASXL binding partners'8*

191, 193

As mentioned before, our findings show that BAP1 deficiency leads to an increase in histone
H2AK119ub levels at BAP1 genomic binding sites in B cell precursors, both globally across the
genome and locally at the promoters of BAP1-target genes involved in the regulation of B cell
proliferation. This suggests that the function of BAP1 in B lymphocytes is, at least partially, tied
to its DUB activity for histone H2AK119ub. Traditionally, the deposition of the H2AK119ub
transcription repressive mark on chromatin by the PRC1 complex is associated with long-term
silencing of developmentally regulated genes, thereby controlling cellular differentiation and

lineage specification pathways'#! 143282 More recently, the role of H2AK 119ub in regulating other
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transcriptional programs, such as those related to cell survival and apoptosis’!!, as well as cell
proliferation and cell cycle progression®!% 313314 "has been recognized across different cell types.

Our findings further emphasize the potential role of the H2ZAK119ub epigenetic mark and the
machinery regulating its deposition and removal in controlling transcriptional programs related to

cell proliferation in B lymphocytes.

It is worth noticing that BAP1 is not the only DUB expressed in B lymphocytes. Recent studies
demonstrated that MYSM1 and USP16 are essential for B cell development!8® 232 280.315 " ywhile
USP44 and USP21 are dispensable'®!:3!®. Consolidation of various ChIP-seq datasets that analyzed
the distribution of genomic binding sites of these DUBs in murine ESCs, hematopoietic and
immune cells indicated co-localization of BAP1 majorly with USP16, minorly with USP22, but
not with MYSM 137, Although the function of USP16 as a DUB for histone H2A was challenged
by its primarily cytosolic localization®'®, further investigation of the potential redundancy or
interaction between BAP1 and other histone DUBs in B cells would benefit our understanding of
the molecular mechanisms underlying the regulation of B cell differentiation and functions.
Moreover, the interplay between histone modifications is also a critical aspect of the epigenetic
regulatory mechanisms of gene expression. As mentioned earlier, the deposition of monoubiquitin
at H2AK119 is influenced by the level of H3K27me3'4> 43 14 and, in turn, affects the
trimethylation at H3K27'% 146 and H3K4'#. Recent studies have revealed more details of the
dynamic crosstalk between histone modification®'®. Our study confirms the essential gene
regulatory role of BAP1 through its H2A-DUB catalytic activity in B cells. Further mechanistic

exploration of BAP1 and its interaction with other chromatin-modifying enzymes in B
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lymphocytes would shed light on the function of fundamental molecular machinery and on the

future development of innovative therapeutic strategies.

The role of BAP1 as a tumor suppressor has also been intensively studied. Germline mutations in
the Bapl gene in humans have been linked to cancers such as mesothelioma, uveal melanoma, and
renal cell carcinoma!®® '3, While Bapl mutations are not typically linked to B cell lymphomas,
cases of non-Hodgkin lymphoma have been reported in patients carrying germline Bapl

mutations>%’

. Additionally, lymphomas with other genetic aberrations have been found to acquire
Bapl gene silencing through epigenetic mechanisms®?!. These reports suggest that BAP1 might
also act as a tumor suppressor in the B cell lineage, although further verification in murine models
is needed. Interestingly, although it is not something we have tested systematically, we did not see
an obvious increase in premature lethality or high-penetrance carcinogenesis in the Bap ™™ mb1-
Cre mice. Future studies, such as screening for spontaneous lymphoma occurrence in these mice

or tracking age-related phenotypes and lifespan of these animals, will be essential to explore the

potential tumor suppressor role of BAP1 in B cells.

The molecular mechanisms underlying the tumor suppressor function of BAP1 are still in debate,
particularly given the current study and many other reports supporting BAP1’s role as a positive
regulator of cell proliferation®*® 222 223:3% In myeloid progenitor cells, BAP1's tumor suppressor
activity has been associated with its antagonistic relationship with the PRC2 complex: the
transformation of BAPI-deficient myeloid cells is linked to increased PRC2-mediated
transcriptional repression, which can be reversed by the loss or inhibition of the PRC2 catalytic

subunit EZH22!% 322, Similar mechanisms of BAP1’s tumor suppressor role are implicated in
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mesothelioma?®!'®, but not in uveal melanoma cell lines*?*. Other proposed mechanisms connecting
BAP1's molecular functions to its tumor suppressor activity include its roles in regulating pro-
survival and pro-apoptosis transcriptional programs in cross-talk with PRC13!!, in promoting
ferroptosis by repressing SLC7A1] gene expression'®®, in controlling cellular metabolic

204, 324, 325,326 and in regulating Ca®" signaling and apoptosis by deubiquitinating and

programs
stabilizing IP3R3 receptor-channels**”- 327, In our previous study, SLC7A11 was not expressed in
pre-B and immature B cells from either Bap/™™ mbl-Cre or control mice**®, indicating that
BAP1’s regulation of ferroptosis is unlikely to play significant roles in these B cell precursors.
Consistently, genomic analyses in the current study demonstrated no significant overlap between
the binding sites of BAP1 and of the PRC2 catalytic subunit EZH2 in the B cell lineage. Further
research is needed to explore the molecular mechanisms of BAP1’s tumor suppressor activities

across different cell types, considering its apparent positive role in regulating cell proliferation in

non-transformed cells from various tissues.

In summary, we highlight the non-redundant and cell-intrinsic role of BAP1 as an H2A-DUB in
regulating the transcription programs essential for B cell development. We have attributed the
impaired B lymphocyte development in BAP1 deficiency to defects in cell proliferation and cell
cycle progression in pre-B cells**®. Here, we propose a link between altered transcriptional profiles
of the mentioned biological pathways and the elevated H2AK119ub levels in proximity to BAP1
binding sites in pre-B cells. However, it is worth noticing that BAP1 is expressed throughout B

cell ontogeny, and our previous cell cycle analysis in Bap ™™

mb1-Cre mice revealed significant
changes not only in pre-B cells but also in immature and mature B cells??. Therefore, BAP1

possibly acts as a transcriptional regulator throughout B cell development. Cell proliferation is
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crucial not only for establishing and maintaining the pool of naive B cells, but also for mediating
humoral immune response, including clonal expansion of B cells during the germinal center
reaction!® 328, In the next step of our research, we sought to explore the intrinsic role of BAP1 in
B cells during humoral immune responses, including the germinal center (GC) reaction and the

differentiation and persistence of plasma and memory B cells.

5.2 Role of BAP1 in humoral immunity

Through continuous investigation, here, we establish the essential and cell-intrinsic role of the
chromatin-binding DUB BAP1 in B cells for the normal induction of humoral immune response
using Bap1™"M Cyl-cre mouse model, where Bapl deletion takes place selectively in mature
activated B cell. We characterize the impact of BAP1-loss on the genome-wide distribution of the
H2AKI119ub epigenetic mark and on the B cell transcriptome, and discovers novel BAPI-
regulated genes with critical roles in the regulation of GC reaction and antibody-mediated

immunity.

It is important to note that BAP1 is a multifunctional DUB with many putative substrates'®®.
Beyond histone H2AK119ub'*, BAP1 is reported to regulate the ubiquitination, stability, and
activity of many transcription factors and enzymes at chromatin of various cell types, namely
HCF1'"97-205. 211 'yy 1197 FOXK1/2?%" 202 KLF5°%, PGC102*, and OGT?** 2!, BAP1 can also
modulate the ubiquitination and stability of IP3R3, regulating Ca** release from endoplasmic
reticulum and cell viability?*’. Nevertheless, we demonstrate a major disruption in the H2AK119ub
epigenetic landscape in BAP1 deficient B cells, with an increase in H2AK 119ub specifically at the

BAP1 genome-binding sites. This establishes the major non-redundant role of BAP1 as a DUB for
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the H2AK119ub epigenetic mark in B cells and suggests this as the primary mechanism for the
failure of B cell mediated immunity in the Bap ™™ Cy1-Cre model. Possible roles of other BAP1

substrates in B cell physiology remain to be further explored in future work.

Analyzing the effects of BAP1-loss on the transcriptome of GC B cells in consolidation with the
BAP1 ChIP-seq data, we identified putative novel BAP1-regulated genes with essential roles in
the GC reaction and humoral immunity. Furthermore, the significant overlap in BAP1 ChIP-seq
genome binding sites in our B cell datasets with previously published datasets from other cell types
indicated the engagement of BAP1 in shared housekeeping transcriptional programs. Although,
due to the broad BAP1 functions in both housekeeping and cell-type specific transcriptional
programs, we cannot attribute all the observed phenotypes to a defined set of BAP1-target genes,
our analyses provide many novel BAP1-regulated genes the dysregulation of which can contribute
to the failure of humoral immunity in the Bap ™™ Cy1-Cre model. This includes ChIb that encodes
an E3 ubiquitin ligase known to target CD79a, CD79b, and IRF4 to regulate the GC-reaction®**
295 as well as Igf2bp3 that encodes a reader of the m6A RNA-modification, induced in GC B cells

and essential for normal activation of humoral immunity?*®

. Compensatory activity of the
YTHDF2 m6A-binding protein has been reported in Igf2bp3-deficient GC B cells**®, and may
contribute to the overexpression of the transcriptional signatures of mitochondrial biogenesis in
the Bap1™™ Cy1-Cre GC B cells. Downregulation of the transcriptional signatures of ‘IL2
production’ and ‘T cell proliferation’ in the Bap ™ Cy1-Cre GC B cells is also notable, as failure
to receive T cell help is known to result in mitochondrial dysfunction and apoptosis in activated B
cells*?% 33, Another example of a novel BAP1-regulated gene identified in our work is Litaf, which

encodes a repressor of Bcl6-expression and a regulator of autophagy in B cell lymphoma®® 27,
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and indeed autophagy plays an important role in the regulation of GC reaction and plasma cell
maintenance®!> 332 333 334 While our study focused on the BAPI-regulated transcriptional
programs in GC B cells, its functions in the downstream checkpoints in humoral immunity, such
as in plasma and memory B cells, remains to be further explored. The reduction in plasma cell
numbers and antibody titers in the Bap!™" Cy1-Cre model is particularly notable, and our study
did not quantify antigen specific plasma cells or assess the efficiency of BapI-deletion within the
plasma cell compartment. The roles and molecular mechanisms of BAPI in plasma cell

differentiation should be addressed in future work.

Loss of BAP1 in activated B cells in the BapI™™ Cy1-Cre mouse model resulted in a severe defect
in antibody production, and we noted the more profound reduction in IgG as compared to IgM
isotypes. We hypothesized that this may reflect the enhanced Cyl-Cre activity in the B cells
committed to undergo class switching to IgG1, or a direct role for BAPI in the antibody class
switching reaction. Indeed, epigenetic mechanisms are important across many checkpoints in
antibody class switching, such as regulation of S-region accessibility and transcription, AID
expression and targeting to chromatin, and in the DNA break-repair step®*°. For instance, BAP1
was previously shown to facilitate DNA repair through the homologous recombination (HR)

208 However, we found normal class switching of Bap™™ Cy1-

pathway in DT40 B cell lymphoma
Cre B cells when normalized to the significant reduction in B cell proliferation. This result is
consistent with the major roles of the other repair pathways in antibody class switching, namely
non-homologous end joining (NHEJ) and microhomology-mediated end joining (MMEJ)**¢, and

also rules out non-redundant roles of BAP1 in steps upstream from DNA damage in class switching.

Nonetheless, BAP1 functions in the class switching reaction may be redundant with other
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169

chromatin associated DUBs'®”, as for example the chromatin associated DUB USP22 was recently

337 Besides, the potential involvement

shown to promote DNA repair in antibody class switching
of non-histone substrates of BAP1 in antibody class switching can also be further explored, as the

DUB USP7 was recently reported to promotes IgA and inhibits IgG switching by deubiquitinating

and stabilizing RUNX3%%,

Our current study focusses on the role of BAP1 specifically in mature activated B cells, with
the Bap1™™ Cy1-Cre model allowing the selective analyses of its B cell-intrinsic functions in the
induction of humoral immune response. However, beyond this experimental model, it is important
to consider that BAP1 activities in other cell types may also contribute to the regulation of antibody
mediated immunity in vivo. BAP1 is known to play an important cell-intrinsic role in T cell
development in the thymus, as well as in the peripheral T cell expansion under homeostatic

conditions and in response to antigenic stimulation®*?,

Furthermore, BAPI activities in
mesenchymal stromal cells (MSCs) are essential for normal B cell development in the bone
marrow>>°. Therefore, in addition to the cell intrinsic roles of BAP1 in B cells, elucidated in our
current work, BAP1 functions in T cells and stromal compartments need to be considered when

assessing its systemic roles in the regulation of humoral immunity in vivo, as for example in

carriers of germline BAPI mutations.

Our study establishes the critical role of BAP1 as a transcriptional and epigenetic regulator in the
GC reaction, which is a common site of cell transformation that gives rise to B cell lymphomas!®*
340 While BAP1 is a highly important tumor suppressor'®, as already discussed, lymphomas are

not among the major cancer types associated with germline or acquired Bap/ mutations, and our
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current study didn’t directly address the role of BAP1 in lymphomagenesis. Nevertheless, cases of

20 and

non-Hodgkin lymphoma have been reported in carriers of germline Bapl mutations’
lymphomas with other genetic aberrations were shown to acquire Bapl gene silencing via
epigenetic mechanisms>®?'. Therefore, we anticipate that future work in the Bap /™™ Cy1-Cre and

other relevant murine models may further explore BAP1 functions as a tumor suppressor in B cell

lymphoma.

In summary, our study provides novel insights into the epigenetic regulation of B lymphocyte
biology and humoral immunity by BAP1, the major DUB for histone H2AK119ub, with potential
implications for host responses to infections and vaccinations, and the mechanisms of B cell

carcinogenesis.

5.3 Role of MYSMI1 and its DUB activity in hematopoiesis

Beside investigating the role of BAP1 in B cell development and humoral immunity, we also
explored the function of another histone H2A deubiquitinase (DUB), MYSMI1, in hematopoiesis.
In this study, we for the first time establish and characterize a mouse strain expressing a
catalytically inactive MYSMI1P®N protein. We demonstrate a profound similarity in the
developmental, hematopoietic, and immune phenotypes of MysmI* and MysmI°N mice,
indicating the critical role of MYSM1 DUB catalytic activity in hematopoiesis and other aspects
of mammalian physiology. While the depletion of hematopoietic cells and HSPC failure in
functional assays were highly consistent between the Mysml ™'~ and MysmIPVPN strains
throughout this study, the MysmIPVPN strain showed high embryonic lethality, with only ~ 4%

] DN/DN

of Mysm offspring from an intercross of heterozygous parents, as compared to 10% for
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the Mysm1~~ strain reported in previous studies'®’. Although these figures are not directly
comparable between studies, it is interesting to note that increased embryonic lethality has been
reported in other strains expressing catalytically inactive proteins relative to the corresponding
knockout strains**'> %2 This possibly indicates dominant-negative activity of the
MY SM 1PN catalytically inactive protein, such as blocking the access of compensatory proteins

to its substrate.

While the current study provides an in-depth analysis of the role of MYSM1 DUB catalytic activity

in hematopoiesis and leukocyte development, the International Mouse Phenotyping consortium?3"

33 and previously published studies report complex phenotypes in many other physiological

systems in Mysm1~ mice, including alterations in skeletal, skin, and adipose physiology?*!:3%0:344.
345 In future work, a broader comparison of Mysml~~ and MysmI°V°N mouse strains will
allow us to further explore the role of MYSMI catalytic activity in these other physiological
systems. Recent studies also established MYSM1 as a negative regulator of inflammatory
responses to microbial stimuli in macrophages®** 236 3%_ In these studies MYSMI1 was shown to
deubiquitinate TRAFs, RIP2, and STING proteins in the signal transduction cascades of innate
immunity?*> 236:3%_The Mysm I°VPN mouse strain developed in our current work may be used to

further validate the role of MYSMI catalytic activity in the regulation of innate immune and

inflammatory responses in vivo.

Although no molecular analyses for the mechanisms of hematopoietic failure were conducted in
the Mysm1°N'PN and Mysm 1PN mouse models in the current study, the very high concordance of

their phenotypes to those of the MysmI™ and MysmI*® mouse strains suggests that similar
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molecular mechanisms are at play. Previously in the Mysm ™'~ mice the hematopoietic failure was
shown to be driven by the activation of p53 and the induction of its pro-apoptotic transcriptional

238, 239, 240

programs . Consistently, our current data showed some increase in cell death

Ji DN/DN ] +/+

in Mysm relative to control MysmI™" hematopoietic and immune cells, supporting that

JPNDN mice.

similar mechanisms may also mediate the hematopoietic failure in Mysm
With the validation of the role of MYSM1 DUB catalytic activity in hematopoiesis, it will be
important to identify the full range of protein targets and substrates of MYSM1, for example
through proteomics approaches#®347-348 ‘While histone H2AK119ub is a highly abundant and well
characterized MYSM1 substrate!®> 2>, MYSMI1 can also cleave K63, M1, K6, and K27
polyubiquitin in vitro?*® and regulates K63-polyubiquitination of TRAFs, RIP2, and STING
proteins in macrophages?> 2*6 3% Given the diverse and complex roles of ubiquitination in
regulating chromatin accessibility, gene expression, genomic stability, signal transduction, protein

localization and many other cellular processes'3>: 16349

, such studies may lead to the discovery of
further novel MYSM1 substrates beyond histone H2AK119ub and advance the understanding of

its functions and mechanisms of action.

Moreover, in the current work, we further characterize the role of MYSMI1 in dendritic cells (DCs),
and, for the first time, establish that MYSMI is dispensable for DC maintenance and for DC
antigen presenting capacity in response to microbial stimulation, with the essential role of MYSM1
being restricted to the early stages in the DC lineage specification. Our findings therefore indicate

that MY SMI1 acts specifically in HSPCs to sustain normal DC lineage development and to program

Page | 189



DCs for normal responses to microbial stimulation. Furthermore, we demonstrate the critical role

of the DUB catalytic activity of MYSM1 for these functions.

These results resemble previous findings from the lymphoid cell lineage, where a severe arrest in
lymphocyte development and the depletion of B and T cells is seen with systemic or pan-
hematopoietic loss of Mysm1'3% 232 however the loss of MYSMI1 at later stages in B and T cell
development has only minor effects on lymphocyte numbers or their responses to stimulation?¢"
350 Consistent with the strong phenotypic similarities between MysmI”~ mice with full loss of
MYSM1 expression and MysmIPPN mice with the loss of DUB catalytic activity, as discussed
above, the loss of MYSMI1 DUB catalytic activity showed the same impact on DC lineage
development as the full loss of MYSMI expression throughout all the DC experimental systems.
This further supports the primary and indispensable function of MYSM1 as a DUB, likely for

histone H2AK 119ub®*’ and possibly also for other substrates, in the DC lineage specification.

Our study further demonstrates that MYSM1 loss-of-function in early hematopoietic progenitors
results in the production of functionally altered DCs, with significant changes in the expression of
housekeeping transcriptional programs, including those engaged in cell cycle progression,
ribosome biogenesis, metabolic and stress response regulation. Furthermore, MYSM1 loss-of-
function in hematopoietic progenitors also alters the downstream responses of BMDCs to
microbial stimulation, with altered expression of genes encoding cytokines, chemokines, pathogen
sensing receptors, and antigen presentation machinery, as well as significant changes in cytokine
production. In particular, we noticed enhanced expression IL-12 and reduced expression of IL-10

indicated by CPM counts. Such changes were confirmed by consistent alterations of IL-12 and IL-
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331 and may indicate an enhanced functional capacity of the BMDCs derived

10 protein levels
from Mysm I-deficient hematopoietic progenitors. However, studies in co-cultures with OT-1I CD4
T cells demonstrated no major significant differences in the BMDC capacity to induce T cell
activation and proliferation ex vivo. Nevertheless, it is important to note that such co-cultures may
not fully model DC activities as antigen presenting cells in vivo, where the levels of antigen and
microbial stimulation may be more limited, and complex cell migration dynamics are required to
put the antigen presenting DCs and cognate T cells into contact within a polyclonal T cell repertoire.
Therefore, our current study doesn't rule out that MYSMI1 activities in hematopoietic progenitors
may alter the capacity of the downstream DCs for antigen presentation and T cell activation in
certain settings, beyond the ex vivo co-culture assays, and such effects will need to be explored in
future work using in vivo models. Additionally, it will be important to assess the effects of MYSM1
on the DC capacity for antigen presentation and cross-presentation to CD8 T cells, not assessed in
our current work. Furthermore, while BMDCs derived in GM-CSF containing bone marrow
cultures are a highly common model for the study of DC cell biology>*?, future work will need to
explore to what extent MYSMI1 functions in this model are conserved in DCs derived under Flt3-

333,354 and also in primary DCs in vivo in murine tissues.

L culture conditions
In previous studies, we illustrated the role of MYSMI1 in maintaining the expression of genes
encoding ribosomal proteins (RP-genes) in HSCs, yet observed no significant elevation of
H2AK119ub levels at the MYSM1-binding sites within these RP-gene promoters?**. With the

1PN mouse model established, it would be intriguing to analyze the expression levels of RP-

Mysm
genes in HSCs where MYSM1 exists in the catalytically inactive form. Moreover, MYSM1 was

previously shown to interact with cMYC, a crucial transcriptional regulator for the genes encoding
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the ribosomal and translational machinery, in Bla lymphocytes?*°. We recently established that the
loss of MYSMI1 in mouse models of cMYC-driven B cell lymphoma can protect against disease
onset and progression®>. At the cellular and molecular levels, the protective effects were attributed
to the role of MYSMI in the cMYC-dependent induction of the RP-genes, with MYSM1-loss
resulting in reduced RP-gene transcript levels, reduced cellular protein synthesis rates, and the

activation of p53 tumour suppressor>>

. Overall, these studies may suggest MYSM1 as a drug-
target for cMYC driven hematologic malignancies; and the Mysm 1PN mouse strain described in
our current work will allow to test whether the loss of MYSM1 DUB catalytic function can offer
similar therapeutic benefits. This can serve as a proof-of-concept for the development of
pharmacological MYSMI1 inhibitors and for the assessment of their activities in experimental
models of cMYC-driven hematologic malignancies. Furthermore, given the critical role of DCs as
mediators of antitumor immunity and immunotherapy®*®, our current work indicates the
importance of further exploring how MYSMI1 loss or the inhibition of its DUB catalytic activity

will impact DC functions in the tumour microenvironment and the implications of such effects for

anticancer immunity.

In summary, our study establishes the primary and indispensable function of MYSM1 as a DUB
in vivo in the normal progression of mammalian development, hematopoiesis, and immune cell
production. This work also provides a mouse model for further analyses of the roles of MYSMI

DUB catalytic functions in vivo in many other aspects of mammalian physiology.

5.4 Summary and final conclusions

In this study, we explored the roles of two deubiquitinases that can target histone H2AK119ub,

BAP1 and MYSMI, in hematopoietic cell development and immune response. Overall, we
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propose that BAP1 acts as an essential and cell-intrinsic regulator in B cell development and in
antibody mediated immune response. We conclude that BAP1, although not functioning as an
indispensable contributor to class switch recombination (CSR), directly regulates many
transcriptional programs essential for B cell development, B cell activation, and the induction of
humoral immune response. We claim that such regulatory function of BAP1 is exerted, at least
partially, through its deubiquitinase (DUB) activity targeting histone H2AK119ub. Moreover, our
study revealed a striking similarity between the developmental, hematopoietic, and immune
phenotypes observed with the loss of MYSM1 DUB catalytic activity and those resulting from the
complete loss of the MYSMI1 protein. We thereby propose a critical and cell-intrinsic role of the
DUB catalytic activity of MYSM1 in the regulation of hematopoiesis, including the development
of lymphocytes and dendritic cells. Overall, our research enhances the understanding of the vital
roles that BAP1 and MYSM1 play in hematopoiesis, leukocyte development, immune responses,

and various other aspects of mammalian physiology.
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