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THESIS ABSTRACT

Proper B cell identity demands a tight controlled genomic and epigenomic
landscape at each stage of cellular differentiation during B lymphocyte
development. It has been previously identified in our group that HDAC7 is an
essential regulator of early B cell development, and its absence leads to a
dramatic block at the pro-B to pre-B cell transition. In this work, we have depicted,
the molecular mechanisms by which HDAC7 modulates early B cell development.
Specifically, HDAC7 loss induces TETZ2 expression, which promotes DNA 5-
hydroxymethylation and chromatin de-condensation. These findings shed light on
the mechanisms by which HDAC7 loss or misregulation may lead to pro-B
hematological malignancies. Actually, within this work we demonstrate that
HDACY7 loss in infant acute lymphoblastic leukemia of pro-B (pro-B-ALL) cells
correlates with a worse prognosis. The ectopic expression of HDAC7 in pro-B-
ALL cell lines leads to a transcriptional phenotype closely related to healthy B cell

progenitors, highlighting its importance in the guidance of B cell identity.

However, HDACY role in mature B cell biology and associated malignancies
is unknown. We demonstrate that HDAC7 is essential for the entry and initiation
of the germinal center (GC) reaction. Upon HDACY loss, there is a blockade of B
cell development at the pre-GC stage, which leads to the generation of aberrant
GC B cells, diminished class switch recombination and plasma cell formation. We
observe that HDAC7 is generally underexpressed in diffuse large B cell
lymphoma (DLBCL) tumors, and its low expression is associated with a poor
prognosis of the patients. HDAC7 exogenous expression in DLBCL cell lines

reduces its tumorigenicity.

In summary, this thesis project aims to describe first, the mechanistical
regulation of HDACY7 in early B cell development, and second, HDAC7 implication
in terminal B cell development. Concomitantly, we intended to decipher the
potential contribution of HDAC7 deregulation in pro-B-ALL and DLBCL, which are
B cell derived malignancies in the pro-B and GC B cell developmental stages,

respectively.
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INTRODUCTION

1. B lymphocyte development

1.1.Early B cell development

The hematopoietic system generates all blood cell types that are required
throughout life. This process involves several cellular transitions to achieve
functional differentiated cells (Figure 1). In the bone marrow, hematopoietic stem
cells (HSC) have the potential to continuously replenish all types of blood cells
through processes of lineage-restricted cell commitment. At very initial stages,
HSC differentiate into lymphoid-primed multipotent progenitors (LMPP), which
have the capacity to direct cell fate to both lymphoid and myeloid lineages. These
LMPPs may differentiate into common lymphoid progenitors (CLP), which will
generate B cells, T cells and Natural Killer cells (NK). However, LMPPs also have
the potential to give rise to common myeloid progenitors (CMP), that will further
differentiate into either megakaryocyte/erythrocyte progenitors (MEP) or

granulocyte/macrophage progenitors (GMP).

During early B cell development in the bone marrow, CLPs give rise to B
cell progenitors (pro-B cells), which in turn will lately differentiate into B cell
precursors (pre-B cells) and immature B cells. To deal with pathogens or foreign
molecules, B cells need to modify their immunoglobulin (Ig) gene loci, a process
named primary lg diversification, that starts in pre-B cells. These cells have the
capacity to assemble a complete IgM antigen receptor and expose it on the B cell
surface by a specific recombination process named V(D)J recombination, thus
generating the pre-BCR. Signals from the pre-BCR orchestrate cell proliferation
and consequent differentiation into immature B cells (Herzog, Reth, and Jumaa
2009). Later, immature B cells leave the bone marrow and migrate to secondary
lymphoid organs such as the spleen and lymph nodes, to finally differentiate into

memory B cells (MBC) and long-lived plasma cells (PC).
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Figure 1. The hematopoietic system. Schematic representation of the cell
differentiation process of both lymphoid and myeloid branches. In the bone marrow,
Hematopoietic Stem Cells (HSC) differentiate into Lymphoid-primed Multipotent
Progenitors (LMPP), which can differentiate into Common Lymphoid Progenitors (CLP)
and Common Myeloid Progenitors (CMP). CLPs will generate T cells, Natural Killer cells
(NK) or B cells. The latter differentiate into pro-B, pre-B and immature B cells. Immature
B cells migrate to secondary lymphoid organs and differentiate to Plasma cells or
Memory B cells. CMPs differentiate into either megakaryocyte/erythrocyte progenitors
(MEP) or granulocyte/macrophage progenitors (GMP). MEPs develop into either
erythrocytes or platelets. Finally, GMPs differentiate into eosinophil, basophil, neutrophil
or monocyte.

1.1.1. Transcriptional regulation during early B cell development

Early B cell commitment and differentiation is a complex developmental
process that requires a tight regulation and orchestration of transcriptional and
epigenetic events. Progenitor cells in the bone marrow need to coordinate
different transcriptional programs that are lineage-characteristic, in order to

achieve a differentiated cell state. During early B cell development, a
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considerable number of transcription factors (TF) have been reported to play a
crucial role at various cell commitment, lineage choices and differentiation steps
(Figure 2).

LMPP Immature B

—PUA >
IKAROS
—MEF2C
E2A B
EBF1
PAYG =

Figure 2. Transcription factors expressed during early B cell development.
Representation of early B cell developmental stages and TFs’ expression patterns, which
are displayed in the bars below. LMPP (lymphoid-primed multipotent progenitor), CLP
(common lymphoid progenitor), pro-B (progenitor B), pre-B (precursor B). Figure
modified from (Ramirez, Lukin, and Hagman 2010).

At LMPP stage, the TF IKAROS, encoded by the /kfz1 gene, is involved in
the generation of both CMPs and CLPs and, as demonstrated in mice models, its
deficiency prevents the generation of erythrocytes and B and T lymphocytes
(Heizmann, Kastner, and Chan 2013; Yoshida et al. 2009). Simultaneously, the
TF PU.1, encoded by the Sfpi1 gene, dictates the switch choice towards the
lymphoid or myeloid lineages, in a dose-dependent manner. In fact, high levels
of PU.1 promote myeloid differentiation, whereas lower concentrations favor the
commitment into the lymphoid lineage (Ramirez, Lukin, and Hagman 2011; E. W.
Scott et al. 1994). PU.1 controls the expression of MEF2C TF, which is involved
in the silencing of myeloid-lineage genes and activation of lymphoid-lineage
genes (Herglotz et al. 2016; Kong et al. 2016; Stehling-Sun et al. 2009). The
differentiation of CLP into pro-B cells depends on IL7r signaling and the
coordinated action of the TFs PAX5, EBF1 and E2A (Nutt and Kee 2007). PAX5
is considered the “guardian of B cell identity” and is continuously expressed from

pro-B cells to terminally differentiated B cells. Indeed, PAX5 activates specific
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genes of the B cell lineage but, at the same time, represses inappropriate genes
from alternative lineages (Cobaleda et al. 2007). On top of that, E2A is required
for the initiation and maintenance of Pax5 and Ebf1 expression, at the initial steps
of B cell differentiation in the bone marrow (Kwon et al. 2008). Loss of expression
of EBF1 or E2A in mouse models leads to a complete pre-pro-B cell stage
blockade and a failure in proliferation (H. Lin and Grosschedl 1995). In addition,
PAX5, EBF1 and E2A regulate the expression of many essential genes, such as
Cd19, II7r, mb-1 or Vpreb, among many others, therefore being crucial for correct
B cell development.

1.2. Terminal B cell development

Humoral immunity is an antibody-mediated response that occurs upon
foreign antigen detection and is primarily driven by B lymphocytes.
The establishment of the humoral response occurs after migration of immature B
cells from the bone marrow to the secondary lymphoid organs, which are the
spleen and the lymph nodes. Anatomically, secondary lymphoid organs are
composed of spherical follicles, the structure of which can be observed in Figure
3. Within the follicles, mature resting or naive B cells are located between the T
cell zone and the marginal zone in the spleen or between the T cell zone and the
capsule in the lymph nodes. Additionally, a specific subset of stromal cells called
follicular dendritic cells (FDC) is held together in these follicles (C. D. C. Allen and
Cyster 2008; Heesters, Myers, and Carroll 2014). Here, within the follicles, is
where naive B cells undergo the germinal center (GC) reaction and gain antigen
affinity through class switch recombination (CSR) and somatic hypermutation

(SHM) processes, to finally generate MBC and PC.
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Figure 3. Secondary lymphoid organs’ structure. The spleen (left panel) has two
mayor components, white pulp that includes a central arteriole, T and B cells, and red
pulp. A lymph Node (right panel) is surrounded by a capsule, and the parenchyma is
divided into cortex and medulla. The cortex has two zones: outer and inner zone.
Adapted from (Chavez-Galan et al. 2015).

1.2.1 The Germinal Center reaction

Upon antigen encounter, naive B cells migrate to the border of the follicle,
where they interact with T follicular helper cells (T) that have been previously
primed by antigen presenting cells (APC) (Garside et al. 1998). T+ cells trigger
proliferation and expansion of naive B lymphocytes into clones, which then will
differentiate into short-lived PC, IgM* MBCs, or migrate to the focus of FDC
network and initiate the GC reaction (Inamine et al. 2005; Kaji et al. 2012; Okada
et al. 2005) (Figure 4).
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Figure 4. Schematic representation of the germinal center reaction. Naive B cells
become activated by the antigen presented T follicular helper cells (Tw) and i)
differentiate into short-lived plasma cells or IgM* MBCs, or ii) enter the germinal center
reaction where the activated B cell undergoes further rounds of affinity maturation to
become a long-lived plasma cell or a memory B cell. FDC (Follicular dendritic cell).

1.2.2. Germinal Center dynamics

The GC reaction begins when B cells clonally expand after being primed by
T cells. Mature GC are generated approximately one week after the initial B cell
activation. At this time, the cluster of hyperproliferative GC B cells becomes
polarized into two distinct zones, the dark zone (DZ) and the light zone (LZ),
which form the mature GC (C. D. Allen, Okada, and Cyster 2008; De Silva and
Klein 2015). Anatomically, both zones are histologically distinguishable, as the
LZ appears lighter than the DZ due to the abundance of stromal cells and the
sparser distribution of lymphocytes, resulting in a lower nuclei density in the
staining (C. D. Allen, Okada, and Cyster 2008).

It must be noted that GC B cells dynamics are not arbitrary. In fact, they are
promoted by changes in gene expression and in the expression of cell surface
proteins that are routinely used to distinguish naive B cells from GC B cells and
DZ and LZ subpopulations. The downregulation of the orphan G protein-coupled
receptor EBI2/GPR183 and the upregulation of S1P2 (in humans P2RY8) in
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activated B cells, allow their mobility to the center of the follicle and to the FDC
cluster, respectively, promoting niche confinement (Gatto et al. 2009; Green et
al. 2011; Lu et al. 2019; Muppidi, Lu, and Cyster 2015; Pereira et al. 2009).
Migration of the activated B cells to the center of the follicle is also driven by the
upregulation of n-glycolylneuraminic acid that is recognized by the antibody GL-
7; Gal-B(1-3)-GalNAc, a ligand for peanut agglutinin (PNA) (Rose et al. 1980);
the proapoptotic receptor Fas (Yoshino et al. 1994); and the Ephrin-related
tyrosine kinase ligand Eph-B1, also upregulated in GC memory precursor cells
(Laidlaw et al. 2017). Additionally GC B cells are characterized by the
downregulation of IgD (Mccluskey and Schlossman 1981). The cyclic ADP ribose
hydrolase CD38 is also downregulated in mouse but upregulated in human GC
B cells (Oliver, Martin, and Kearney 1997). Deeping into the GC polarization,
CXCR4 expression indicates GC B cell localization in the DZ, whereas CD83 and
CD86 cell surface markers are indicative of GC B cells in the LZ (Nie et al. 2004;
Victora et al. 2010).

As described before, complex events determine the anatomical structure of
the GC which, at the same time, is closely related to its function. Classically, it
was proposed that B cells in the GC undergo iterative cycles of selection between
the DZ and the LZ, in a process called cyclic re-entry (Kepler and Perelson 1993;
Oprea and Perelson 1997). Throughout years, research studies have added
more layers of information into the GC compartments, identifying the DZ as an
hyperproliferative zone where GC B cells or “centroblasts” diversify the Ig variable
region (IgV), and a LZ, where GC B cells become quiescent B cells or
“centrocytes” and are tested for affinity by FDCs and T cells (Victora and

Nussenzweig 2022).

1.2.3 SHM and CSR

For a proper humoral response, GC B cells need to generate a hugely
diverse repertoire of antibodies. Antibodies are composed of two pairs of identical
chains, the immunoglobulin light chain (IgL) and the immunoglobulin heavy chain

(IgH), that are joined to form a secreted “Y”-shaped molecule (Figure 5). The
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aminoacid sequence within the extremes of the “Y” structure varies among
different antibodies and is named as variable region. The variable region includes
the terminal regions of the light and heavy chains and gives the antibody the
specificity to recognize any antigen. For this purpose, the variable region
undergoes antibody diversification through V(D)J recombination reaction.
Germline DNA possesses hundreds of different V, D and J segments that

randomly assemble into the IgV, expressed as the BCR.

Variable
region

Y4

L Figure 5. Schematic representation of the
Lightchain  antibody structure. The antibody consists

of two identical heavy chains (purple) and
——=Heavychain  two light chains (pink), divided into constant
and variable regions, as detailed in the
figure. Disulfide bridges link the four chains.

Constant
region

Within the GC, B cells’ IgV diversification occurs through the previously
mentioned CSR and SHM processes, both controlled by activation-induced
cytidine deaminase (AID). On one hand, SHM engages the introduction of point
mutations by AID in the IgV, arising subtle changes that may allow to gain
specificity against the antigen (Muramatsu et al. 2000; Neuberger and Milstein
1995; Di Noia and Neuberger 2007). On the other, CSR is a recombination
process of the IgH chain that allows the IgM*/IgD* mature B cell to express other
isotype antibodies for a better protection against the antigen (Stavnezer,
Guikema, and Schrader 2008). CSR mainly relies on the action of AID, APE1 and
UNG to target intronic areas called switch regions, introduce DNA breaks and
lead to the recombination of V(D)J segments with different IgH chains (Guikema
et al. 2007; Muramatsu et al. 2000; Rada et al. 2002; Stavnezer, Guikema, and
Schrader 2008). In contrast to the classical view that describe these antibodies

diversification processes in the DZ, it has recently been demonstrated that CSR
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can be already initiated upon T cell priming, before the GC formation and
therefore prior to SHM (Roco et al. 2019).

At the same time, GC B cells cycle between the DZ and the LZ undergoing
rounds of affinity maturation. In the DZ, SHM mostly generates non-functional
BCR, leading to apoptotic cell death (Lau and Brink 2020). However, B cells from
the DZ to whom SHM confers a functional mutated BCR, migrate to the LZ to test
the affinity of these newly generated BCRs. Then, within the LZ, GC B cells that
have acquired enough affinity for a specific antigen receive recirculating signals
to migrate back to the DZ for further rounds of SHM, or exit the GC to differentiate
into MBC or PC (Mayer et al. 2017; Victora et al. 2010).

1.2.4 pre-GC: early events before the GC reaction

The classical view of the GC reaction described in previous sections has
been recently challenged by several works demonstrating that B cells can
differentiate into MBC and PC before entering the GC. To secrete antibodies into
the bloodstream, B cells must exit the GC reaction and migrate into the PC
compartment. This can happen through the classical path, consisting of the
differentiation of GC B cells into plasmablasts and later PCs, or through a distinct
pathway where MBC that have exited (or never entered) the GC, differentiate into

PCs upon a secondary antigen encounter.

Single-cell transfer experiments unveiled the formation of GC-independent
MBC derived from activated B cells, at the time that GC are just beginning to
coalesce (Taylor, Pape, and Jenkins 2012; Zuccarino-Catania et al. 2014).
Several studies have added complexity to this MBC population generated in the
pre-GC, highlighting that MBCs can be segregated into different subsets upon
recall. After immunization, IgM* and IgG1* MBCs are generated and, after a
second antigen encounter, IgG1* MBCs differentiate into antibody producing PCs
in a GC-independent manner, whereas IgM* MBC initiate the GC reaction. These
studies reinforce the thoughts on IgM* as long-lasting MBC and IgG1* as GC-
independent PC generators (Dogan et al. 2009; He et al. 2017; Viant et al. 2021,
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Zuccarino-Catania et al. 2014). Another recent twist to the classical model is that
long-lived MBCs originate in the pre-GC region or early GC stages, whereas long-
lived PCs tend to arise from the later phase of the GC reaction (Weisel et al.
2016).

1.2.5 Transcriptional control during terminal B cell development

Likewise early B cell development, terminal B cell differentiation is tightly
regulated at the transcriptional level. Specific TF networks are required during

the differentiation processes of naive B cells into PC and MBC (Figure 6).
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Figure 6. Schematic representation of the TFs driving the GC reaction. Boxes in the
lower panel represent the expression of the different TFs, being thinner when not
expressed and thicker when expressed, in relation with the biological stage of the upper
panel.
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The TF BCLG6 is considered one of the main regulators of the GC reaction.
In fact, Bcl6 knock out mice lack GC formation and do not possess the ability to
produce high-affinity antibodies (Dent et al. 1997; Bihui H. Ye et al. 1997). BCL6
recruits corepressors such as NCOR1 and NCOR2 among others to maintain the
GC B cell signature and repress PC gene program. BCL6 mediates cellular clonal
expansion and allows SHM to produce DNA damage by repressing the cell cycle
checkpoint Cdkn1a (p21) and the DNA damage repair associated gene Tp53
(Phan et al. 2005; Phan and Dalla-Favera 2004). The anti-apoptotic gene Bcl2 is
also repressed by BCL6, leading to cell apoptosis in clonal deletion (Saito et al.
2009). In addition, BCL6 represses the expression of the B cell surface marker
Cd80, and the Programmed Death-ligand 1 (PD-L1) (Niu, Cattoretti, and Dalla-
Favera 2003). PD-L1 is expressed by APCs and binds to CD80. At the same time
PD-L1 regulates the balance of the T cell response by interacting with PD-1, in
terms of activation and tolerance (Borriello et al. 1997; Keir et al. 2008). Reducing
the expression of CD80 and PD-L1 diminishes the interaction between B and T
cells, allowing the proliferation and expansion of B cells. During the progression

of B cells into the post-GC stage, Bcl6 is silenced.

Focusing on GC B cells, PAXS5 regulates the expression of critical genes for
B cell identity, such as BCR, IRF4 and IRF8, as it occurs in early B cell
development within bone marrow. PAX5 knock out cells exhibit a decrease of IgM
expression and completely lose BCR signaling (Nera et al. 2006). At the same
time, PAX5 represses lineage-inappropriate genes, known to be essential for
other cell types (Delogu et al. 2006). For this reason, PAX5 downregulation is

required for the commitment of PC, as detailed below.

The TF MEF2B directly binds to the Bcl6 gene leading to the activation of
its expression, in mice. Remarkably, MEF2B expression is induced even before
BCL6, immediately after T-cell dependent antigen activation (Ryan et al. 2015;
Wilker et al. 2008; Ying et al. 2013). In mice, GC B cells that lack Mef2b
expression, present a reduced number of GC and an altered DZ:LZ ratio (Brescia
et al. 2018). MEF2C has also been reported to regulate the proliferation of GC B
cells, since it is a direct target of the p38 MAPK pathway, which in turn functions

downstream the BCR. In parallel, loss of MEF2C in murine models also results

35



in a defective GC formation, a blockade in B-cell proliferation and reduced
immune response to antigens (Khiem et al. 2008). Different from MEF2B, MEF2C
is present at all stages of mature B cell differentiation (Khiem et al. 2008; Wilker
et al. 2008).

Several works have reported that the TF FOXO1 is the main regulator of the
DZ (Dominguez-Sola et al. 2015; Sander et al. 2015). FOXO1 is highly expressed
in the DZ and represses the LZ transcriptional program, where its activity is
repressed by PI3K expression and signaling. In Foxo7-deficient mice, GC lose
their architectural distribution, resulting in LZ-only GCs and impaired affinity
maturation, partially due to the direct downregulation of CXCR4 and the indirect
upregulation of BATF, a TF highly expressed in the LZ (Dominguez-Sola et al.
2015; Inoue et al. 2017; Sander et al. 2015)

The TF BLIMP1, encoded by the gene Prdm1, is the main regulator of the
PC differentiation program (Turner, Mack, and Davis 1994). BLIMP1 is well
known to repress key B cell identity genes such as Pax5, Ciita and c-Myc, and to
activate genes required for PC identity acquisition, such as IgH (K.-I. Lin et al.
2002a; Y. Lin, Wong, and Calame 1997; Minnich et al. 2016a; Piskurich et al.
2000). A sustained expression of the TF IRF4 is required for the proper PC
differentiation (Klein et al. 2006; Ochiai et al. 2013). Irf4-deficient B cells in mice
present an impaired expression of AID, lack CSR and completely abrogate
CD138* PC generation (Klein et al. 2006). Prdm1 is a downstream target of IRF4,
and its expression increases IRF4 protein levels, in a feed forward loop (Minnich
et al. 2016b). Consequently, BLIMP1 together with IRF4 are key TFs for the
generation of PC, and their expression is suppressed by BCL6 (Cattoretti et al.
2006; Tunyaplin et al. 2004).

IRF4 and BLIMP1 act upstream of XBP1, a TF required to coordinate
cellular structural changes for the antibody production in PC (Reimold et al. 2001;
Shaffer et al. 2004). Before late GC stages, XBP1 is repressed by PAXS5,
preventing PC differentiation. Therefore, BLIMP1-mediated repression of Pax5 is
necessary for the expression of XBP1, but not sufficient. In this context, BLIMP1

requires IRF4 reinforcement to achieve PC differentiation (K.-I. Lin et al. 2002b;
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Reimold et al. 2001). Another IRF family member, IRF8, has also been reported
to play a role during terminal B cells differentiation. The coordinated action of
IRF8 and PU.1 inhibits GC B cells differentiation towards PC (Carotta et al. 2014),
suggesting that a balance between all the TFs involved in this network is

essential.

Finally, during MBC differentiation, the TF ABF1 blocks the PC
differentiation program. Transgenic overexpression of ABF1 in murine B cells
results in an increase of GC and MBC, whereas the PC response is dampened
(Chiu et al. 2014). BACH2 also contributes to the MBC commitment. It has been
observed that LZ cells with a low affinity BCR have a higher expression of Bach2
than its high affinity BCR counterparts, and cells with high BACHZ2 levels are
prone to enter the MBC pool. Therefore, Bach2-deficient mice present a reduced
generation of MBC (Shinnakasu et al. 2016).
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2. Haematologic B cell malignancies

Despite the existence of several types of B cell malignancies depending on
the developmental stage altered, in this section | will focus on two of them: pro-B
cell acute lymphoblastic leukemia (pro-B-ALL) and diffuse large B cell ymphoma
(DLBCL), that arise from pro-B and GC B cells, respectively. It is commonly
known that the characteristics of each malignancy rely on the cell-of-origin.
Therefore, the deregulation of the transcriptional programs underlying early and
terminal B cell generation may lead to the development of hematological

malignancies with distinct features and malignant capacity.

2.1.pro-B-Acute Lymphoblastic Leukemia

ALL is the most common pediatric malignancy, accounting for 25% of
cancers in children. Among those, 85% derive from B cells, characterized by an
uncontrolled expansion of progenitors and precursors within the bone marrow
(Bhojwani, Yang, and Pui 2015; Pui and Evans 2013). Despite current cure rates
are around 90% (Inaba, Greaves, and Mullighan 2013) in pediatric B-ALL,
statistics in infant patients (<1 year of age) remain unfavorable. Low-response to
chemotherapy and an aggressive early clinical presentation, set infant pro-B-ALL

survival rate below 35% (van der Linden et al. 2009).

Infant pro-B-ALL harboring rearrangements of the mixed-lineage leukemia
gene (MLL, also known as KMT2A), which leads to the expression of aberrant
fusion proteins, constitute a subgroup with a very aggressive presentation. (C.
Meyer et al. 2018). Particularly, MLL is a histone methyltransferase that
methylates lysine 4 histone 3 (H3K4) residue. This epigenetic mark acts as a
transcriptional activator and positively regulates gene expression, including that
of Hox genes. MLL can assemble large nuclear complexes, and its interacting
partners are, among others, MEN1, PP2A, PRC1/2 group complex and CREBBP.
The N-terminal region of MLL protein can bind to the DNA and read chromatin
signatures, whereas the C-terminal domain harbors its enzymatic activity (Dou et
al. 2005; Xia et al. 2003; Yokoyama et al. 2004). Therefore, the MLL complex can

bind several genes by recognizing specific epigenetic marks.
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MLL rearranged acute leukemias are the result of the translocation of the
MLL gene to other genomic regions, leading to the formation of aberrant fusion
proteins. Up to date, more than fifty protein partners have been identified as MLL
fusion proteins due to translocations in leukemia; however, a subset accounts for
most cases. The most frequent fusion proteins derived from MLL rearrangements
are MLL-AF4, MLL-AF9, MLL-AF10, MLL-ENL and MLL-ELL, which comprise
about 85% of all fusions described in pro-B-ALL (Wang et al. 2011). Among pro-
B-ALL chromosomal alterations, it must be noted that MLL-AF4, which is
originated by t(4;11) translocation, represents the most prevalent fusion protein
in infants, accounting for the poorest prognosis, given its strong leukemogenic
potential (C. Meyer et al. 2009). MLL-AF4 is expressed in mesenchymal stem
cells of patients’ bone marrow, indicating that cells containing this alteration may

arise in early pre-hematopoietic precursors (Menendez et al. 2009).

From an etiologic point of view, t(4;11) pro-B-ALL is ruled by a two-hit
cancer model. MLL-AF4 is the first and driver oncogenic event, but the very short
latency of this leukemia indicates there must be a secondary hit arising very early
after birth (Sanjuan-Pla et al. 2015). Indeed, it has been described that the
leukemic transformation by MLL fusion proteins requires the participation of
H3K79 methyltransferase DOT1L (Chen and Armstrong 2015). This epigenetic
modulator induces the expression of homeobox genes such as HOXA cluster and
MEIS1, widely described as leukemic hits in hematopoietic progenitors.
Importantly, genome-wide studies of infant pro-B-ALL patients, highlight that very
few mutations or “second hits” are required to cooperate with MLL-AF4 to develop
leukemia (Doblas et al. 2019). Therefore, MLL-AF4 arises in the embryonic state
as a pre-leukemic clone or first hit, followed by a second hit that might come from
the expression of HOXA or MEIS1 genes (Sanjuan-Pla et al. 2015). Nowadays,
current murine and humanized models of t(4;11) pro-B-ALL do not recapitulate
the pathogenesis of this disease (C. Bueno et al. 2011; Clara Bueno et al. 2013),
suggesting again that it is insufficient to initiate leukemogenesis but enough to

create a pre-leukemic clone.

Importantly, DOT1L suppression inhibits the expression of MLL-AF4 target
genes, demonstrating H3K79me is a distinguishable feature of MLL-AF4
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leukemia and that it is dependent on DOT1L enzymatic activity (Chen and
Armstrong 2015; Sanjuan-Pla et al. 2015). However, the transcriptional
machinery associated to MLL-AF4 fusion protein involves several additional
epigenetic modulators, such as MEN1 or class | HDACs (HDAC1/2). Some of
these cofactors represent interesting entry points for the novel therapies that are

being developed in this type of leukemia.

The standard treatment of infant t(4;11) pro-B-ALL includes intensive
chemotherapy to induce remission or, in case of unfavorable prognosis, an
allogenic hematopoietic stem cell transplantation (Pieters et al. 2007; Van der
Velden et al. 2009). In fact, this type of leukemia shows chemoresistance to
current treatment and high relapse rate, converting acute leukemia in the main
cause of pediatric associated death. However, the use of T cells genetically
modified to express a chimeric antigen receptor (CAR-T cells) has emerged as a
hot topic in the therapeutic field over the last decade (Holstein and Lunning 2020).
This treatment consists on a harnessing process of the own patients’ immune T
cells to provide them with the appropriate machinery (CARs), to specifically
destroy cancer cells (Srivastava and Riddell 2015). For instance, dual CAR-T
cells against CD19 and CD22 markers have demonstrated to be a promising
therapeutic strategy in B-ALL patients who have previously failed conventional
therapy regimens (Cordoba et al. 2021). The use of standard CD19 CAR-T
therapy in infants is not yet implemented, despite promising results in small

cohorts of infants have been published (Ghorashian et al. 2022).

Despite this success, some B-ALL subtypes undergo immune escape
mechanisms, leading to the failure of CAR-T cells therapy. The use of such
therapies in children <1 year of age renders novel obstacles, such as apheresis
feasibility due to size, catheter placement, T cell fithess or the onset of
neurotoxicity as a severe adverse effect (Shalabi and Shah 2022). The difficulty
of finding a precise therapy against MLL-AF4 leukemic patients (and others) has
driven to the research of new treatments against the many cofactors of this fusion
protein, and to the investigation of novel biomarkers to improve the patients’

outcome.
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2.2.Diffuse Large B Cell Lymphoma

DLBCL represents 30% of all non-Hodgkin lymphoma cases, being the most
common B lymphoid malignancy in adults. The age of diagnosis is in the mid-
60s, and it can arise from a hidden low-grade B cell ymphoma (Ferlay et al. 2018;
Sant, Allemani, and Tereanu 2011). DLBCL patients present rapid
lymphadenopathy and demand therapy. R-CHOP is the first-line therapy, a
combination of anti-CD20 monoclonal antibody named rituximab (R), plus
cyclophosphamide (C), doxorubicin (H), vincristine (O) and prednisone (P)
(Fisher et al. 1993; Roschewski, Staudt, and Wilson 2014). Around 60% of the
patients have a good response to R-CHOP therapy; however, 40% of cases
relapse after treatment or have refractory disease (Friedberg 2011). The
prognosis for these patients is poor, as almost 80% of this population dies from
the disease (Crump et al. 2017).

DLBCL is characterized by a striking degree of genetic heterogeneity. Many
mutations in TF and epigenetic regulators place a barrier in the response to
current standard immunotherapy. For this reason, a full comprehension of the
different DLBCL subtypes at the molecular level is key to achieve new targeted
therapies and develop new personalized treatments. Early studies of gene
expression profiling have categorized almost 85% of DLBCLs in two subgroups,
based on the cell-of-origin (COO): one of them resembles germinal center B cells
(GCB-DLBCL), while the other one is similar to activated B cells (ABC-DLBCL),
with a worse prognosis (Alizadeh et al. 2000; D. W. Scott et al. 2015). The
remaining 15% of the cases are categorized as “unclassified”. More recently, with
the advent of next-generation sequencing technology, Schmitz and colleagues
devised a new classification named after the main features of each group
(Schmitz et al. 2018; Wright et al. 2020), (Table 1). This classification further
subdivided GCB and ABC subgroups and shed light into the variability between

patients.
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Table 1. DLBCL classification based on genetic alterations. Column on the left
comprises the different groups name determined by the characteristics from the column
on the middle. Right column reflects the expression subgroup of from original
classification.

Name Genetic feature Gene expression
subgroup

MCD-DLBCL | MYD88 and CD79B mutations ABC

EZH2 mutation
EZB-DLBCL GCB and ABC
BCL2 translocation

BCLG6 structural alteration

BN2-DLBCL GCB and ABC
NOTCH2 mutation

N1-DLBCL NOTCH1 mutations ABC

ST2-DLBCL Mutations in SGK1 and TET2 GCB and ABC
Aneuploid

A53-DLBCL GCB and ABC

TP53 inactivation

Among the above classification, further research has unveiled other
epigenetic regulators and TFs that are involved in DLBCL pathogenesis,
corroborating its high heterogeneity. In fact, the accumulation of mutations in
these regulators is thought to occur during SHM at the GC reaction. Point
mutations in crucial genes may drive cells to gain immune privilege and

proliferation.

As one of these crucial genes, MEF2B is mutated in almost 11% of DLBCL
cases. Physiologically, MEF2B directly induces the expression of BCL6 in GC B
cells but, when mutated, the lymphomagenic activity of MEF2B is enhanced.
Consequently, BCL6 activity is also deregulated and partially confers GC B cells
an increased proliferative capacity, leading to lymphomagenesis (Ying et al.
2013).

In terms of own genetic alterations, BCL6 is mutated in ~40% of DLBCL
cases (Lo Coco et al. 1994; B H Ye et al. 1993). In healthy GC B cells, BCL6

autoregulates its expression through binding to its own promoter and negatively
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regulating its own transcription (Pasqualucci et al. 2003). However, genetic
lesions that take place in DLBCL patients, abrogate this autoregulatory circuit,
leading to an uncontrolled expression levels of BCL6 (Hatzi et al. 2013; Hatzi and
Melnick 2014). Oppositely to BCL6 expression pattern, we can find FOXP1,
suggesting that this TF regulates the transition from resting follicular B cells to
activated GC B cells. Therefore, FOXP1 needs to be downregulated, for an
optimal GC formation. In fact, in transgenic mice, the constitutive expression of
Foxp1 impairs GC reaction, thus contributing to B cell lymphomagenesis
(Sagardoy et al. 2013).

Mutations impairing the enzymatic activity of KMT2D, that encodes MLL2/4
proteins, are also recurrent in DLBCL (~30%) (Alizadeh et al. 2000). KMT2D
preserves the epigenetic landscape of GC B cells and, in mice, its abrogation
results in a global diminishment of H3K4 methylation. In this sense, Kmt2d
deletion before the initiation of the GC reaction strengthens B cell proliferation in

mice, contributing to lymphomagenesis (Zhang, Nat medicine 2015).

In line, DNA methylation in DLBCL can be affected by mutations in TET2,
which occur in ~10% of cases. TET2 deficiency in mice leads to DNA
hypermethylation of regulatory regions and to the silencing of affected genes.
This hypermethylation impedes the binding of TFs crucial for the GC reaction,
causing a pre-neoplastic phenotype (Dominguez et al. 2018; Rosikiewicz et al.
2020). Additionally, TET2 mediates DNA hydroxymethylation, which is the initial
step of DNA demethylation, of genes that mediate the GC exit, such as PRDM1,
crucial to achieve PC differentiation (Dominguez et al. 2018). Therefore, TET2
loss disrupts the GC exit, a common event also observed in CREBBP-mutant
DLBCLs.

Importantly, inactivating mutations in CREBBP are also common in DLBCL
(~10% of cases). CREBBP is a histone acetyltransferase that regulates enhancer
networks involved on the main GC and post-GC decisions. Mechanistically,
CREBBP mediates H3K27 acetylation in enhancer regions essential for B cell
cycle exit. Concomitantly, the BCL6-SMRT/NCOR-HDAC3 complex binds to

these same enhancer regions, resulting in a poised H3K27 deacetylated
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configuration and its consequent gene repression. Before the GC exit, the
complex is removed, unveiling H3K27ac epigenetic marks to boost the enhancers
in post-GC decisions. In contrast, CREBBP loss-of-function in mice promotes the
repression of enhancers that need to be deactivated in GCs, therefore impairing
GC B cells exit and maintaining the GC phenotype, thus contributing to
lymphomagenesis. The loss-of-function mutations in CREBBP are insufficient to
induce malignant transformation, but have a role in lymphoma initiation (Jiang et
al. 2017; Zhang et al. 2017).

CREBBP functional paralogue EP300 is also mutated in DLBCL but less
frequently (~5% of cases). Its deletion in mice impairs the fitness of the GC
reaction but, differently from CREBBP mutations, it mainly affects DNA repair,
replication and cell cycle, alterations that also contribute to lymphomagenesis (S.
N. Meyer et al. 2019).

Another essential epigenetic regulator in GC B cells is EZH2, a component
of the PRC2 complex that catalyzes the methylation of H3K27, a mark associated
to transcriptional repression. The epigenetic silencing of EZH2 in GC B cells
promotes proliferation and prevents differentiation, common features in
lymphomas (Su et al. 2003; Velichutina et al. 2010).

All this transcriptional and epigenetic heterogeneity is linked to resistance
to therapy and poor clinical outcome. In parallel to classifications based on
transcriptional patterns or epigenetic alterations, subtypes of DLBCL have also
been pathologically defined. For instance, DLBCL simultaneously
overexpressing the oncogenes BCL2 and MYC, named double-expressor
lymphomas (DEL), end up to 50% of relapsed or refractory DLBCL (rrDLBCL)
(Herrera et al. 2017). It is also known that the so-called tripe-hit lymphomas (THL)
carrying genetic rearrangements in MYC, BCL2 and BCL6, have a poor response

to standard treatments (Ennishi et al. 2017).

For all these reasons, treatment resistance remains as a major challenge in
DLBCL patients. Conventional R-CHOP treatment requires the supplementation

of novel agents specifically targeting the molecular pathways altered, but also the
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epigenetic mechanisms that allow DLBCL cells escaping from conventional
therapies. For instance, EZH2 inhibitors such as GSK126 and tazemetostat have
anti-apoptotic and anti-proliferative effects in DLBCL models, and have also
demonstrated efficacy in clinical trials (Brach et al. 2017). The use of
immunotherapy has also been tested in DLBCL. Similarly to leukemia treatment,
CD19-engineered CAR-T cell therapy has provided a complete recovery in
almost 50% of rrDLBCL patients (Kochenderfer et al. 2017). These therapies are
promising strategies for treating rrDLBCL and improve the outcome of patients
but, unfortunately, only a small proportion of the patients respond with complete

remission due to occurrence of resistance.
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3. Epigenetic mechanisms

DNA is wrapped around nucleosomes, which are composed by eight
globular histone proteins, two of each of the following proteins: H2A, H2B, H3
and H4. H1 protein links histones between them to wrap neighboring
nucleosomes (Khorasanizadeh 2004; Koyama and Kurumizaka 2018). This layer
of DNA binding with histone proteins and histone modifiers has settled the base
of epigenetics. Epigenetics can be defined as the changes in gene expression
that occur without alterations in the DNA sequence itself. Epigenetic
modifications are the base for these transcriptional changes and include, among

others, DNA methylation and histone modifications.

3.1.DNA methylation

DNA methylation is one of the most extensively studied epigenetic
mechanisms, and it consists on the covalent attachment of a methyl group (-CHs3)
by DNA methyltransferase enzymes (DNMTSs) to the fifth carbon of the pyrimidine
ring of a cytosine, resulting in a 5-methylcytosine (5-mC) residue (Zeng and Chen
2019).

Three main DNMTs catalyze DNA methylation in mammals: DNMT1,
DNMT3A and DNMT3B, and use the cofactor S-adenosyl-L-methionine (SAM)
as the methyl group donor (Figure 6). DNMT3A and DNMT3B are responsible for
de novo DNA methylation, and both of them are essential during embryonic
development (Okano et al. 1999). In parallel, DNMT1 maintains DNA methylation
patterns across cell divisions. This enzyme binds to hemi-methylated DNA double
strands after replication and, guided by UHRF1 protein, adds a new methyl group

parallel to the previously existing one (Song et al. 2011, 2012).

The distribution of DNA methylation is mainly restricted to CG dinucleotides,
located in regions called “CpG islands”, which are regions GC-rich of
approximately 200bp and around 70% of them are located in promoter regions
(Deaton and Bird 2011). Functionally, CG methylation is linked to transcriptional

repression, and occurs through two distinct mechanisms. On one hand, DNA
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methylation results in steric impediment exerted by the methyl group that
interferes with the recruitment of TFs to their DNA-binding sites. On the other
hand, DNA methylation results in the recruitment of methyl-CpG-binding proteins
(MBPs), which repress transcription by interacting with co-repressors, such as
HDACs or members of the Polycomb complex (Jin, Li, and Robertson 2011;
Weber and Schubeler 2007; Zeng and Chen 2019).

3.2. DNA demethylation

DNA demethylation can occur either by passive or active mechanisms
(Figure 7). Passive DNA demethylation erasure of methyl group takes place upon
a DNMT loss-of-function, that can be caused by mutations driving to loss of
expression or inhibition of its activity. Consequently, DNA methylation is lost after
successive cell divisions. Oppositely, active demethylation involves the catalytic
removal of the methyl group by the ten-eleven translocation (TET) family of
enzymes. TET family is composed by TET1, TET2 and TETS3, which catalyze, in
a multistep process, the oxidation of 5-mC to 5-hydroxymethilcytosine (5-hmC).
Later, 5-hmC is transformed to 5-formylcytosine (5-fC) and, finally, to 5-
carboxylcytosine (5-caC). These intermediate compounds can be eliminated in a
passive manner, dependent on cell replication, or excised by the thymidine DNA
glycosylase (TDG) enzyme. TDG leaves an abasic site that will be further
repaired by the base excision repair (BER) machinery, resulting in a
demethylated DNA and, if located in a promoter site, leading to the expression of

the associated gene (Hashimoto et al. 2012; Wu and Zhang 2017).
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Figure 7. De novo methylation and passive/active demethylation schema. Cytosine
molecule is methylated by DNMT3A/B into 5-methylcytosine (5-mC). Passive
demethylation happens upon dilution of the methylation mark during replication steps.
DNMT1 mediates the methylation maintenance through cell replication. Active DNA
demethylation from 5-mC (5-methylcytosine) to 5-hmC (5-hydroxymethylcytosine), 5-fC
(5-formylcytosine) and to 5-caC (5-carboxylcytosine) is mediated by TET proteins. Final
restoration of the unmethylated cytosine is achieved by TDG enzyme from 5-caC or
either 5-fC.

3.2.1. TET proteins

TET enzymes contain a C-terminal catalytic domain that oxidizes the
substrates, and an N-terminal domain that contains a CXXC DNA binding
domain. Differently from TET1 and TET3, TET2’s putative CXXC domain is
separated from the protein due to an evolutionary inversion, becoming a new
protein named IDAX (Hu et al. 2013; Ko et al. 2013).

The TET-DNA interaction does not involve the methyl group, thus allowing TET
to bind to different forms of modified cytosines. Nonetheless, TET enzymes have
substrate preferences. First, they present higher affinity for 5-mC in a CpG
context, rather than in CpC or CpA (Hu et al. 2013) and, second, TET proteins

put forward 5-mC than 5-hmC or 5-fC, and enzyme kinetics analysis have
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revealed that the fastest catalysed conversion is from 5-mC to 5-hmC (Hu et al.
2015; Ito et al. 2011). Therefore, 5-hmC epigenetic mark is less predisposed to
be oxidized, a relevant fact for regulatory functions of TFs binding (Hu et al. 2015;
Wu and Zhang 2017).

TET2 is highly expressed in the hematopoietic system and neuronal
lineages, and its deficiency impairs correct development of both systems. Loss
of TET2 and TET3 in mice impairs pro-B to pre-B cell commitment by blocking
demethylation of IgK enhancers and globally decreasing chromatin accessibility
to B cell TFs at enhancers. In addition, conditional knock out of TET2 and TET3
prevents B cell lineage-specific genes demethylation, causing disruption in cell
differentiation (Lio et al. 2016; Martin-Subero and Oakes 2018; Orlanski et al.
2016; Tsagaratou et al. 2017). Remarkably, TETZ2 has been reported as one of
the most frequently mutated genes in DLBCL (6-12% of cases) (Asmar et al.
2013; Reddy et al. 2017a).

3.3.Histone modifications

Histones possess intrinsically unfolded N-terminal tails susceptible of being
post-translationally modified. Histone modifications affect their interaction with
DNA, altering chromatin compaction and, consequently, the transcriptional
activity of histone surrounding genes. The unwinding of nucleosomes caused by
some histone modifications changes the chromatin structure resulting in a more
open chromatin status (euchromatin), that allows TF recruitment and gene
activation. Contrarily, other histone modifications strengthen the binding between
histones and DNA, therefore, lead to a more compacted chromatin state

(heterochromatin), which is associated to transcriptional silencing.

Histone modifiers have been identified and classified into ‘writers’, ‘erasers’
or ‘readers’ depending on whether they deposit, remove or recognize histone
marks, respectively (Bannister and Kouzarides 2011; Hyun et al. 2017). Histone
modifications comprise methylation, acetylation, phosphorylation, ubiquitylation
and sumoylation, among others, being acetylation and methylation the most well

studied so far. Generally, histone acetylation is associated with gene activation,
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whereas histone methylation may exert both activating or repressing roles,

depending on the specific altered residue.

Histone methyltransferases (HMT) are enzymes that harbor the enzymatic
activity to deposit methyl groups into histones, which can be erased by histone
demethylases (HDMT). Methyl groups are deposited in lysine and arginine
residues on histones H3 and H4, using SAM as cofactor. HMTs can be classified
into arginine-specific HMTs (PRMTSs) or lysine-specific HMTs (KMTs), being the
latter divided in subgroups, depending on the presence or absence of a
conserved catalytic SET domain. Lysine can be modified in a mono-, di- or tri-
methylated manner, whereas arginine can only be mono- and di-methylated. As
none of the methylation states changes the charge of the amino acid affected,
the effect recalls in effector molecules that recognize the methylated sites, and
these ‘readers’ contain methyl-binding motifs such as PHD, chromo or PWWP.
As mentioned above, histone methylation does not determine an active or
repressive state but, depending on the methylated residue position, a correlation
is established. For example, H3K79 and H3K4 methylation pinpoint active
transcription, whereas H3K9 and H3K27 methylation are generally associated

with gene silencing (Hyun et al. 2017).

Histone/protein acetyl transferases (HATs) and histone/protein deacetylases
(HDACs) are two families of enzymes that exert opposite actions on the
acetylation of histone tails (Figure 8). HATs use acetyl-CoA as the acetyl group
donor to “write” it to the lysine in the histone tail leading to the neutralization of
lysine’s positive charge and weakening the histone interaction with DNA.
Meanwhile, HDACs erase lysine acetylation, restoring the positive charge and
stabilizing the chromatin architecture and condensation. Therefore, HATs are
associated with transcriptional activation, whereas HDACs are commonly linked
to transcriptional repression. (Bannister and Kouzarides 2011; Morgan and
Shilatifard 2020). Of note, it is well established that HATs and HDACs not only
acetylate or deacetylate histone variants, but also occur in a considerable number
of non-histone proteins, such as TF and cytoplasmic proteins (Peng and Seto
2011).
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HDAC HAT

Figure 8. Schematic representation of the chromatin status depending on HDAC
or HAT enzymatic activity. HAT (histone acetyltransferase) adds an acetyl group to a
histone lysine (K) residue and in consequence chromatin adopts an open status,
associated to transcriptional activation. Contrarily, HDAC (histone deacetylase) removes
the acetyl group, compacting chromatin and repressing gene expression.

4. Histone or protein deacetylases

HDACSs’ ability to remove acetyl groups from lysine residues is associated
to a gene repressive function. Indeed, HDACs are considered transcriptional
repressors and co-repressors in many physiological and pathological systems
(Barneda-Zahonero and Parra 2012). To date, 18 human HDACs have been
identified and grouped into four classes (I-IV) according to their homology with

yeast proteins (Figure 9).

Class | HDACs (HDAC1, 2, 3 and 8) share sequence similarity with S.
cerevisiae reduced potassium dependency 3 (Rpd3) (Taunton, Hassig, and
Schreiber 1996). Their structure consists of a conserved catalytic domain flanked
by short amino and carboxy-terminal domains. They are expressed ubiquitously,
mainly displaying enzymatic activity in the nucleus (Haberland, Montgomery, and
Olson 2009).

Class Il HDACs are subdivided into lla and llb subclasses, and share
homology with yeast histone deacetylase-A1 (Hda1) (Grozinger, Hassig, and
Schreiber 1999). Class lla HDACs, which comprise HDACA4, 5, 7 and 9, possess
particular features not shared with other HDACs protein families. These
particularities will be further developed in the next section, since this is the main
focus of this thesis. Class llb HDACs comprise HDAC6 and 10 and are

characterized by a duplication of their catalytic domains, presenting a copy at
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each protein termination. Both HDACG6 and 10 are mainly located in the cytoplasm

but can shuttle to the nucleus (Delcuve, Khan, and Davie 2012).

Class Il HDACs or Sirtuins (SIRT1, 2, 3, 4, 5, 6 and 7) are homologs with
yeast Silent information regulator 2 (Sir2). Sirtuins have two enzymatic activities,
they are nicotinamide-adenine dinucleotide (NAD*) dependent protein
deacetylases, and some of them have also mono-ADP-ribosyltransferase activity.
SIRT5 also owns protein lysine desuccinylase and demalonylase activity (Du et
al. 2011). Their cellular compartment location is also variable and can be found

at the nucleus, the cytoplasm and the mitochondria (Seto and Yoshida 2014).

Finally, class IV HDACs is solely constituted by HDAC11. Structurally, it
presents a catalytic domain, homolog to class | and || HDACs, and short N- and
C-terminal extensions. Its subcellular location varies between the nucleus and
the cytoplasm depending on the cell type (Nufiez-Alvarez and Suelves 2021).
Specifically, HDAC11 is found expressed in brain, testis, kidney and also muscle
(Gao et al. 2002).
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Figure 9. HDACs family classification. HDACs are grouped into four different classes.

Most relevant domains are colored as detailed in legend. Figure modified from (Barneda-
Zahonero and Parra 2012).
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4.1.Class lla HDACs

Among all HDACs, class lla present unique features. First of all, they
possess a long N-terminal domain that contains interacting sites for TFs, such as
members of the MEF2 family. The binding domain allows class Ila HDACs to
interact with MEF2 or other TFs and permits its recruitment to their target genes,
thus modulating its expression (Dressel et al. 2001; Di Giorgio and Brancolini
2016; Lemercier et al. 2000; Miska et al. 1999). Second, the signaling-dependent
phosphorylation of several serine residues located at the N-terminal domain
controls their subcellular location. Under basal conditions, serine residues are
unphosphorylated and class lla HDACs remain located in the nucleus, where
they can exert their transcriptional repressive function. However, in response to
external stimuli, class lla HDACs become phosphorylated and exported to the
cytoplasm where, consequently, their target genes become de-repressed (Parra
and Verdin 2010). Third, class lla HDACs lack of measurable enzymatic activity
on histones, although they have a highly conserved catalytic domain. Actually, it
has been described that they bridge to the SMRT/N-CoR-HDAC3 enzymatic
complex to exert their activity, acting as adaptors of repressor complexes and not
real enzymes (Fischle et al. 2002). Finally, they are expressed in a tissue-specific
manner and exert their transcriptional repressive function in distinct tissues, such
as the bone, the vascular system, the brain, skeletal, smooth and cardiac muscle

and in the immune system, among others (Parra 2015).

4.1.1. HDAC7

HDAC7 was discovered in the early 2000’s in Evans’ laboratory as an
interactor of the SMRT/N-CoR complex (Kao et al. 2000) and, since then, its role

in multiple physiological and pathological systems has been studied.

In muscle, MEF2 TFs exert a critical role in terminal differentiation. When
muscle differentiation is induced, HDAC7 shuttles from the nucleus to the
cytoplasm, allowing MEF2 to exert its gene activating function (Dressel et al.
2001). Hdac7-deficient mice show embryonic lethality at day 11, resulting from a

vascular dilatation caused by a failure in the proper formation of cell-to-cell
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junctions between endothelial cells in the developing circulatory system. HDAC?,
through MEF2C, represses matrix metalloproteinase 10 (MMP10), a critical
regulator for blood vessel formation and extracellular matrix degradation (Chang
et al. 2006). In addition, HDACY also interacts with RUNX2, an essential regulator
of bone formation, and represses its expression during osteoblast maturation
(Jensen et al. 2008; Jensen, Gopalakrishnan, and Westendorf 2009).

In the hematopoietic system, HDAC7 is highly expressed in CD4*CD8"
double positive thymocytes. It is localized in the nucleus of resting T cells, where
it represses many genes involved in the positive and negative selection of these
cells. Among those genes, HDACTY represses Nur77, an orphan receptor involved
in the apoptosis and negative selection of thymocytes via MEF2D interaction.
After T cell receptor (TCR) activation, HDACY is phosphorylated by protein kinase
D (PKD-1) and exported from the nucleus to the cytoplasm, leading to Nur77
expression (Dequiedt et al. 2003, 2005; Parra et al. 2005). Thymocytes lacking
HDACY7 in the double positive stage evolve into a population with reduced
proportion of CD4* and increased ratio of CD8" T cells, due to an inefficient
negative selection, short lifespan and loss of viability (Kasler et al. 2011; Myers
et al. 2017). The fact that HDAC7 deficiency in thymocytes does not impede
positive selection, promotes the escape of autoreactive T cells into the periphery,
developing tissue-restricted autoimmunity (Kasler et al. 2012, 2018). In line with
that, CD8* cytotoxic T lymphocytes (CTL) retain HDAC7 in the cytoplasm by
mediated phosphorylation, and a disruption of this process drives to CTL

malfunction (Navarro et al. 2011).

Besides its role in thymocytes, it has also been reported by our laboratory
that HDAC?7 plays a crucial role in the biology of B lymphocytes. In 2009, he
laboratory of Thomas Graf developed an in vitro immune cellular reprograming
system in which pre-B cells transdifferentiate into macrophage-like cells after
induction of the myeloid TF CEBPa (Bussmann et al. 2009). Interestingly, our
group found that HDAC7 was downregulated during the conversion of pre-B cells
into macrophages, and the exogenous expression of HDAC7 in this system

interferes with the establishment of the myeloid transcriptional program.
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HDACY? is recruited to MEF2C binding sites at the promoter of non-B cell
genes in pre-B cells leading to their transcriptional repression (Barneda-
Zahonero et al. 2013). Accordingly, using a conditional knock out mouse model
for Hdac7 in the pro-B cell stage, it was reported that HDAC7 deficiency
dramatically blocked early B cell development in the bone marrow, developing
severe lymphopenia in peripheral organs. In pro-B cells, HDAC7, via MEF2C,
was found to be recruited to promoters and enhancers of myeloid and T
lymphocyte genes, leading to their transcriptional repression. Moreover, HDAC7
acts as epigenetic modulator, since its deficiency resulted in an increased
enrichment of histone active marks (H3K9/K14ac and H4K16ac) and a decrease
in the repressive epigenetic marks (H3K27me3) at the promoter regions of these
non-B cells genes. This way, HDAC7 ensures proper early B cell development
(Azagra et al. 2016).

For many years, alterations in HDAC family members have been reported in
several cancers, and HDAC7 is not an exception. It is overexpressed in
adenocarcinoma of the pancreas (Ouaissi et al. 2008), in myeloproliferative
neoplasms (Skov et al. 2012), in renal cancer (Nam et al. 2021) and in non-small
cell lung cancer (Guo et al. 2022). Other studies have reported a connection
between HDAC?7 and B-cell derived hematologic malignancies. For instance, an
insertional mutagenesis study unveiled HDAC7 as a potential gene related with
hematological cancers (Rad et al. 2010). Additionally, Lohr et al. pinpointed
HDACY7 as a mutated gene in DLBCL (Lohr et al. 2012) and, afterwards, Morin et
al. described that HDAC7 is mutated in 7% of DLBCL cases (Morin et al. 2013).
Furthermore, Reddy et al. have catalogued HDAC7 as a potential tumor
suppressor in a study performed in a cohort of 1001 DLBCL patient samples
(Reddy et al. 2017b).

Different roles in several development systems highlight the importance of
HDAC7 and, despite all the recapitulated information, its role in B cell
development and the potential implication in B cells associated pathologies is still
not completely understood. Further studies are required in order to fully
understand its role in the development of healthy B cells and to find the

mechanistic reasons that underlie its altered expression in B cell malignancies.
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OBJECTIVES

The work performed during this PhD thesis aimed to address the following

objectives:

1. To dissect the HDAC7-mediated molecular mechanisms during pro-B

lymphocyte differentiation.

2. Toinvestigate the potential anti-oncogenic role of HDAC?7 in pediatric pro-B-ALL.

3. To analyze the contribution of HDAC7 as a transcriptional regulator of the

germinal center reaction.

4. To unveil the potential anti-lymphomagenic implication of HDAC7 in DLBCL.
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SUMMARY OF RESULTS

The study of HDACY in our laboratory has demonstrated that it is a master
transcriptional repressor of lineage-inappropriate genes in early B cell
development. Our goals in this PhD thesis have consisted in the study of the role
and mechanisms of action of HDAC7 in early and terminal B cell development,
as well as in B cell malignancies. For the execution of our studies, we have used
in vivo, ex vivo and in vitro experimental approaches, using conditional knock out

mice models, cell lines and human samples.

1. HDAC?7 regulates chromatin condensation and 5-hmC levels in pro-B
cells

To decipher the HDAC7-mediated molecular mechanisms during early B
cell development, we generated a conditional knock out mouse model to delete
HDACY7 expression at the pro-B cell stage. We crossed Hdac7/ox’ko mice with the
mb1-Cre strain, which expresses Cre recombinase in pro-B cells. RNA-seq of
pro-B and pre-B sorted cell populations unveiled an altered profile of genes
involved in chromosome condensation, suggesting a potential deregulation of
chromatin conformation in the absence of HDAC7. To test whether HDAC7 may
be required to maintain a proper chromatin state in pro-B and pre-B cells we
performed ATAC-seq. The global chromatin accessibility intensity was higher in
both HDAC7-deficient pro-B and pre-B cells, compared to wild-type cells, and the
genomic distribution of accessible sites differed. A reduction of open promoter
regions, more notably in pro-B cells, and an increase of accessible distal
intergenic regions was observed. Integration of ATAC-seq and RNA-seq data
unveiled that around 200 upregulated genes presented a more open and
accessible chromatin in both HDAC7-deficient pro-B and pre-B cells.
It has been reported that increases in DNA 5-hmC are associated with chromatin
decompaction and, consequently, with alterations in hematopoietic cell
differentiation and maintenance of cell identity (Izzo et al. 2020). Accordingly, we
proved that HDAC?7 deficiency in pro-B cells leads to a significant increase in 5-

hmC global levels. Taken together, these data indicate that HDAC7 controls
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chromatin compaction and DNA 5-hmC levels at early stages of B cell

development.

2. HDACTY regulates Tet2 expression and epigenetic marks deposition

Analysis of public data from the Immgen database classifies HDAC7 as a
potential and unique negative regulator of Tet2 expression. Accordingly, Tet2
was upregulated in HDAC7 deficient pro-B and pre-B cells compared to wild-type
cells. These data suggest that HDAC7 may govern early B cell development
through the regulation and maintenance of TETZ2 physiological levels.
Molecularly, we found that HDACY is recruited to the promoter of Tet2. To gain
insight into the epigenetic mechanisms driven by the HDAC7-TET2 axis, we
performed ChlP-seq on H3K27ac and H3K27me3 histone marks in wild-type and
HDACT7-defcient pro-B cells. We observed a global higher enrichment of
H3K27ac in HDACT7-deficient pro-B cells, as well as at Tet2 promoter region. This
is in concordance with ATAC-seq results, and reinforces HDACY repressive role.
Enrichment of H3K27me3 repressive mark did not show significant changes
between wild-type and HDAC7-deficient pro-B cells. Collectively, these results
demonstrate that HDAC7 controls the proper deposition of epigenetic marks and
that Tet2 is directly targeted by HDACY7 in pro-B cells.

3. HDAC7 deficiency alters 5-hmC at specific loci controlling the
expression of lineage inappropriate genes in pro-B cells.

We next performed 5-hmC DNA immunoprecipitation sequencing (hMeDIP-
seq) revealing higher 5-hmC overall signal in HDAC7-deficient pro-B cells
compared to wild-type. Next, we focused our attention on potential alterations in
5-hmC at lineage-inappropriate genes. We observed an increase in the
enrichment of 5-hmC at the Jun loci in HDAC7-deficient pro-B cells that, together
with its higher expression observed in our transcriptomic analysis, its open
chromatin observed in ATAC-seq, and the recruitment of TET2 to the Jun loci,
indicating that its expression is regulated by the HDAC7-TET2 axis. Additionally,
we performed loss-of-function or rescue experiments. Knocking down Tet2
prevented the upregulation of Jun in HDAC7-deficient B cells, proving the
involvement of the HDAC7-TET2 axis in the proper control of the expression of

lineage inappropriate genes in pro-B cells.
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Overall, our data demonstrated that, during early B cell development,
HDACY7 exerts a crucial role in preserving chromatin conformation and controlling
TET2 levels, leading to maintain 5-hmC physiological levels at lineage
inappropriate genes.

4. HDACY7 contributes to the pathogenesis pro-B-ALL

As mentioned above, HDACY is essential for the correct development of pro-B
lymphocytes. Therefore, HDAC7 could be implicated in the pathogenesis of a

malignancy with origin in the pro-B cell, such as pro-B-ALL.

We assessed by RNA-seq whether HDAC7 expression was altered across
different pro-B-ALL subtypes, grouped according to MLL status. The subgroup
with a t(4;11) rearrangement showed a dramatic underexpression of HDACY.
Clinically, was observed that the low HDAC7 expression was associated to
poorer outcome. Concomitantly, the lowest levels of HDAC7 were in marked
contrast to a higher expression of the oncogene c-MYC, highlighting an

aggressive phenotype.

The unfavorable impact of low HDAC7 expression on clinical outcome
prompted us to investigate whether HDAC7 has any protective effects on pro-B-
ALL. For that, two cell lines with low HDAC7 expression levels, SEM-K2 and
RS4;11 were transduced with a two-step retroviral vector that enables exogenous
HDACY7 expression in an inducible manner upon doxycycline addition. We found
that the exogenous expression of HDAC7 compromised the viability of the cells.
RNA-seq analysis of the transduced SEM-K2 cell line reinforced the previous
results, highlighting a downregulation of key hallmarks of cancer such as
proliferation, migration and apoptosis evasion. Overall, these findings support the

role of HDACY as a novel biomarker and prognostic factor in t(4;11) pro-B-ALL.

Deeping into the B lymphocyte development path, we interrogated whether

HDACY7 could also be involved in the regulation of the late B cell differentiation.
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5. HDACY7 is required for the germinal center reaction

Given the importance of HDACY in maintaining the chromatin status through
Tet2 silencing in pro-B cells, we started a new research project focused in HDAC7
role in the GC reaction. Additionally, we interrogated HDACY participation in GC-

derived DLBCL, as we previously described its importance in pro-B-ALL.

To determine whether HDACY is required for the GC reaction we generated
a conditional knock out mouse model for specific deletion of HDAC?7 in activated
B cells, by crossing Hdac7"< mice with the Cy1-Cre strain, which expresses Cre
recombinase in activated B cells. We immunized wild-type and HDAC7-deficient
mice with a T-cell dependent antigen (SRBC) to induce GC formation and
performed a series of phenotypic analysis 10 days later. Upon immunization, the
percentage of GC B cells and PCs in HDAC7-deficient mice was reduced. To
assess the potential effect of HDAC?7 deficiency in CSR we stimulated splenic B
cells from wild-type and HDAC7-deficient mice ex vivo with different stimulus and
measured IgG isotyped by flow cytometry. We found that HDAC7-deficient B cells
showed a significant decrease in IgGs production at 72h after treatment.
Together these data indicate that HDACY is essential for the GC reaction, and its

loss impairs CSR and terminal B cell differentiation into PCs.

6. HDAC7 deficiency induces transcriptional changes in GC B cells and
alters proliferation

To shed light into the HDAC7-mediated mechanisms underlying the GC
reaction we performed RNA-seq of sorted GC B cells from wild-type and HDAC7-
deficient immunized mice. Upregulated genes in the absence of HDAC7 revealed
an enrichment of genes related to cell cycle and cell division, and response to
DNA damage. The downregulated genes showed enrichment in pathways related
to chromatin organization, and regulation of proliferation. These data indicate that
HDAC7 may exert its function by properly controlling cell cycle and proliferation

processes during the GC reaction.

Therefore, we next interrogated whether HDAC7 deficiency affects the

proliferation and cell cycle status of GC B cells in vivo and ex vivo. The
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percentage of cells found in S phase was significantly decreased upon HDAC7
deletion and also HDAC7-deficient B cells underwent less divisions than wild-
type cells. Unexpectedly, Ki67 staining of spleen sections showed a higher
number and a larger area of Ki67* GC within the follicle of HDAC7-deficient mice.
These data indicated the possibility that in the absence of HDAC7 activated B
cells may be blocked in an early or pre-GC stage unable to properly enter into
the GC reaction. To test this, we interrogated the presence of CD38*IgD* pre-GC
B cells. Strikingly, GC B cells from HDAC7-deficient mice showed an aberrant
double positive CD38%IgD™* cell population. These data suggested that HDAC7
may play a crucial role at early post-immunization events before B cells enter and
form the GC.

7. Altered GC dynamics in HDAC7-deficient mice

Next we wondered whether the aberrant GC B cells observed in the
absence of HDAC7 could also presented an altered GC dynamics. Flow cytometry
analysis of GC B cells revealed a significant loss and gain of DZ (CXCR4*CD86")
and LZ (CXCR4-CD86™) populations, respectively, upon HDAC7-loss. Intriguingly,
in HDACT7-deficient GC B cells, we observed two clear distinguishable
populations, CXCR4'°" and CXCR4™Mdhish To further define the nature of HDAC?7-
deficient GC B cells sub-populations we performed cell cycle analysis. The
percentage of CXCR4Mdhish DZ GC B cell was significantly increased in G2 phase
and decrease in GO/G1 phases indicating a higher proliferation rate in the absence
of HDAC7. The majority of the atypical CXCR4'*"¥ GC B cell population of HDAC7-
deficient cells was found in a G1 resting state and decreased in S phase,
resembling those in the LZ. To gain further insight into the control of the GC
dynamics mediated by HDAC7, we performed GSEA on RNA-seq data of GC B
cells using previously reported DZ-LZ gene signatures (Victora et al. 2012). The
analysis unveiled that GC B cells from HDACT7-deficient mice harbor gene
signatures characteristic of the DZ compartment. These results suggest that
HDAC7 deletion promotes an aberrant DZ-LZ program that impedes proper

polarization of GC B cells.
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8. HDAC?7 is underexpressed in DLBCL patients correlating with poor
prognosis

We found that HDACY7 is significantly underexpressed in DLBCL patients
compared to GC healthy B cells, in a subtype-independent manner. Additionally,
we assessed the effect of HDAC7 expression levels in DLBCL genetic signature,
using previously mined RNA-seq data. Strikingly, DLBCL patients harbouring
normal levels of HDAC7 exhibited a transcriptomic profile similar to that of healthy
donors suggesting that low levels of HDAC7 could be associated with more
aggressive lymphomagenesis and poor prognosis of the patients. Accordingly,
the clinical outcome of 292 DLBCL patients treated with conventional R-CHOP
immunotherapy unveiled that the lower expression of HDAC7 was associated to
a poorer outcome of the patients. These data indicate that absence or low levels
of HDAC7 may be involved in the pathogenesis of DLBCL representing a novel

biomarker and prognostic factor for these patients.

9. HDACY7 expression reduces DLBCL proliferation and survival in vitro

and in vivo

To further evaluate the role of HDACY in B cell ymphomagenesis we chose
the MD901 DLBCL cell line that expresses very low levels of HDAC7. To assess
HDACT7-loss related lymphomagenic features we performed a gain-of-function
experimental approach (as described in paragraph 4). HDAC7 expression
significantly inhibited the proliferation of MD901, concomitant with increased
programmed cell death. To determine if HDACY reduces the growth of DLBCL in
vivo, we implanted MD901 cells transduced with either empty or HDAC?7 inducible
retroviral vector in immunodeficient mice. We observed that HDAC7 expression
significantly suppressed DLBCL growth in terms of tumor volume and tumor
weight. To delineate the anti-lymphomagenic mechanisms of HDAC7 in DLBCL
we next performed RNA-seq of the tumors generated, unveiling a clear
upregulation of apoptosis-associated mechanisms upon HDAC7 expression.
Taken together, our data indicate that HDAC7 could be a valuable novel

biomarker and prognostic factor in DLBCL.
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“The HDACT7-TETZ2 epigenetic axis is essential during early B
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ABSTRACT

Correct B cell identity at each stage of cellular differ-
entiation during B lymphocyte development is crit-
ically dependent on a tightly controlled epigenomic
landscape. We previously identified HDAC7 as an es-
sential regulator of early B cell development and its
absence leads to a drastic block at the pro-B to pre-B
cell transition. More recently, we demonstrated that
HDAC?7 loss in pro-B-ALL in infants associates with
a worse prognosis. Here we delineate the molecu-
lar mechanisms by which HDAC7 modulates early
B cell development. We find that HDAC7 deficiency
drives global chromatin de-condensation, histone
marks deposition and deregulates other epigenetic
regulators and mobile elements. Specifically, the ab-
sence of HDAC7 induces TET2 expression, which
promotes DNA 5-hydroxymethylation and chromatin
de-condensation. HDAC7 deficiency also results in
the aberrant expression of microRNAs and LINE-1
transposable elements. These findings shed light on
the mechanisms by which HDAC?7 loss or misregula-
tion may lead to B cell-based hematological malig-
hancies.

INTRODUCTION

A longstanding fundamental question in the field of cell
development has been: how do cells decide at a molecular
level to acquire a specific cell fate during tissue and organ
generation? The mammalian hematopoietic system is con-
sidered a paradigm model for answering this question. For
instance, B cell lymphopoiesis is a complex developmental
process that comprises several cellular transitions, including
cell commitment and early and late cellular differentiation.
Proper transcriptional control at each cellular transition is
essential for the correct generation of B lymphocytes. Of
note, aberrant establishment of specific transcriptional pro-
grams may lead to the development of B cell malignancies.

Lineage-specific networks of transcription factors (TFs)
have a central role in positively regulating the transition and
maintenance of the distinct B cell developmental stages. In
the bone marrow, lymphoid-primed multipotent progeni-
tors (LMPPs) have the capacity and plasticity to become
either common lymphoid progenitors (CLPs) or common
myeloid progenitors (CMPs) (1). At that stage, the TFs
IKAROS, MEF2C, and PU.1 are crucial for the early cel-
lular choice towards the lymphoid lineage (2,3). Later on,
commitment to the B cell lineage from CLPs to B cell pro-
genitors (pro-B) and B cell precursors (pre-B) depends on
the hierarchical and coordinated actions of the TFs PAXS5,
E2A, EBF and MEF2C (4-6). Classically thought as gen-
uine activators for specific gene expression, B cell TFs are
now believed to be involved in the repression of inappro-
priate lineage or of functionally undesirable gene transcrip-
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tion, thereby ensuring that the proper B cell identity and
differentiation are maintained. In addition to positively pro-
moting B lymphocyte gene-specific programs, the PAXS,
E2A, EBF1 and MEF2C TFs induce the repression of in-
appropriate genes of alternative lineages, thereby ensur-
ing maintenance of proper B cell identity and differentia-
tion (3,7-11). These findings support the concept of tran-
scriptional repression as an essential mechanism for proper
B lymphocyte generation. However, the identity of mas-
ter transcriptional repressors essential for establishing and
maintaining the genetic identity of B lymphocytes has re-
mained elusive for many years.

Besides specific TF networks, B cell differentiation also
requires that epigenetic regulators and architectural pro-
teins establish the correct permissive/non-permissive chro-
matin structure (euchromatin/heterochromatin) (12). There
is a close relationship between transcriptional regulators
and dynamic changes in the DNA epigenetic landscape
during B cell development, with DNA methylation lev-
els and the chromatin conformation state dynamically
changing at every differentiation cell stage, giving them
a specific epigenetic signature (13-17). Also, TFs such
as PAXS5 interact with architectural proteins that me-
diate long-range chromatin interactions (18). In mam-
mals, DNA demethylation depends on the action of the
Ten-Eleven Translocation (TET) enzyme family of TETI,
TET2 and TET3, which convert 5-methylcytosine (5-mC)
to 5-hydroxymethylcytosine (5-hmC), leading to DNA
demethylation and consequent gene expression (19). No-
tably, TET2 has been shown to play crucial roles during
hematopoiesis (20-22). Although broadly expressed within
the hematopoietic system, myeloid cells express higher lev-
els of TET2 compared with lymphoid cell populations (23—
25). To date, the molecular mechanisms controlling differ-
ent TET?2 physiological levels within the hematopoietic sys-
tems are largely unknown.

We have previously reported that HDAC7 is a master
transcriptional repressor in early B cell development, con-
trolling the expression of lineage-inappropriate genes and
thus the identity of pro-B cells. A lack of HDAC?7 in pro-
B cells leads to a block in B cell differentiation, aber-
rant activation of alternative lineage genes, a reduction
of proliferation, and an increase in apoptosis (26). More
recently, we have identified HDAC7 as a prognostic fac-
tor and biomarker of survival in infants with pro-B acute
lymphoblastic leukemia (pro-B-ALL) and MLL-AF4 re-
arrangement, who display a general loss in HDAC7 ex-
pression; notably, the lowest levels of HDAC7 are associ-
ated with the poorest outcome for the infants (27). We hy-
pothesized that these findings could be indicative of a yet-
unknown HDAC7-mediated molecular mechanisms that al-
lows proper acquisition of cell identity during early B cell
development in the bone marrow.

Using a combination of transcriptomic and epigenetic
genome-wide analysis, we now shed light into the molecu-
lar mechanisms that are governed by HDAC?7 during early
B cell development. We identified HDAC7 as a regula-
tor of proper chromatin compaction in different stages of
B cell development (pro-B and pre-B cells). Importantly,
we demonstrated that HDACT7 represses TET2 expression

in pro-B and pre-B cells, and that its deficiency leads to
TET2 up-regulation and subsequent alteration in global
and specific 5-hmC patterns. In fact, HDAC7-deficient pro-
B cells showed enhanced 5-hmC global levels, resulting
not only in the activation of inappropriate lineage genes,
but also in the aberrant expression of non-coding elements
(such as active transposon LINE-1 elements and miR-
NAs). Thus, our findings unveil novel molecular mecha-
nisms that govern the maintenance of correct B cell devel-
opment and identity, working through the HDAC7-TET2
axis.

MATERIALS AND METHODS
Study Design

The study aimed to define unprecedented molecular mech-
anisms by which class ITa HDAC?7 preserves B cell iden-
tity in mice. Experiments included 4-6 weeks-old wild-type
and knockout mouse strains (C57BL/6). Mice selected in
each experiment were littermates. Primary pro-B and pre-
B lymphocytes were isolated by using cell sorting. Tet2 was
identified as a direct target of HDAC7 with chromatin im-
munoprecipitation and expression analysis experiments. 5-
hydroxymethylation levels in pro-B cells were quantified by
ELISA and hydroxymethyl-DIP experiments. 5-hmeDIP-
seq, ATAC-seq, H3K27ac and H3K27me3 ChIP-seq were
performed to determine global and specific changes. All re-
sults were validated by qPCR assays and were successfully
reproduced. No sample size calculations were performed,
since these were selected on the basis of previous studies per-
formed in our lab. The numbers of experimental replicates
are included in the figure legends.

Mice

Hdac7"= on C57BL/6 mice have been previously described
(28) and were kindly provided by Dr Eric Olson (UT South-
western Medical Center, Dallas, TX, USA). Mb1-Creki/*
on C57BL/6 (B6.C(Cg)-Cd79at™!croReth /EhobJ) mice were
kindly provided by Dr Michael Reth (Max Planck Institute
of Immunology and Epigenetics, Freiburg, Germany). Ex-
periments were performed with 4-6 week-old mice. Litter-
mate controls were used for Hdac7"/~ mbl-cre mice. An-
imal housing and handling and all procedures involving
mice, were approved by the Bellvitge Biomedical Research
Institute (IDIBELL) ethics committee and the Animal Ex-
perimentation Ethics Committee (CEEA) of the Compara-
tive Medicine and Bioimage Centre of Catalonia (CMCiB),
at Germans Trias 1 Pujol Research Institute (IGTP), in ac-
cordance with Spanish national guidelines and regulations.

Cells

HAFTL pre-B cell line transduced with a MSCV-GFP-
C/EBPa retroviral vector (to generate C10 cells) and with
a MSCV-hCD4-C/EBPaER retroviral vector (to generate
C11 cells), were described previously described (29). C10-
MSCYV and C10-HDACT cells were generated as previously
described (30).
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shRNA-Tet2 infection of primary B cells and transduced pre-
B cell line (C11)

Retroviral vector for PGK-shRNATet2-GFP retroviral vec-
tor has been described in (31). CD19* B cells from
Hdac7*/~ and Hdac7"/~ mice or C11 cells were infected
with the shRNA Tet2 targeting vector(shTet2) or with
an empty retroviral vector (shCtrl). Cells were infected
twice, in a time gap of 24 h, and then, 48 h after sec-
ond infection, GFP* cells were sorted using a FAC-
SAria™ Fusion cell sorter (BD Biosciences). After isola-
tion, CD19* B cells were cultured on RPMI media sup-
plemented with 2% FBS, 0,03% Primatone RL (Sigma),
1 mM penicillin/streptomycin, 50 wM B-mercaptoethanol
and 1% IL-7 (Peprotech), whereas C11 cells were cultured
in RPMI media supplemented with 10% FBS and 1mM
penicillin/streptomycin. Tet2 knockdown was confirmed by
gRT-PCR using SYBR green quantification.

B-Estradiol treatment of cell lines

C10-MSCV, C10-HDAC7, C11-shCtrl and Cl1-shTet2
cells were cultured and treated as previously described (30).

Flow cytometry analysis and cell-sorting

Cells were extracted from bone marrow (femur and tibia
of both hind legs) of Hdac7*/~ and Hdac7"~ mice. Red
blood cells were lysed with ACK lysis buffer. Cell counts
were determined using a manual cell counter and Tiirk’s
staining to facilitate the counting of white cells nuclei. Iso-
lated cells were incubated with anti-CD16/CD32 (2.4G2,
Fc Block) (BD Bioscience) for 10 min on ice to reduce non-
specific staining. The following antibodies were used for
analysis (from BD Biosciences): anti-B220 (RA3-6B2), anti-
CD43 (S7), anti-IgM (R6-60.2), anti-CD19 (1D3) and anti-
Cd11b (M1/70). For Cd11b, Streptavidin-V50 (560797, BD
Biosciences) was used as a secondary antibody. Cells were
stained with primary antibodies for 30 min on ice in the
dark. Cells were analyzed on a BDFACS Canto 11 (BD Bio-
sciences) or sorted on BD FACSAria™ Fusion cell sorter
(BD Biosciences). Data were analyzed using FlowJo soft-
ware (Tree Star, Inc.). See Supplementary Figure S1A for
sorting gating strategy (pro-B cells: [gM~, CD19*, B220%,
CD43"*; pre-B cells: IgM—, CD19*, B220*, CD437).

Magnetic cell separation (MACS)

Cells were extracted from bone marrow (femur and tibia
of both hind legs) of Hdac7*/~ and Hdac7"~ mice. Red
blood cells were lysed with ACK lysis buffer. Cell counts
were determined using a manual cell counter and Tiirk’s
staining to facilitate the counting of white cells nuclei. Iso-
lated cells were incubated with anti-CD16/CD32 (2.4G2,
Fc Block) (BD Bioscience) for 10 min on ice to reduce non-
specific staining. The following antibodies were used for
separation (from Miltenyi Biotec): anti-CD19-Microbeads
(mouse), anti-Cd11b biotin (M1/70, BD Biosciences), and
Streptavidin-Microbeads. Samples were incubated for 20
min at 4°C in the dark. CD11b needed double incubation,
first with anti-Cd11b and second with Streptavidin-beads.
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Samples were put into Ls columns (Miltenyi Biotec) to per-
form magnetic cell separation. After three washes, cell from
positive fractions (CD19+ and Cd11b+) were kept for fur-
ther experimentation.

RNA-sequencing and analysis

Total RNA was extracted from HDAC7-deficient and con-
trol pro-B and pre-B cells in the Genomics facility of Insti-
tute for Research in Biomedicine (IRB) in Barcelona. Sam-
ples were quantified and subjected to quality control using
a Bioanalyzer apparatus (IRB, Barcelona). Samples were
processed at BGI Genomics Service, (China). Briefly, low
input library was performed in all samples. Later, they were
sequenced in paired-end mode with a read length of 100 bp.
Thirty-five million paired-end reads were generated for each
sample. Quality control of the samples was performed with
the FastQC tool (available at https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Paired-end reads from
RNA-Seq were aligned to the murine reference genome
(GRCm38) using Hisat2 (version 2.0.5). Quality of the
alignments was assessed using FastQC (v0.11.2). A count
table file indicating the number of reads per gene in each
sample was generated using HTSeq (version 0.6.0) (32).
Genes with no or very low expression were filtered out
and differentially expressed genes were identified using DE-
Seq (33), requiring a minimum adjusted P-value of 0.05
and a llogyFCl value >1. Functional analysis was per-
formed using gene set enrichment analysis (GSEA) (34)
using a pre-ranked list of human orthologs genes and
the gene set database c5.all.v7.2.symbols.gmt (Gene Ontol-
ogy). GSEA analyses were performed from the Hdac7%/~
pro-B versus Hdac7*/~ pre-B cells, Hdac7*/~ pro-B ver-
sus Hdac7"~ pro-B cells and Hdac7*/~ pro-B versus
Hdac7"— pre-B cells comparisons. Genes were ranked us-
ing this formula: —log;o(FDR) x sign[log(FC)]. As gene-
sets collection, hallmarks (H) from the Molecular Signa-
tures Database (MSigDB) were selected, adding the spec-
ified custom genesets. Data from RNA-seq is available un-
der accession code GSE171855.

RT-qPCR analysis

RNA from sorted pro-B and pre-B cells was extracted
with an RNeasy Mini kit (Qiagen) and subsequently con-
verted into cDNA using the High Capacity cDNA Re-
verse Transcription Kit (AB Applied Biosystems) according
to the manufacturer’s instructions. Real-time-quantitative
PCR (RT-qPCR) was performed in triplicate using SYBR
Green I Master (Roche). PCR reactions were run and ana-
lyzed using the LightCycler 480 Detection System (Roche).
RT-qPCR primer pairs are shown in supplemental informa-
tion Supplementary Table S1.

Micrococcal nuclease assay

Two million of B cells from Hdac7*/~ and Hdac7"~ mice
were resuspended in 500 wpl of lysis buffer (10 mM Tris,
10 mM NacCl, 3 mM MgCl,, 1% Triton, pH 7.5) and incu-
bated on ice for 10 min. Nuclei were collected by centrifu-
gation at 300 g for 5 min at 4°C. The nuclear pellet was then
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resuspended in 400 w1 of nuclear lysis buffer (20 mM Tris,
20 mM KCI, 70 mM NaCl, 3 mM CacCl, and protease in-
hibitors, pH 7.5). Aliquots of 100 wl were incubated with
9 units of micrococcal nuclease (MNAse, ThermoFisher)
and digested at room temperature for 0, 1, 2 and 5 min,
respectively. Then 3pl of 0.5M EDTA was added to stop
digestion, and DNA was purified by using the QIAquick
PCR purification kit (Qiagen). About 500 ng were used for
gel electrophoresis and 12 ng of DNA were used for gPCR
analysis using SybrGreen (Roche). Primers obtained from
(35) were designed to target the B-globin gene to obtain
PCR amplicons longer than the length of a single nucleo-
some. Mononucleosomes generated during MNAse diges-
tion cannot be amplified by qPCR. Then, reduced ampli-
fication involves more open/accessible chromatin state, at
least at this locus.

Western Blot

White cells from bone marrow of control and Hdac7"/~
mice were extracted as in sorting procedure. Next, cells were
stained with anti-CD19-microBeads (Miltenyi Biotec) ac-
cording to manufacturer’s instructions. CD19* B cells were
isolated by magnetic separation with LS column adapters
(Miltenyi Biotec). Purified cells were lysed with RIPA
buffer. Lysates were resolved on 8-15% SDS-PAGE (Mini-
Protean electrophoresis chamber, Bio-Rad) and trans-
ferred on nitrocellulose membranes (Amersham Biosciec-
nes). Membranes were blocked in 5% milk in TBS with
0.1% Tween (TBS-T) and incubated overnight at 4°C,
with primary antibodies (anti-Tet2 ab94580, abcam 1:1000;
anti-HDAC7 sc-11421, Santa Cruz Biotechnology 1:1000;
anti-H3K9me3 ab8898 (Abcam) 1:1000; anti-PUMA 12450
(Cell Signaling) 1:500, anti-IRF4 sc-48338 (Santa Cruz
Biotechnology) 1:500; anti-c-MYB sc-74512 (Santa Cruz
Biotechnology) 1:500; anti-H3 ab1791 (Abcam) 1:1000;
anti-Lamin B1 ab16048 (Abcam) 1:1000, and anti-Actin
AC-15 (Sigma-Aldrich) 1:40000). Secondary antibody in-
cubations (HRP-anti mouse, P0260, or anti rabbit, P0448,
Dako 1:3000), were carried out for 1h at room temperature.
Protein signal was detected using ECL western detection kit
(Amersham Biosciences).

Chromatin immunoprecipitation assays (ChIP)

For chromatin immunoprecipitation (ChIP) assays, puri-
fied pro-B cells from the bone marrow of Hdac7*/~ and
Hdac7"~ mice were crosslinked for 15 min in 1% formalde-
hyde, followed by inactivation in 125 mM glycine for 5
min and by two washes in cold PBS. Afterward, sam-
ples were incubated in cell lysis buffer from LowCell#
ChIP kit (Diagenode) for 30 min at 8°C and sonicated
with M220-Focused Ultra Sonicator (Covaris) according
to manufacturer’s instructions. Next steps of ChIP exper-
iments were performed using resources from the Low-
Cell# ChIP kit (Diagenode) according to the manufac-
turer’s instructions. The following antibodies were used
for immunoprecipitation: anti-HDAC7 (Abcam, HDAC7-
97, 2.5 pg), anti-H3K9/K14ac (Millipore, 06-599 2.5 ng),
anti-H3K27me3 (Millipore, 07-449, 2.5 pg), anti-H3K27Ac
(Abcam, ab4729, 2.5 pg) and anti-H3k9me3 (Abcam,

ab8898, 2.5 ng). Real-time quantitative PCR (RT-qPCR)
was performed in triplicate and the results analyzed. Data
are presented as the ratio between the HDAC7-bound frac-
tion and histone modification antibody relative to the input
control. ChIP-qPCR primer pairs are shown in supplemen-
tal information Supplementary Table S1.

ChIP-seq experiments and analysis

H3K9/K14ac ChlP-seq data were extracted from ChIP-
seq experiments, as described elsewhere (26), whose data
are available under the accession code: SRA submission
SUB1614653. For new ChIP-seq experiments, purified pro-
B and pre-B cells from the bone marrow of Hdac7*/~ and
Hdac7"~ mice were crosslinked for 15 min in 1% formalde-
hyde, followed by inactivation in 125 mM glycine for 5
min and by two washes in cold PBS. Afterward, samples
were lysed and sonicated with M220-Focused Ultra Soni-
cator (Covaris) to obtain fragments of 250-500 bp. Sam-
ples were processed according to Blueprint Histone ChIP-
Seq protocol (https://www.blueprint-epigenome.cu/). The
following antibodies were used for immunoprecipitation:
2.5 pg of anti-H3K27me3 (07449) and 2.5 pg of anti-
H3K27ac (ab4729). As experimental control we used input
sonicated chromatin (not immunoprecipitated) in all exper-
imental conditions. For the analysis, reads were checked for
quality using FastQC (0.11.5) and then trimmed using trim
galore (v.0.6.6) to remove the sequencing adapters. Reads
were aligned to the mouse reference genome GRCm38 us-
ing Bowtie v2.3.2 with ‘—very-sensitive’ parameters (36).
Aligned reads were then filtered based on ENCODE stan-
dards and removed those mapping to the blacklist and
duplicates using samtools (v.1.9) and sambamba (v.0.7.0).
Peaks were called using MACS2 v2.2.7.1 (37) with default
parameters, providing an input sample to avoid false pos-
itives. Background correction was applied by first defining
a set of non-redundant enriched regions for all samples by
taking the union of all peaks from both replicates of all sam-
ples. Bigwig files were generated using bamCoverage v3.2.1
from deeptools (38). Genomic peak annotation was per-
formed with HOMER software (v4.11). Intensity plots were
performed using computeMatrix in a window of -1 kb cen-
ter in the TSS from deeptools (38). Data from H3K27ac and
H3K27me3 ChIP experiments are available under accession
code: GSE204673.

ATAC-seq experiment and analysis

50 000 purified pro-B and pre-B cells from the bone marrow
of Hdac7*/~ and Hdac7%~ mice were isolated and freshly
lysed using cold lysis buffer (10 mM Tris—HCI, pH 7.4, 10
mM NacCl, 3 mM MgCl, and 0.1% IGEPAL CA-630). Im-
mediately after lysis, nuclei were spun at 500 g for 10 min
using a refrigerated centrifuge, and pellet was resuspended
in the transposase reaction mix (12.5 wl 2 x TD buffer, 2
wl transposase (Illumina) and 5.5 pl nuclease-free water).
The transposition reaction was carried out for 1 h at 37°C,
followed by addition of clean up buffer (900 mM NaCl,
300 mM EDTA, 2 pl 5%SDS, 20 ng Proteinase K) and
incubation for 30 min at 40°C. Tagmented DNA was iso-
lated using 2x SPRI beads from Beckman—Coulter. Fol-
lowing purification, we amplified library fragments using
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1x NEBnext PCR master mix and 1.25 pM of Nextera
PCR primers as described elsewhere (39). Sequence reads
quality was assessed with MultiQC v1.12 (40), and adapter
content (if any) was trimmed using Trimmomatic v0.39 (41).
Paired-end reads were aligned to GRCm38 using Bowtie2
v2.2.3 with a maximum insert size of 2000 (-X 2000) (36).
These parameters ensured that fragments up to 2 kb were al-
lowed to align and that only unique aligning reads were col-
lected (-m1). For all data files, duplicates and mtDNA were
removed using picard (http://picard.sourceforge.net) and
sambamba (v.0.7.0), respectively. For peak-calling, MACS2
v2.2.7.1 (37) tool was used with default parameters. Back-
ground correction was applied by first defining a set of non-
redundant enriched regions for all samples by taking the
union of all peak summits from both replicates of all sam-
ples. We then quantified the signal at all summits in each
sample by counting the number of fragments (using the
R bioconductor package csaw, v. 1.0.7) (42). The resulting
counts matrix file was analyzed for differential peaks with
DESeq2 (43). Genomic peak annotation was performed
with HOMER software (v4.11). Intensity plots were per-
formed using computeMatrix in a window of 1 kb center
in the TSS from deepTools (38). Data from ATAC-seq are
available under accession code GSE204672.

Quantification of global 5-hydroxymethylation levels

To quantify 5-hmC, a Quest ShmC DNA ELISA kit (Zymo
Research) was used according to the manufacturer’s proto-
col. First, genomic DNA from sorted cells was extracted
using Quick-DNA Miniprep Plus kit (D4068, Zymo Re-
seach). Next, the bottom of the provided well was coated
with anti-5-hmC polyclonal antibody (pAb) for 1 h at 37°C
in the dark. Wells were then blocked and 100 ng of dena-
tured genomic DNA was added for 30 min at 37°C in the
dark. After corresponding washes, anti-DNA HRP anti-
body was applied to wells for 30 min at 37°C in the dark.
After corresponding washes, HRP developer (3,3°,5,5’-
tetramethylbenzidine (TMB) (Sigma-Aldrich)) was added
to detect the DNA bound to the anti-5-hmC pAb for 20—
30 min at room temperature in the dark. Afterward, the
color reaction was stopped by the addition of sulfuric acid
and the resulting color was analyzed at 450 nm by using a
Glomax microplate reader (Promega). The percentage of 5-
hmC DNA was estimated from linear regression.

hMeDIP-qPCR experiments

Genomic DNA was purified by using the same kit as in
ELISA assay. | pg of genomic DNA from wild-type and
HDACT7-deficient sorted pro-B cells was sonicated with
M220-Focused Ultra Sonicator (Covaris) to obtain frag-
ments of 300400 bp. Fragmented DNA were incubated
with 2 pg anti-5hmC (Active Motif, 39769) and 20 wl of
Dynabeads G (Life Technologies) for 16 h at 4°C, and 10%
of DNA was kept to be used as input. After incubation,
Dynabeads were washed 3 times with IP buffer (10 mM
Na-Phosphate pH 7, 0.14 M NacCl, 0.05% Triton X-100)
and then were resuspended in Proteinase K digestion buffer
(50 mM Tris pH8, 10 mM EDTA, 0.5% SDS) for 30 min
at 55°C. DNA from immunocomplexes was purified with
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the QIAquick MinElute kit (Qiagen). Real-time quantita-
tive PCR was performed and the results analyzed. Data are
presented as the ratio of the enrichment of 5-hmC relative
to the input control.

hMeDIP sequencing experiments and analysis

Purified genomic DNA (1 pg) from wild-type and
HDAC7-deficient pro-B cells was sonicated to obtain
fragments of 300-400 bp. Adaptor ligations were per-
formed and libraries constructed by qGenomics Laborato-
ries (Barcelona, Spain). 2 pg of anti-ShmC (Active Motif,
39769) were incubated with 20 pl of Dynabeads G (Life
Technologies) for 2 h at 4°C. Fragmented DNA was incu-
bated with Dynabeads and antibody for 16 h at 4°C, and
10% of DNA was kept to be used as input. DNA was pu-
rified as described in hMeDIP qPCR assay. Amplified li-
braries were constructed and sequenced at qGenomics Lab-
oratories (Barcelona, Spain). Fastq data were obtained with
Trim Galore-0.4.2 and Cutadapt-1.6. Reads were mapped
with bwa-0.7.12. Sorting Sam to Bam was carried out with
Picard-2.8.0 SortSam and duplicates were removed with
Picard-2.8.0 MarkDuplicates. Bigwig files were made with
deeptools and normalized based on RPKM. Peak calling
was performed using MACS2 bdgpeakcall option (-c 250
-1 10 -g 10). To avoid false positives, peaks that intersect
with peaks in the corresponding input samples were re-
moved. DESEQ analysis (DESeq2 v1.20.0) was then used
to define peaks and perform quantitative analyses. The
Diffbind-2.6.6 R package was used for differential binding
analysis. Differential enrichment was defined by a thresh-
old value of P = 0.005 and a >1-fold difference in KO
relative to WT samples. Motif enrichment was analyzed
and peak depth quantified with HOMER software (v4.10).
Data from hMeDIP-seq is available under accession code
GSE135263.

Co-immunoprecipitation (Co-1P)

Co-IP assays were performed using CD197 cells from con-
trol and HDACT7 deficient mice. Cell extracts were prepared
in lysis buffer [S0 mM Tris—HCI, pH 7.5, 1 mM EDTA,
150 mM NaCl, 1% Triton-X-100, protease inhibitor cock-
tail (complete™, Merck)] with corresponding units of Ben-
zonase (Sigma) and incubated at 4°C for 6 h. 50 pl of su-
pernatant was saved as input and diluted with 2x Laemmli
sample buffer (4% SDS, 20% glycerol, 120 mM Tris—HCI,
pH 6.8). Supernatant was first incubated with PurePro-
teome™ Protein A /G agarose suspension (Merck Millipore)
for 1 h to remove background signal. Samples were then
incubated overnight at 4°C with corresponding antibod-
ies against TET2 (ab124297, Abcam) and rabbit (12-371,
Merck Millipore) IgGs (negative control) and A agarose
beads. After that, beads were washed three times with lysis
buffer. For sample elution, 100 wl of 1x Laemmli sample
buffer was added to the beads. Samples and inputs were de-
natured at 95°C in the presence of 1% B-mercaptoethanol.

Expression profiling of microRNAs

We used miRCURY LNA™ Universal RT microRNA PCR
System (Exiqon) to determine miRNA expression profiles.
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The miRNA annotation of mirBase version 20.0 was used.
Single-stranded cDNA was synthesized by reverse tran-
scription of 8 wl of RNA, using the universal cDNA Syn-
thesis Kit IT (Exiqon). Diluted cDNA was mixed with Ex-
iLENT SYBR® Green master mix (Exiqon), and quanti-
tative PCR was performed using the Roche LightCycler®
480 RealTime PCR system (Roche). Primers design for val-
idations of miRNA’s differential expression was performed
with miR primer software (https://sourceforge.net/projects/
mirprimer/).

Immgen data analysis

Immgen is a public resource that is the result of a collab-
orative group of immunology and computational biology
laboratories that share knowledge and expertise to perform
a broad and deep dissection of the genome’s activity and
its regulation in the immune system. This public resource is
broadly used by many immunology laboratories to interro-
gate biological questions of a gene of interest or more broad
mechanistic insights within the hematopoietic system.

Gene Skyline tool: expression data from microarrays col-
lected from several participating laboratories is normalized
with Robust Multiarray Average (RMA) algorithm (44,45).
RMA is a three-step algorithm, which removes background
noise (normally distributed), performs quantile normaliza-
tion and log2 transformation. Raw reads from microarray
are normalized by median of ratios with DeSeq2 package
from Bioconductor. Spike-in data is also used to evaluate
the RMA method in order to address questions about the
correctness of microarray data. Immgen developers ensure
that the comparison of expression levels of one gene among
different cell types is sensitive and quantitative.

Modules and regulators tool: this tool uses an algorithm
called Ontogenet in order to outline the regulatory net-
works that drive the hematopoietic cell differentiation (see
detailed explanation in (46). Briefly, it classifies and clus-
ters genes in groups called ‘modules’ based on expression
levels of genes among all cell types from all lineages and de-
velopmental stages from the hematopoietic system given by
several microarray analyses. Each module is called ‘coarse
module’, which can be further divided into ‘fine modules’.
The algorithm assumes that genes included in one module
are regulated in the same way. For these modules, Immgen
create automatically an expression matrix represented as a
heatmap, showing potential regulators of the module and
their expression pattern among blood cell types. Immgen
also provides a table of expression level and regulatory ac-
tivity (weight), classifying each regulator into positive and
negative.

My GeneSet tool: this browser allows you to examine the
pattern of expression of a selected set of genes over some
or all of the ImmGen expression data (obtained from either
RNA-seq or microarray experiments).

Statistical analysis

Data were analyzed by Student’s two-tailed unpaired -
test and Mann—Whitney test using GraphPad Prism (v7).
P-values lower than 0.05 were considered statistically sig-
nificant. Statistical methods for analysis of genome wide

datasets involving hMeDIP-seq, RNA-seq, ChIP-seq and
ATAC-seq are explained in detail under the respective sec-
tion.

RESULTS

HDACT regulates chromatin condensation and 5-hmC levels
in pro-B cells

We previously identified HDAC7 as a critical transcrip-
tional repressor of lineage-inappropriate genes that ensures
correct early B cell development. However, its exact molec-
ular mechanisms remained to be addressed (26,30). To un-
veil the mechanisms and functions that HDAC?7 exerts dur-
ing early B lymphocyte development along the different cell
stages of differentiation, we performed RNA-sequencing
(RNA-seq) experiments on pro-B and pre-B cells from
HDAC7 conditional knockout mice (Hdac7%~; hereafter,
HDAC7-deficient) and their control littermates (Hdac7/~;
hereafter, wild-type) (Figure 1A; see also gating strategy,
Supplementary Figure S1A). First, we performed an unsu-
pervised cluster analysis of the samples based on their gene
expression profiles. Notably, pro-B and pre-B wild-type cell
populations were grouped into two different clusters, con-
firming that early B cell differentiation steps were affected
by gene transcription changes, a hallmark of early B lym-
phocyte development. In contrast, HDAC7-deficient pro-B
and pre-B cells were more similar and grouped closer, indi-
cating that the B cell developmental block observed upon
HDACT deficiency is a consequence of altered gene tran-
scription programs (Figure 1B). Based on RNA-seq anal-
yses, a comparison of the differentially expressed genes be-
tween the cell populations showed that 1992 and 2140 genes
were up-regulated and down-regulated, respectively, during
the cellular transition from pro-B to pre-B wild-type cells
(Supplementary Figure S1B). The lack of HDAC7 from
the pro-B or pre-B cells resulted in a downregulation of
272 and 1576 genes, respectively, as compared to the wild-
type pro-B cells (Supplementary Figure S1B). Among the
downregulated genes, we observed a dramatic disruption
in heavy chain immunoglobulin (Igh) production (Supple-
mentary Figure S1C), which is a critical process in early
B cell development; this demonstrated that HDAC7 defi-
ciency would drastically affect the immune response (Sup-
plementary Figure S1D).

HDACT7 is a transcriptional repressor. Accordingly, 393
and 1609 genes in pro-B and pre-B cells, respectively, were
upregulated in the HDAC7-deficient cells as compared to
pro-B wild-type cells (Figure 1C). Gene Ontology (GO)
analysis of up-regulated genes at both cell stages showed
that they were related, on one hand, to cell prolifera-
tion, survival and immune processes (Supplementary Fig-
ure S1E) and, on the other hand, to enhanced protein bind-
ing (Supplementary Figure S1F). To specifically analyze the
gene expression changes exclusively depending on HDAC?7,
and omit differences due to different cell stages, we over-
lapped upregulated genes from pro-B and pre-B cells. GO
analysis revealed that overlapped upregulated genes upon
HDACY7 deficiency were associated with an altered immune
response (Figure 1D, upper panel), with a clear tendency
for increased protein binding and transcription factor (TF)
activity, which may correlate with a more open chromatin

78



Nucleic Acids Research, 2022, Vol. 50, No. 15 8477
Bone Marrow 3 L .
Hdac7 - Hdac7 ™
.3 pro-B pre-B
Hdac7 */- Hdac7 */- S
Heac7 - Hdac7 - L.
s —
IgM", B220", IgM", B220°, S
C\g:mgﬂ cD43* CD19%, CD43F" gd /i]’—_\_‘ N
L . 2 N
T S S T S
Q a - ~ @ - o~
- TR i 3 9
s § 8 s 8 8
GO Categories (BP) =
° NES: -0.783 Hdac7fl- Hdac7 *"-
Leukocyte migration 8 pvalue: 0.98 —_—
@
Innate immune response
Inflamatory response
Cell adhesion K
Defense response to virus E
Immune system process Hdac7 *- Hdac7 *-
Response to cytokines pro-B pre-B
0 1 2 3 4 gle NES: 0.8020
218 pvalue: 0.37
p value (-log10) E »
<
GO Categories (MF) 5
3= Mononucleosomes B-globin
Transcription factor activity |4 5 2 e 5 1.2
Nucleotide binding o  aimiii 2 z —
2 - 8 g '
Cytokine binding 5 Hdac7 a > 1.5 g 0s
Transferase activity © pro-B pro-B '% 2, @ 06
GTP binding ° NES: 2.241 22 é :
Kinase activity § pvalue: 0.0 § 0.5 g 0.4
Protein binding ] = ﬁ 02
2 imin  2min  5min 0
0 2 4 6 8 10 E u Hac7 +- u Hdac7*-
g 2 /-
et = (LA ) A
w
Hdac71l-
pre-B
CcD19*
Hdac7*/ pro-8 Hdac7"pro-8 ATAC-seq RNA-seq +/- /-
Whole genome . Hdac7fl- pro-B Hdac7"- pro-B
100 [P = " H3KIMeE3 s
£ 140
]
209
g 80 . 12 r&‘
O 60 g
208
“© 206  Hdac7 *-
0 TSS 1.0Kb e § /2 E u Hdac7 fI-
Hdac7 */~ pre-B Hdac7’”" pre- » ATAC-seq RNA-seq s 04
o Whole genome ~2% Hdac7fl- pre-B  Hdac7 - pre-B i
160 P =tean ’ H3K9me3
£ K —
T 120 0.6 °
2 100 203
- 0.4
8w e st
40 % L] 4/~
20 ®=Promoter mExons =3'UTR = 024 M Hdac7
o TS 10k =5UTR  Hintrons mDistal Intergenic -+ Whdacr ™"
.

00—
pro-B cells

Figure 1. HDACY7 deficiency results in global chromatin de-condensation and increase 5-hmC levels. (A) Experimental design for RNA-seq experiments,
showing the type of cells used. B cell progenitors (pro-B); B cell precursors (pre-B). (B) Cluster dendogram obtained from RNA-seq gene expression profiles
for each replicate and cell type. (C) Venn Diagram comparing up-regulated genes in Hdac7"/~ pro-B cells respect to control pro-B cells (left) and in Hdac7"/
pre-B cells respect to control pro-B cells (right). (D) Gene ontology (GO) enrichment analysis of up-regulated genes in HDAC?7 deficient pro-B and pre-B
cells respect to control pro-B cells. BP refers to Biological Processes and MF corresponds to Molecular Functions. (E) GSEA analysis comparing wild-type
pre-B and HDAC7-deficient pro-B and pre-B cells respect to wild-type pro-B cells in expression profiles related to condensed chromosome signatures. (F)
Chromatin accessibility assay in control and HDAC7-deficient B cells. Isolated nuclei from these cells were digested with 5 units of micrococcal nuclease
(MNase) for 0, 1, 2 or 5 min. Different nucleosomal fractions (mono, di and polynucleosomes) were separated by gel electrophoresis (upper panel).
Band density quantification from chromatin accessibility assay using ImageJ software. Results are expressed as the mean = SEM of three independent
experiments. **P < 0.01 by unpaired -test (left lower panel). qPCR showing protection of MNase-digested DNA after 5 min incubation in control or
HDACT7-deficient B cells (right lower panel). Data represent mean + SEM of three independent experiments per condition after normalization to Actb gene
expression. *P < 0.05 by unpaired T-test. (G) ATAC-seq coverage depth (per base pair per peak per 10 million mapped reads) of peaks located in the TSS
(=1 kb to +1 kb) in wild-type and HDAC7-deficient pro-B (upper panel) and pre-B cells (lower panel). (H) Genomic distribution of chromatin accessible
peaks in Hdac7"/~ and Hdac7"~ pro-B and pre-B cells determined by ATAC-seq experiments. (I) Venn Diagram comparing differentially enriched peaks
in ATAC-seq in Hdac7""/~ pro-B cells and up-regulated genes in RNA-seq in Hdac7"/~ pro-B cells (upper panel) and pre-B cells (lower panel) compared to
control cells. (J) H3K9me3 global levels decrease upon HDAC?7 deficiency, analyzed by Western blot representative assay (upper panel). Total H3 levels
were used as a control. Band quantification of the Western blot experiment was performed using ImageJ program. Results are expressed as the mean & SEM
of three independent experiments. ***P < 0.001 by unpaired z-test (lower panel). (K) ELISA assay showing global levels of DNA 5-hmC in pro-B cells
from wild-type and HDAC7-deficient mice. Each dot represents one animal (n = 4, test); the line represents the mean. Data is represented as mean + SEM
of four independent experiments. *P < 0.05, Mann-Whitney test.
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state (Figure 1D, lower panel). Gene set enrichment anal-
ysis (GSEA) showed that the gene signatures in HDAC7-
deficient pro-B or pre-B cells were associated to a deficiency
in chromosome condensation, suggesting a potential loss of
the heterochromatin state in the absence of HDAC7 (Figure
1E). This de-condensation was independent of the cell stage,
as there was no difference in these gene signatures between
control pro-B and pre-B cells, when separately analyzed
for each genotype (Figure 1E). These results indicate that
HDACT deficiency may result in chromatin decompaction.
Accordingly, HDAC7-deficient B cells presented increased
chromatin accessibility, as genomic DNA from these cells
was more sensitive to micrococcal nuclease (MNase) diges-
tion than that from control B cells (Figure 1F, upper and
lower left panels). These results were reinforced by qPCR
showing protection of MNase-digested DNA at 3-globin
site (Figure 1F, lower right panel). To definitively prove the
potential role of HDAC7 in maintaining proper chromatin
status in pro-B and pre-B cells, we performed transposase-
accessible chromatin assay coupled with next generation se-
quencing (ATAC-seq). We found that the global chromatin
accessibility intensity was higher in both HDAC7-deficient
pro-B and pre-B cells compared to control cells (Figure 1G).
Consistent with its role as a transcriptional repressor, we ob-
served ~13 000 more accessible peaks in HDAC7-deficient
pro-B cells. Next, we determined ATAC-seq differential re-
gions between HDAC7-deficient and wild-type pro-B (Fig-
ure 1H, upper panel) and pre-B cells (Figure 1H, lower
panel). We found that the genomic distribution of the acces-
sible sites differed significantly in the absence of HDACT.
In particular, we observed a reduction of peaks located at
promoters and, more notably in pro-B cells, a dramatic in-
crease of accessible peaks at distal intergenic regions (Figure
1H). To interrogate a potential functional link between the
altered chromatin landscape and transcriptional program-
ming in the absence of HDAC7, we integrated the data ob-
tained in ATAC-seq and RNA-seq experiments. We com-
pared the open chromatin regions in HDAC7-deficient pro-
B and pre-B cells versus upregulated genes in the absence
of HDAC?7 (Figure 11, upper panel). Half of the differen-
tially upregulated genes (209 genes) in pro-B cells also pre-
sented a more open chromatin state in HDAC7-deficient
cells, whereas 203 genes among the pre-B cells upregulated
genes set showed a more accessible chromatin (Figure 11,
lower panel). Additionally, and given that chromatin con-
densation is associated to heterochromatin state, we next
isolated CD19" B cells from HDAC7-deficient or wild-type
mice and assessed the levels of H3K9me3, a well-known epi-
genetic mark involved in the establishment of heterochro-
matin, genome stability, and cell identity maintenance (47).
We found that HDAC7-deficient B cells showed a significant
and dramatic decrease in H3K9me3 as compared to their
wild-type counterparts (Figure 1J). Increases in 5-hmC have
been associated with chromatin decompaction and, conse-
quently, with alterations in hematopoietic cell differentia-
tion and the maintenance of cell identity (48). Importantly,
5-hmC and H3K9me3 have an opposite genomic localiza-
tion pattern, with TET proteins recruited mostly to euchro-
matin regions (49,50). We next carried out ELISA assays
to determine the global 5-hmC levels; which revealed that
HDACY7 loss in pro-B cells led to a significant increase in

the global levels of 5-hmC (Figure 1K). Thus, altogether
our data indicated that HDAC7 controls chromatin com-
paction and DNA 5-hmC levels at early stages of B cell de-
velopment.

HDACT regulates TET2 expression in pro-B and pre-B cells

Our results suggested that an essential function of HDAC7
during early B cell development could be the regulation
of TET proteins expression, which are responsible for in-
corporating 5-hmC into DNA. Among the different fam-
ily members, TET2 appears to play crucial roles during
hematopoiesis and is highly expressed in myeloid cells (20—
22). Therefore, we hypothesized that HDAC7 may be re-
sponsible for tightly regulating and fine-tuning the physi-
ological levels of TET2 in pro-B and pre-B cells, thereby
ensuring proper cell differentiation and identity. We di-
rectly addressed our hypothesis firstly by analyzing whether
TET?2 is expressed at different levels in the lymphoid and
myeloid compartments within the hematopoietic system.
For this purpose, we examined transcriptomic data from
the Immunological Genome Project Database (Immgen)
(http://www.immgen.org/). Indeed, TET2 was expressed at
much higher levels in myeloid cells than in lymphoid popu-
lations (Figure 2A). Next, taking advantage of the ‘modules
and regulators’ interactive tool in the Immgen database, we
searched for putative positive and negative TET2 regula-
tors. This tool uses all expression data of hematopoietic
cell populations deposited by several groups and enables
the search for putative positive and negative regulators of
the gene of interest. Strikingly, HDAC7 appeared to be the
only negative regulator or transcriptional repressor control-
ling TET2 expression within the hematopoietic system (Fig-
ure 2B). Further analysis of data from Immgen database
to compare the expression pattern between HDAC7 and
TET enzymes coding genes in lymphoid and myeloid pop-
ulations revealed an inverse correlation with gene expres-
sion between HDAC7 and TET?2 (Figure 2C), indicating a
fully opposite expression pattern of both genes throughout
hematopoiesis. In contrast, TET1 had an expression pat-
tern similar to that of HDAC?7, while TET3 displayed uni-
form expression levels throughout all tested cell populations
(Supplementary Figure S2A and B). These data suggested
that HDAC7 was responsible for controlling TET2 levels
in lymphoid cells. We next examined data from RNA-seq
in Figure 1B-E, as well as from our published microar-
ray (26). We found that Tet2 was upregulated in HDAC7-
deficient pro-B and pre-B cells with respect to control pro-
B cells (Figure 2D and E) reaching similar levels to that of
macrophages (Supplementary Figure S2C), whereas the ex-
pression of the essential B cell genes £2a and Pax5 remained
unaltered (Supplementary Figure S2D and E). RT-qPCR
assays revealed that the absence of HDAC7 from pro-B and
pre-B cells did not alter the expression levels of the other
class ITa HDACs family members (HDAC4, 5 and 9) in-
dicating the specific requirement of HDAC7 during early
B cell development (Supplementary Figure S2F). Accord-
ing to mRNA levels, analysis of our ATAC-seq revealed a
more open chromatin at 7ez2 gene loci in HDAC7-deficient
pro-B cells and pre-B cells (Figure 2F). Western blot exper-
iments confirmed that the absence of HDAC7 from B cells
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corresponded with significantly increased TET2 protein lev-
els (Figure 2G). Therefore, different physiological levels of
TET2 protein may have an effect and specific function in
hematopoietic cell populations. Next, using a transdifferen-
tiation system developed by Graf laboratory (24), we found
that HDAC?7 exogenous expression blocked the upregula-
tion of 7ez2 during pre-B cells conversion into macrophages
(Figure 2H). Forced expression of HDAC?7 did not interfere
with the downregulation of Pax5 during cellular conversion
(Figure 2H), confirming that its expression is totally inde-
pendent of that of HDACT7. Together, these findings indi-
cated that HDAC7 may govern early B cell development in
the bone marrow through the control of the physiological
levels of TET?2.

Tet2 is a direct HDAC7 target gene in pro-B cells

We next performed chromatin immunoprecipitation (ChIP)
assays to test whether 7ez2 is a direct HDAC7 target gene
in B cells; we found that HDAC7 was recruited to the pro-
moter of the Tet2 gene, which contains MEF2 binding sites
in pro-B cells (Figure 3A, upper panel). This was consistent
with the previously demonstrated requirement of HDAC7
to interact with MEF2C to repress its target genes in pro-
B cells (26), and with Tez2 being a MEF2C direct target in
pro-B cells (6). We also demonstrated HDAC7 recruitment
at a previously described Tet2 enhancer (24) (Figure 3A,
lower panel). We previously reported by ChIP-seq experi-
ments that HDACY7 loss in pro-B cells causes an increase of
H3K9/K14ac at the promoter and enhancers of its target
genes (260). ChIP-seq data examination and ChIP-qPCR re-
vealed an increase of H3K9/K14ac at both promoter and
enhancer regions of Tez2 in the absence of HDAC7 from
pro-B cells (Figure 3B and C). As expected, the absence of
HDACT from pro-B cells had no effect on H3K9/K 14ac en-
richment at Pax5 gene (Supplementary Figure S3A). Next,
integration of ATAC-seq and H3K9/K14ac ChIP-seq data
from HDAC7-deficient pro-B cells revealed an overlapping
of 4487 enriched regions, remarkably including 7er2 (Sup-
plementary Figure S3B). To further gain insight into the
mechanisms altered by HDAC?7 deficiency, we performed
ChIP-seq of H3K27ac and H3K27me3 histone marks in
wild-type and HDAC7-deficient pro-B cells. The analysis
revealed an increased global intensity of the activating hi-
stone mark H3K27ac in the HDAC7-deficient pro-B cells
(Supplementary Figure S3C), as well as at both specific pro-
moter and enhancer regions of 7et2 gene (Figure 3D, E).
In addition, the absence of HDAC7 from pro-B cells re-
sulted in a decrease of global H3K27ac mark in promoter
regions and an increase in distal intergenic regions (Sup-
plementary Figure S3D). Increased number of H3K27ac
peaks in distal regions upon HDACT7 deficiency agrees with
previous results of more open chromatin regions under the
same conditions, reinforcing the repressive role of HDACT.
The integration of ATAC-seq and H3K27ac-seq data re-
vealed 3113 common peaks (representing ~40% of the en-
riched regions in both assays) in the absence of HDAC7,
in which Tet2 was also included (Supplementary Figure
S3E). In parallel, H3K27me3 ChIP-seq data unveiled simi-
lar coverage intensity between wild-type and HDAC?7 defi-
cient pro-B cells (Supplementary Figure S3F). The genomic

distribution of H3K27me3 remained also unaltered in the
absence of HDAC7 (Supplementary Figure S3G). In the
case of H3K27me3 enrichment in HDAC7-deficient pro-
B cells, we performed the integrative analysis comparing
with ATAC-seq data from wild-type cells and observed an
overlap of ~25% of enriched peaks (Supplementary Fig-
ure S3H). ChIP-qPCR demonstrated a significant decrease
of H3K27me3 at Tet2 gene loci in HDAC7-deficient pro-
B cells (Figure 3F, G). Finally, we aimed to determine if
the global decrease in H3K9me3 in the absence of HDAC7
shown in Figure 1J could be observed at the 7et2 gene
loci. Indeed, ChIP-qPCR showed that HDAC7 deficiency
in pro-B cells led to lower enrichment levels of the repres-
sive histone mark H3K9me3, at both the promoter and en-
hancer of 7er2 gene (Supplementary Figure S3I). Collec-
tively, our findings demonstrated that HDAC7 controls the
proper deposition of epigenetic marks and that 7ez2 is a di-
rect HDAC7-target gene in pro-B cells.

HDACT7 deficiency alters S-hmC at specific loci

We next performed a 5-hmC DNA immunoprecipita-
tion (hMeDIP) followed by next-generation sequencing
(hMeDIP-seq) in pro-B cells purified from Hdac7"~ mice
and their Hdac7*/~ control littermates. While the total fre-
quencies of 5-hmC peaks were similar, the global 5-hmC
coverage was higher in HDAC7-deficient pro-B cells than in
wild-type pro-B cells, in concordance with the results from
Figure 1K (Figure 4A and Supplementary Figure S4A). The
genomic distribution of the peaks did not differ significantly
between the two genotypes, with most peaks located in in-
tergenic and intronic regions as well as within LINE-1 ele-
ments (Figure 4B). Further, we found differential peaks in
5-hmC enrichment: HDAC7-deficient pro-B cells had an in-
crease of ~13 000, and a decrease in ~15 800, 5-hmC peaks,
as compared to wild-type B cells. Next, we performed an in-
tegrative analysis of the ATAC-seq and hMeDIP-seq data
obtained. In particular, we overlapped the genes present-
ing a more open chromatin with the genes associated with
higher 5-hmC enrichment in the HDAC7-deficient pro-B
cells. We found that around 40% of genes with a more acces-
sible chromatin harbored increased 5-hmC, indicating that
HDACT7 may regulate a proper DNA compaction to avoid
aberrant deposition of this epigenetic mark (Figure 4C).
Focusing on alterations in potential lineage-inappropriate
genes, we observed an increase in the enrichment of 5-
hmC at the Jun gene in HDAC7-deficient pro-B cells as
compared to wild-type cells, indicating that Jurn may be
aberrantly overexpressed in the absence of HDAC7 (Fig-
ure 4D). Indeed, RNA-seq data showed a higher expres-
sion of Jun in HDAC7-deficient pro-B and pre-B cells as
compared to wild-type pro-B cells (Figure 4D). This cor-
related with a more open chromatin of the Jun gene in the
absence of HDACY7 in both cell types (Figure 4D). Similar
results were observed for the Fosb gene (Supplementary Fig-
ure S4B). The results from hMeDIP-seq and RNA-seq were
confirmed by hMeDIP-qPCR and RT-qPCR experiments
(Figure 4E, F, and Supplementary Figure S4C). Upregu-
lation of additional lineage inappropriate genes, Cd69 and
Itgh2, in HDAC7-deficient pro-B and pre-B cells is shown
in Supplementary Figure S4D. Importantly, we found in-
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creased TET2 recruitment to the Jun gene loci identified in
the hMeDIP-seq analysis, as well as to further myeloid gene
promoters (Fosl2, Ahnak and Itgh2), in HDAC7-deficient
pro-B cells (Figure 4G and Supplementary Figure S4E).
To definitively prove the functionality of HDAC7-TET?2
axis, we performed rescue analysis (gain and loss of func-
tion) using three different experimental approaches. A
graphical scheme depicting the three experimental ap-
proaches is shown in Supplementary Figure S4F. First, we
transduced purified B cells from bone marrow of wild-type
and HDAC7-deficient mice with a retroviral vector for spe-
cific shRNA against 7ez2 (shTet2) and compared them to
counterpart cells transduced with control retroviral vector
(shCtrl). We found that knocking down 7ez2 prevented the
upregulation of Jun and Fosl2 in HDACT7 deficient B cells
(Figure 4H). Therefore, as a second approach, we took ad-
vantage of the HAFTL murine pre-B cell line engineered to
transdifferentiate into functional macrophages by addition
of B-estradiol (C11 cells) and previously reported in (29).

Similarly to the case of C10 cells, HDAC7 and TET2 be-
come downregulated and upregulated during cellular con-
version, respectively. C11 were transduced with shCtrl or
shTet2 retroviral vectors and sorted GFP-positive cells were
later induced to macrophage transdifferentiation by the ad-
dition of B-estradiol, in order to achieve double HDAC7
and TET?2 deficiency (Figure 41). RT-qPCR assays showed
that Jun and Fosl2 were upregulated after cellular con-
version, concomitant to HDAC7 downregulation. Impor-
tantly, 7et2 knockdown resulted in a significant block of
both inappropriate genes induction (Figure 41). And third,
we determined the expression of Jun and Fosl2 in C10 sam-
ples from Figure 2H similarly to the case of C11 cells, Jun
and Fosl2 were upregulated during the conversion of pre-
B cells into macrophages. Importantly, HDAC7 exogenous
expression blocked their increased expression (Figure 4J).
These data demonstrate that the HDAC7-TET?2 axis is in-
volved in the proper control of the expression of lineage in-
appropriate genes in B cells.
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Finally, we performed a motif enrichment analysis to de-
termine whether HDAC?7 deficiency produces an alteration
in chromatin positioning that could lead to changes in TF
occupancy. Although we found no differences associated
with HDAC?7, we did note enrichment of relevant TFs in
the hematopoietic system, such as PU.1 (Figure 4K), which
has been previously reported to interact with TET2 (51,52).
The occupancy of PU.1 under both conditions is consis-
tent with its relevance in both lymphoid and myeloid lin-
eages. Accordingly, we corroborated that TET2 interacts
with PU.1 in HDAC7-deficient B cells, as well as in wild-
type B cells. As expected, EZH2 (a known TET2 partner)
was also identified as an interactor (Figure 4L). Together,
our results demonstrate an essential role of HDACT in si-
lencing B cell-inappropriate genes by its regulation of TET2
expression and, consequently, of the DNA 5-hmC levels.

HDACT directs 5-hmC and expression of specific miRNA in
pro-B cells

Further examination of our hMeDIP-seq data revealed
that the coverage depth of 5-hmC peaks at miRNAs in
HDACT7-deficient pro-B cells was higher than in control
pro-B cells (Figure 5A). Additionally, integrative analy-
sis with our ATAC-seq obtained data demonstrated that
more than 50% of miRNA-related peaks that are enriched
in 5-hmC mark in the absence of HDAC?7, are also lo-
cated in open chromatin regions (Figure 5B). In fact, we
found that several miRNAs involved in leukemia and lym-
phoma, as well as in myeloid differentiation, such as miR-
125b and miR34a, were more enriched in 5-hmC and lo-
cated in more open chromatin regions in pro-B cells from
Hdac7"~ mice (53) (see an example of miR125b in Fig-
ure 5C). Using ChIP-qPCR, we found that TET2 recruit-
ment increased at both miR125b- and miR34a-associated
loci, which correlated to the enhanced 5-hmC enrichment
in HDAC7-deficient pro-B cells (Figure 5D). Additionally,
GSEA analysis of our RNA-seq data confirmed that gene
sets related to miR-34a and miR-125b functions were more
expressed upon HDAC?7 deficiency (Figure SE). To exam-
ine a potential connection between changes in 5-hmC and
chromatin condensation and HDAC7-mediated control of
miRNA expression, we performed a miRNA profiling using
a qPCR-based panel containing over 375 miRNAs (miR-
CURY LNA™ microRNA Array [Exiqon]) in wild-type
or HDAC7-deficient pro-B cells (Figure SF and Supple-
mentary Table S2). We found 25 miRNAs whose levels
of expression differed significantly between wild-type and
HDAC7-deficient pro-B cells, which correlated with dif-
ferential ShmC enrichment and chromatin state. miRNAs
that were up-regulated and ShmC-enriched under HDAC?7-
deficient conditions included miR-125b-5p, miR-126, miR-
29b, miR-34a and miR-99a (Figure 5F and Supplemen-
tary Figure S5A). On the contrary, B-cell related miRNAs
that were down-regulated upon HDACT7 deficiency, such as
miR-150a and miR-181a, also presented decreased ShmC
enrichment and more closed chromatin state (Figure SF and
Supplementary Figure S5B). The differential expression ob-
served in HDAC7-deficient pro-B cells of several miRNAs
involved in the hematopoietic system or related disorders
were validated by RT-qPCR (Figure 5G). Thus, aberrant
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microRNAs (such as miR-125b and miR-34a) were upreg-
ulated, while B cell-specific miRNAs (such as miR-28a,
miR 150, miR-142 and miR181a) were downregulated in
HDACT7-deficient pro-B cells. Finally, we tested whether
targets of these miRNAs are altered as a consequence of
HDACT deficiency. On one hand, we observed that protein
levels of MYB, target of miR-142 and miR-150, were in-
creased in Hdac7"~ cells (Figure SH). On the other hand,
we found decreased expression of PUMA and IRF4, both
targets of miR-125b, upon HDAC?7 deficiency (Figure 51).
Globally, our data indicate that, through the regulation of
Tet2, HDACT controls the expression levels of crucial miR-
NAs of the immune system.

HDACT7 regulates 5-hmC levels and expression of LINE-1 el-
ements

Our hMeDIP-seq approach also revealed that, according
to the average signal from all the peaks obtained, the sig-
nal intensity of 5-hmC peaks associated with LINE-1 ele-
ments in HDAC7-deficient pro-B cells was higher than in
their wild-type counterparts (Figure 6A). Gene ontology
analysis of genes located in regions associated to LINE-1
elements revealed that 5-hmC enriched genes in Hdac7"~
pro-B cells were more associated to gene activation and
cell proliferation, whereas down-regulated LINE-1-related
genes were involved in negative regulation of cell prolifer-
ation and cell differentiation (Figure 6B). In addition, we
found that specific LINE-1-related loci were more suscep-
tible to MNAse treatment in HDAC7-deficient B cells than
wild-type cells and, therefore, more predisposed for aber-
rant upregulation (Figure 6C). Accordingly, we found that
>50% of LINE-1 related peaks (associated 514 to genes)
with 5-hmC enrichment were located in more open chro-
matin regions (Figure 6D). Hence, HDAC7 depletion was
correlated with increased chromatin accessibility and en-
hanced or uncontrolled gene activation in LINE-1 associ-
ated loci (see examples in Figure 6E and Supplementary
Figure S6A). Aberrant expression of LINE-1 elements is as-
sociated with genome instability. Accordingly, GSEA anal-
ysis of our RNA-seq data showed that the gene signatures
in HDAC7-deficient pro-B or pre-B cells were associated
to impaired DNA repair mechanisms (Figure 6F), suggest-
ing a potential increase of genomic instability in the ab-
sence of HDACT7 that could correlate with LINE-1 aber-
rant expression. In fact, genes included in DNA repair gene-
set (form GSEA) that were down-regulated in HDAC7-
deficient pro-B cells were related to DNA damage response
and DNA repair abilities (Supplementary Figure S6B, C),
supporting the potential affection of DNA repair capacity
upon HDAC?7 deficiency. Regions with differential 5-hmC
peaks were validated by hMeDIP-qPCR assays, confirm-
ing that the absence of HDAC7 from pro-B cells resulted
in higher levels of 5-hmC in LINE-1 elements (Figure 6G).
Moreover, we observed a significant increase in the expres-
sion of LINE-1 transcripts from the most active families in
HDAC7-deficient pro-B cells (Figure 6H), reinforcing the
correlation between 5-hmC enrichment and gene activation.
Previously published data revealed that TET1 and TET2 are
recruited to the 5 UTR of young LINE-1 elements in em-
bryonic stem cells (54). We confirmed by ChIP-qPCR that

85



8484 Nucleic Acids Research, 2022, Vol. 50, No. 15

A , B
miRNA peaks
—Hdac7f*|‘//'
0.6 —Hdac7'" ATAC-seq (miRNA) 5hmC-seq (miRNA)
‘%_ 0.5 Hdac7™-pro-B 100 Hdac7-pro-B
Q
T 0.4
[}
g 031
$ o024
o
© 0.1 Cc miR-125b
o 4
T T T T T scale 200 bases | | mm10
-2000 -1000 0 1000 2000 chr16: 77,646300|  77,646350|  77,646400| 77,646450| 77,646,500| 77,646,550| 77,646600| 77,646,650
3 o 15_
Distance to center | dacT - pro-B
D i 2 wg -7
miR-125b = | Hdac7*- pro-B
7.0 * < o
6.0 T 250
g Hdac71l- pro-B
5 501 § P e R o
4.0 250
£ _E Hdac7*/- pro-B
'§ 3.0 4 T n o_ —_
= 2.0 miR125h E——
1.04 i oG
n
o 9 E
Hdac7 */- Hdac7 fI- TET2 miR-125b miR-34a
6.0 miR-34a ° NES:-1.323 NES:-1.331
S pvalue:0.001 pvalue:0.001
50 I g
40 €
£ £
& 301 §
R 20 S
T w
1.0 1
Hdac7 *- Hdac7 - Hdac7 *- Hdac7 -
Hdac7 *- Hdac7 fI/- pro-8 pro-B pro-8 pro-B
G
F Hdac? Hdac7 miR-125b-5p  miR-34a-5p miR-28a-5p
3.5
ADAAD c * 3.0 P
3333 S 30 25
7] .
N =N = 9 25
mmu-miR-99a-5p 5 50 2.0 -
mmu-miR-760-3p 3 15 1.5 .
mmu-miR-667-3p 2 10 10 04
mmu-miR-466d-3p s - .

f 0.5 0.2 v
mmu-miR-465¢-5p 2 0'2 = Hdac7
mmu-miR-34a-5p row max 0 uHdac7™
mmu-miR-337-3p ) ) ]
mmu-miR-2 9b5p miR-150-5p m|R-1t:2-3p miR-181a-5p

. B B
mmu-miR-214-3p 12 12 12
mmu-miR-196b-5p g 1 1 1
mmu-miR-126a-3p 20.8 0.8 0.8
mmu-miR-125b-5p s

. . 0.6 0.6
mmu-miR-125a-5p E 0.6
mmu-miR-503-5p 204 04 04
mmu-miR-150-5p 02 0.2 0.2
mmu-miR-141-3p row min LN 0 0

H cp19+ I cpio+ cp19+
- i +- fl/- +/- fl/- 2
g 7 g
mys [ S] £ PUMA |8 * IRF4 [S0s g
o - -3
P-actin [ S| 5 i Lamin B | s ]
x B-actin o
Relquant: 1 2.3 E E

Rel quant: 1 0.55

Rel quant: 1 0.41

Figure 5. HDAC?7 directs B cell-specific miRNA hydroxymethylation and expression patterns. (A) 5-hmC coverage depth (per base pair per peak per
10 million mapped reads) of ShmC peaks located in microRNAs (=2 kb to +2 kb) from control or HDAC7-deficient pro-B cells. (B) Venn diagram
comparing miR NA-related enriched peaks in ATAC-seq from Hdac7"/~ pro-B cells and miRNA-related peaks enriched in 5ShmC-seq (or hMeDIP-seq) in
Hdac7"'~ pro-B cells compared to control cells. (C) Example of 5-hmC and open chromatin enriched peaks at miR-125b from hMeDIP-seq and ATAC-seq
experiments. (D) ChIP-qPCR analysis of TET2 recruitment to hydroxymethylated miRNAs in HDAC7-deficient pro-B cells. (E) GSEA analysis showing
gene sets related to miR-34a and miR-125b functions, comparing HDAC7-deficient pro-B cells to control pro-B cells. miR-125B and miR-34a datasets
were retrieved from www.gsea-msigdb.org. (F) Heat map of the differential expression of miRNAs for two HDAC7-deficient vs. wild-type replicates. Only
miRNAs with a FC > 2 or FC < 0.5 2 from the miRCURY LNA™ Universal RT panel were selected. See also Supplementary Table S2. (G) RT-qPCR
analysis of selected microRNAs from the miRCURY LNA™ Universal RT panel in HDAC7-deficient and control pro-B cells. The levels of U6 RNA were
used for normalization. (H) Protein levels of miR-150 and miR-142 target MYB were assessed by western blot assays in control and HDAC7-deficient
CD19* cells. (I) Protein levels of miR-125b targets PUMA (left panel) and IRF4 (right panel) were assessed by western blot assays in control and HDAC7-
deficient CD19" cells. Using B-actin or Lamin-B as housekeepings, relative quantification of protein levels in G and H was performed with ImageJ software
and is indicated below each panel. Data in (G) is represented as mean &= SEM of n = 3. *P < 0.05, **P < 0.01, unpaired 7 test.

86



Nucleic Acids Research, 2022, Vol. 50, No. 15 8485

LINE-1_peaks GO Categories up-regulated genes GO Categories down-regulated genes
— Hdac7+- L1mdA
0.6 1 — Hdac7 - w po— o= — c
Posiive regulation of transcription from RNA pol R mombrane transport s 12 .

3
£ 057 Pasiive regulation of gene expression 2

o - . 3 Cell differentiation 2
8 04 Posiive regulation of cell proliferation ;- 0.8
% 03 Positive regulation of transcription lon transport < 06
g Z 04

§ 0.2 lon transport Negative regulation of cell proliferation s
3 Signal transduction 5 02

© 0.1 ; ]

0.1 Cell adhesion Cell adnesion g0 daer -
0+ 0 2 4 6 8 10 0 5 10 15 ™ Hdac7 -
T T T T pvalue (-log10) pvaule (-1og10)
-2000 -1000 0 1000 2000
Distance to center
E Scale 500 bases - -~ mm10
D chrio: | 44609200 44609300  44609,400| 44609500  44609,600|  44609,700| 44,609,800

200
Hdac7fl- pre-B
o_

ATAC -seq 200
Hdac7-pro-B Hdac7 - pro-Bi
0

, .

200_
Hdac7*" pro-B

8904 o

750 _

0_

514 750_
Hdac7%- pro-B(l

- .
Gm35154

ATAC-seq

5hmC-seq

o NES: -1.0923 4 NES: -0.9202

5hmC-seq (LINE-1) ] pvalue: 0.222 ] pvalue: 0.395
@ M
Hdac7f-pro-B € H
H £
£ 5
2 2
& &

Hdac7*- Hdac7*- Hdac7*~ Hdac7"-

pro-B pre-B pro-B pro-B pro-B pre-B

DNA repair associated genes

L1 (chr3) L1 (chr10)* 100 -1 ORF2P L1 ORF1p _L1 (chr10)*
2, 2 25 0.0 16 — 3.0 .
18 3 14 - 2
- 16 2 * 280 12 g 2° ! ¢
214 g ; 2 201 3
£12 15 56.0 1.0 £ g
5 1 3 0.8 S 151 T 2
2 08 1 24.0 0.6 = 10 ]
0.6 £ 04 K]
02 o8 220 0.2 051 shCtrl shCtrl shTet2  shCtrl shCtrl shef2
| 0.0- A Hdac7”  Hdac7™- Hdac7”  Hdac7™-
0 0 0.0 0.0 Hdac? - Hdac7"" jac jac dac dac
L1 (chr1) L1 (chr1) L1 Gf L1A Spi1 promoter
35 . 18, _x 20 x 16 T 25 i 7
16 s 14 7 S
o 14 215 12 o 20 85
525 A 5 g
2 12 £ 10 215 M
LE_ 20 1 1.0 0.8 % ® 3
S 15 0.8 o S 10 32
= 06 2 0.6 & St
0 0.4 305 0.4 05 %o
05 0.2 o 0.2 1 shCtrl_shCtrl _shTet2
0 0.0 0.0 0.0 " I - Hdac7*" Hdac7"
A Hdac7 Hdac7
Hdac7 ¥ = Hdac7 /- ® Hdac7* = Hoac7 Tl ulgG e
L1A
L10RFp L1ef L1A L10ORFp L1er . ¢ .
c 2 2 B Py o 3, —— 6
2 * = S5 5 5
815 T 15 2 2 4
g1 . is 8 2 4
g1 1 . ushctrl g15 3 3 nCloMSCY
s 0.5 0.5 1 nshTet2 21 2 2 =C10 7TWT
go. 05 . Eos 1 1
2 o 0 0 ) 0 0
Oh 72h Oh 72h Oh 72h Oh 48h Oh 48h oOh 48h

Figure 6. HDAC?7 regulates 5-hydroxymethylation levels of transposable LINE-1 elements. (A) 5-hmC coverage depth (per base pair per peak per 10
million mapped reads) of 5-hmC peaks located in LINE-1 elements (—2 kb to +2 kb) in wild-type or HDAC7-deficient pro-B cells. (B) Gene Ontology
(GO) enrichment analysis of genes associated to up-regulated (left panel) and down-regulated (right panel) regions in HDAC7-deficient pro-B cells respect
to control pro-B cells in hMeDIP-seq shown in (A). (C) RT-qPCR showing protection of MNase-digested DNA at the 5min time point in wild-type or
HDAC7-deficient B cells. (D) Venn diagram comparing enriched peaks associated genes in ATAC-seq from Hdac7"/~ pro-B cells and LINE-1 enriched
peaks associated genes in ShmC-seq (or hMeDIP-seq) in Hdac 7"/~ pro-B cells compared to control cells. (E) Example of 5-hmC and ATAC-seq enrichment
in young retrotransposon (L1) from peaks detected in hMeDIP-seq and ATAC-seq data. The peak location found common in the two omics analyses is
located in the orange-shaded rectangle. (F) GSEA analysis comparing wild-type pre-B or HDAC7-deficient pro-B and pre-B cells to wild-type pro-B cells
in expression profiles related to DNA repair signatures. DNA repair dataset was retrieved from www.gsea-msigdb.org. (G) hMeDIP-qPCR analysis of 5-
hmC enrichment at LINE-1 retrotransposable elements in wild-type or HDAC7-deficient pro-B cells. (H) RT-qPCR analysis of the expression of proteins
encoded by LINE-1 (ORFpl, ORFp2) and the most active L1 elements subfamilies (Gf, A) in wild-type or HDAC7-deficient pro-B cells. (I) ChIP-qPCR
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TET?2 was recruited to LINE-1 elements with enhanced 5-
hmC in HDAC7-deficient pro-B cells; TET2 recruitment to
the Spil promoter was used as a positive control (Figure
61). Finally, using samples from the gain and loss of func-
tion experimental approaches shown in Figure 4H-J, we
further demonstrated that HDAC7-mediated LINE-1 reg-
ulation depends on 7ez2 expression (Figure 6J-L). Overall,
our data indicated that HDAC7 plays a role in preserving
the chromatin state and genome integrity in B cells by re-
stricting the expression levels of TET2, which consequently
leads to the maintenance of physiological levels of 5-hmC
at retrotransposon elements.

DISCUSSION

Here we reveal an unprecedented HDAC7-mediated molec-
ular mechanism that preserves the correct chromatin
conformation, histone marks deposition and DNA 5-
hydroxymethylation state. Notably, this state is essential for
B cell identity and, consequently, for a correct gene ex-
pression pattern during early B cell development. HDAC7
deficiency resulted in a global chromatin de-compaction
that significantly increased its accessibility. This correlated
with a global increased of H3K27ac in the absence of
HDACT7 from pro-B cells. Chromatin organization is dy-
namically reshaped during B cell development, obtaining
unique populations at each differentiation stage (55); how-
ever, this process is highly controlled, and alterations in
chromatin state (such as that observed here in HDAC7-
deficient cells) can alter the transcriptional regulation and
gene expression patterns, which can drive malignant trans-
formation (56). In line with the increased chromatin ac-
cessibility, HDAC?7 deficiency also caused a significant de-
crease in H3K9me3, a hallmark of heterochromatin state,
which is involved in maintaining lineage stability and pre-
venting cell reprogramming (47,57,58). TET enzymes are
mainly recruited to open chromatin regions; therefore, eu-
chromatin (unlike heterochromatin) is enriched in 5-hmC
(49). HDACT deficiency results in a global decrease of het-
erochromatin regions and enhanced TET2 recruitment. It
has been reported that TET2 loss at stem cell stages pro-
duced an aberrant number of myelomonocytic cells and im-
pairment in the expression of macrophage markers such as
Mac-1 in myeloid cells (20,22). Within the B cell lineage,
TET2 conditional deficiency at pro-B cell stage does not
cause any phenotype during development and differentia-
tion. Only conditional deletion of both TET2 and TET3
lead to defective B cell development (52). Even though there
is no phenotype observed by TET2 deficiency in vivo, TET2
has been reported to play a critical role in mediating the hy-
droxymethylation of cytosine residues from myeloid genes
during pre-B cells conversion into macrophages (24,29).
Despite loss of TET2 and TET3 leads to aberrant lym-
phocyte development and related disorders (59,60), and
loss of TET2 enzymatic activity appears to mainly af-
fect myeolopoiesis (23,60), our results strongly suggest that
HDACY7 is a critical factor that preserves B cell identity
and correct DNA hydroxymethylation state via Tet2 gene
silencing.

Previous studies have established a close relationship
between transcription regulators and dynamic changes in

DNA methylation during B cell development and com-
mitment, specifically at the pro-B to pre-B cell transition
(14,59). Hematopoietic cells present low hydroxymethyla-
tion levels (~0.2%) compared to other cell types, such as
Purkinje cells or embryonic stem cells (~5%) (50,61). How-
ever, we observed a significant decrease of heterochromatin,
and an increase in 5-hmC, upon HDACT7 deficiency, leading
to several molecular and biological consequences. First, we
found a high percentage of 5-hmC peaks located in inter-
genic and distal promoter regions. These results may imply
that distal regulatory regions with enhancer features are de-
pendent on TET2-mediated DNA demethylation and may
correlate with the presence of additional mechanisms that
control DNA methylation status at promoter-associated re-
gions (62,63). Jun and Fos/2 were found among the myeloid
and T cell genes with increased 5-hmC levels in HDAC7-
deficient B cells. Fosl2 is a TET2-activated gene during the
transdifferentiation of pre-B cells to macrophages (24), and
Jun undergoes enhancer demethylation prior to B cell be-
ing reprogrammed into induced pluripotent stem cells (iP-
SCs) (64). The finding that lineage-inappropriate genes are
already marked with 5-hmC in B cell progenitors supports
the notion that they may be epigenetically poised in early
stages of development.

HDACT7 deficiency also led to differential 5-hmC levels
in some regions containing miRNAs. miRNAs are epige-
netic players that have crucial roles in multiple developmen-
tal processes, and their de-regulation is involved in many
biological disorders. Recent studies have demonstrated that
miRNAs have a role in normal and malignant B cell de-
velopment, by modulating the expression of key regulatory
genes (65-67). For instance, miR-34a is strongly expressed
in myeloid cells, and its constitutive expression in B cells
blocks the pro-B to pre-B cell transition (26,68); notably,
this is the biological effect that we observed upon HDAC7
deficiency. miR-150, which is down-regulated in pro-B cells
from Hdac7-null mice, is related to B cell development
and performs tumor-suppressor functions in leukemic cells.
miR-142 and miR-181 are highly expressed in a cell-specific
manner (69), such as in hematopoietic cells. Specifically,
B cell function is impaired in miR-142 deficiency condi-
tions (67), and miR181a regulates positively the B lym-
phocyte differentiation (70). Previous studies indicated that
miR-126 is downregulated in lymphoid cells, (71,72), which
is consistent with our results. Moreover, miR-29b is acti-
vated by C/EBPa and represses 7Ter2 expression, which con-
cords with C/EBPa and 7Tet2 up-regulation when HDAC7
is deficient (73). miR-34a is strongly expressed in myeloid
cells, and its constitutive expression in B cells blocks the
pro-B to pre-B cell transition (68). Finally, some mem-
bers of the miR-99 family, such as miR-99b, are abun-
dant in macrophages, neutrophils, and monocytes. Here,
we observed that another member of the family related to
leukemic stem cells, miR-99a, was upregulated in HDAC7-
deficient pro-B cells. Thus, our results demonstrate that
HDACT can also exert its gene repressive function during
early B cell development by regulating gene expression, pre-
sumably by interacting with its classical partner MEF2C,
which may be recruited to miRNA regulatory regions, as it
does at other specific miRNA regions in the skeletal muscle
(74).
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Figure 7. Visual representation summarizing the role of HDAC7-TET?2 axis in the regulation of proper gene silencing in early B cell development.

We have detected increased 5-hmC enrichment and a
more open chromatin state in some regions containing
LINE-1 transposable elements in HDAC7-deficient pro-
B cells. LINE-1 elements are the only active autonomous
retrotransposons in the mammalian genome and, conse-
quently, a potential disturber of chromatin stability (75).
In fact, LINE-1 transcripts from the A and Gf sub-
families, which present increased expression in HDAC7-
deficient pro-B cells, contain some members that still have
the full-length transcript, which maintains its retrotrans-
poson activity in the mouse genome (76). The fact that
increased 5-hmC is associated to TET2 recruitment sug-
gests that HDAC7 might be required to preserve chromatin
integrity by mediating the silenced status of LINE-1 ele-
ments. Of note, recent studies have shown that tight regula-
tion of TET?2 activity is essential for correct maintenance of
genome stability: TET2 deficiency produces defects in DNA
damage response, and its overexpression produces chromo-
some instability and aneuploidy due to a collapse in BER
activity (77,78). Thus, results from this paper suggest that
TET?2 aberrant expression by HDAC7-deficient B cells may
impair their capacity to repair DNA damage, which agree
with the observed higher cell death rates in these cells that
we reported in our previous published work (26).

Significant loss of H3K9me3 enrichment upon HDAC7
deficiency could also correlate with LINE-1 deregulated ex-
pression, since this heterochromatin mark is required to re-
press aberrant expression of retrotransposons in mammal

embryonic stem cells (79,80). However, given that DNA
methylation is the main source of LINE-1 repression in
more differentiated cells, we suggest that LINE-1 are si-
lenced due to DNA demethylation caused by TET2 upreg-
ulation; this would reinforce the effects of DNA methyla-
tion loss following TET2 up-regulation upon HDAC7 de-
ficiency. This result indicates that LINE-1 deregulation is
produced as a consequence of HDAC7 deficiency.

Our results represent a significant step forward in our
understanding of how B cells acquire their genetic iden-
tity, from three different perspectives. First, we identified
HDACT7 as a chromatin modulator that regulates the het-
erochromatin state and histone marks deposition in early B
cell development. Second, we demonstrated that HDAC7 is
the specific transcription repressor that controls TET2 ac-
tivity, which it achieves by fine-tuning its physiological ex-
pression levels in pro-B cells. This may represent the mech-
anistic explanation for the different TET2 expression lev-
els observed in myeloid and lymphoid cells. Third, our re-
sults reveal an unexpected role for HDAC7 in controlling
proper DNA 5-hydroxymethylation status and expression
of lineage- or functionally-inappropriate genes, microR-
NAs, and non-coding elements (such as LINE-1 elements)
in pro-B cells. We recently identified HDACT7 to be a novel
biomarker and prognostic factor in infants (<1-year-olds)
with pro-B acute lymphoblastic leukemia (pro-B-ALL) and
MLL-AF4 rearrangement (27). This subgroup of pediatric
patients presents an extremely adverse outcome, with sur-
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vival rate below 35%, and the loss of HDAC?7 is associated
with a worse prognosis. Therefore, the elucidation of the ex-
act molecular mechanisms that HDAC?7 exert during phys-
iological early B cell development will be crucial to under-
stand how their deregulation can result in B cell-associated
malignancies, with potential implications in the clinics.

Altogether, our findings lead us to a proposed model by
which HDAC?7 functions during early B cell development
are not restricted to controlling expression by direct recruit-
ment to its target genes. Rather, HDAC7 governs the ex-
pression of another crucial epigenetic regulator, TET2. The
identified HDAC7-TET?2 epigenetic axis is essential to pre-
serve proper 5-hmC and histone marks levels, chromatin
compaction, and expression of miRNAs and LINE-1 ele-
ments (Figure 7). We anticipate that our findings may open
new avenues to understanding the consequences of HDAC7
deregulation in altering the molecular mechanism found in
B cell-related malignancies, eventually leading to strategies
to develop therapies for these pathologies.
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Supplementary Figure Legends

Supplementary Figure 1. HDAC7 deficiency results in global chromatin de-
condensation and increase 5-hmC levels

(A) Flow cytometry plots showing the gating strategy to sort pro-B (IgM-, CD19*, B220-,
CD43") and pre-B cells (IgM-, CD19*, B220-, CD43") from the bone marrow of control and
Hdac7"- conditional mice. (B) Schematic representation of up-regulated and down-regulated
genes between different cell types and conditions of the RNA sequencing experiment in
Figures 1B-E. (C) Heat map showing most down-regulated genes in Hdac7" pro-B and pre-
B cells compared to control cells (left panel). Absolute expression of Igkv4-40, Igkv4-55 and
Igkv4-57-1 genes in HDACT7-deficient pro-B and pre-B cells versus control counterpart cells,
using data from RNA-seq (right panel). Quantification values shown are expressed in FPKM
values. (D) Gene ontology (GO) analysis of down-regulated genes in HDAC7 deficient pro-
B and pre-B cells versus control pro-B cells. (E) BP ontology analysis of up-regulated genes
in HDACT7-deficient pro-B and pre-B cells compared to control pro-B cells. (F) MF ontology
analysis of up-regulated genes in HDAC7-deficient pro-B and pre-B cells compared to
control pro-B cells. MF and BP correspond to Molecular Function and Biological Process,
respectively.

Supplementary Figure 2. HDAC7 controls DNA 5-hmC through Tet2 regulation in pro-
B and pre-B cells.

(A) Tet1 and Tet3 expression profiles in hematopoietic cells subsets. Data were obtained
from the Immunological Genome Project (Immgen) database. (B) Heat map showing the
expression of Hdac7, Tet1, Tet2 and Tet3 in different hematopoietic cell types. Data was
obtained from Immgen database using “My Gene set” tool. (C) Analysis by RT-qPCR of
Tet1, Tet2 and Tet3 mRNA levels in bone marrow from wild-type and HDAC7-deficient pro-
B cells and in Cd11b* cells. (D) RNA-seq signal profiles for Pax5 gene of HDAC7-deficient
pro-B and pre-B cells, and control pro-B cells. Orange shadow highlights Pax5 promoter
region. (E) Analysis by RT-qPCR of E2a and Pax5 genes in pro-B and pre-B cells from wild-
type and HDACT7-deficient mice. (F) As in (E), but for Hdac4, Hdac5 and Hdac9 genes. Data
from panels C, E and F are represented as mean of n=3 + SEM; unpaired t test were used
to determine significance (*p<0.05, **p<0.01).

Supplementary Figure 3. Tet2 is a direct HDAC7 target gene in pro-B and pre-B cells
(A) ATAC-seq signal profile of HDAC7-deficient and control pro-B cells over the transcription
factor Pax5 genomic sequence. (B) Venn Diagram comparing genes enriched in
H3K9/K14ac ChlP-seq epigenetic mark and genes detected as open regions by ATAC-seq
in Hdac7™"- pro-B cells compared to control pro-B cells. Tet2 is included among the subset
of overlapping genes. (C) Depth coverage of H3K27ac peaks signal in all regions from ChlP-
sequencing experiments in Figures 3D-E. (D) Genomic distribution of H3K27ac enriched
peaks in Hdac7*- and Hdac7"-pro-B cells determined by ChlP-seq experiments in Figures
3D-E. (E) Venn Diagram comparing genes enriched in H3K27ac epigenetic mark and genes
detected as open regions by ATAC-seq in Hdac7"- pro-B cells compared to control pro-B
cells. (F) Depth coverage of H3K27me3 peaks signal in all regions from ChlP-sequencing
experiments in Figures 3F-G. (G) As in (D), but with gene regions enriched for H3K27me3
epigenetic mark. (H) Venn Diagram comparing genes enriched in H3K27me3 epigenetic
mark from wild-type pro-B cells and genes detected as open regions by ATAC-seq in
Hdac7"- pro-B cells compared to control pro-B cells. (H) H3K27ac and H3K27me3 ChlP-
seq signal profile of HDAC7-deficient and control pro-B cells over the transcription factor
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Pax5 genomic sequence. (I) ChIP-gPCR data after immunoprecipitation with H3K9me3
antibody. Enrichment of Tet2 promoter (left panel) and Tet2 enhancer (right panel) regions
is quantified as % of input. Data is represented as mean + SEM of n = 3. *p < 0.05, unpaired
T-test.

Supplementary Figure 4. HDAC7 deficiency results in increased recruitment of TET2
and altered 5-hmC enrichment at B cell lineage inappropriate genes

(A) Depth coverage of 5-hmC peaks signal in intergenic and promoter (TSS) regions from
5-hmC-sequencing experiments in Figures 4A-C. (B) Genome browser snapshot of 5-hmC
peaks, ATAC-seq peaks and RNA-seq peaks at FosB promoter in wild-type pro-B and
HDACT7-deficient pro-B and pre-B cells. (C) Analysis by RT-gPCR of inappropriate lineages
genes FosL2 and FosB in wild-type pro-B cells and HDAC7-deficient pro-B and pre-B cells.
(D) RNA-seq signal profile of HDAC7-deficient pro-B and pre-B and control pro-B cells of
Iltgb2 and Cd69 genes. (E) Analysis of TET2 recruitment at other targets such as Fos/2,
Ahnak and Itgb2 genes by ChIP-gPCR, quantified as % of input. (F) Schematic
representation of the three experimental approaches used in gain and loss of function
experiments in  Figures 4H-J. Approach 1 uses primary pro-B cells
from Hdac7*- and Hdac7%- mice and approaches 2 and 3 use pre-B cell lines that
transdifferentiate into macrophages upon [(-estradiol treatment. Blue lines indicate the
effects caused by the inhibition of Tet2 expression through shTet2 retroviral infection or
HDACY7 induction by MSCV-7WT infection. TF=transcription factor. Data in panel (D) is
represented as mean £ SEM of n = 3. *p < 0.05, unpaired T-test.

Supplementary Figure 5. HDAC?7 directs B cell-specific miRNA hydroxymethylation
and expression patterns

(A) Example of 5-hmC and open chromatin peaks enriched at aberrant miRNAs such as
miR-29b and miR-99a from hMeDIP-seq and ATAC-seq experiments. (B) Example of 5-
hmC and open chromatin enriched peaks at B-cell related miRNAs such as miR-150 and
miR-181a from hMeDIP-seq and ATAC-seq experiments.

Supplementary Figure 6. HDAC7 regulates 5-hydroxymethylation levels of
transposable LINE-1 elements

(A) Example of 5-hmC and open chromatin peaks enriched at LINE-1 associated regions
from hMeDIP-seq and ATAC-seq experiments. (B) GO analysis of genes included in DNA
repair geneset (from GSEA) that are down-regulated in Hdac7" pro-B cells. (C) Table
showing genes lists included in clusters from GO analysis from panel (B).

Table S1. Primer sequences used for RT-gPCR and ChlIP qPCR experiments.

Table S2. Relative expression values of microRNAs showing differential expression profiles
in control and Hdac7"- pro-B cells.
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Supplementary Figure 2
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Supplementary figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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Table S1- primer sequences

Name Sequence Purpose Source

Tet1 RTgPCR Fw ACAAGCAGATGGCTCCAGTT Real time gPCR Kallin et al, Moll Cell 2012
Tet1 RTgPCR Rv GCAACAGGTGACACCAGAGA Real time gPCR Kallin et al, Moll Cell 2012
Tet2 RTqPCR Fw ATCCAAACCGAAGCTGAATG Real time gPCR Kallin et al, Moll Cell 2012
Tet2 RTgPCR Rv CTTGCCCTACCACCGTTTTA Real time gPCR Kallin et al, Moll Cell 2012
Tet3 RTqPCR Fw TCCGGATTGAGAAGGTCATC Real time gPCR Kallin et al, Moll Cell 2012
Tet3 RTgPCR Rv TCCTCCAGTGTGTGTCTTCG Real time gPCR Kallin et al, Moll Cell 2012
Pax5 RTgPCR Fw GCCTGGGAGTGAATTTTCTGGA Real time gPCR This paper

Pax5 RTgPCR Rv GGGCTGCAGGGCTGTAATAGTAT | Real time gPCR This paper

E2a RTgPCR Fw AGGAAATCGCATCAGTAGCC Real time gPCR This paper

E2a RTgPCR Rv AGGGACAGCACCTCATCTGT Real time gPCR This paper

Gapdh RTgPCR Fw ACATCTCACTCAAGATTGTCAGCA |Real time gPCR Dawlaty et al, Develop Cell 2014
Gapdh RTgPCR Rv ATGGCATGGACTGTGGTCAT Real time gPCR Dawlaty et al, Develop Cell 2014
FosL2 RTqPCR Fw TGGAGTGATCAAGACCATCG Real time gPCR Kallin et al, Moll Cell 2012
FosL2 RTgPCR Rv GTTTCTCTCCCTCCGGATTC Real time gPCR Kallin et al, Moll Cell 2012
Jun RTgPCR Fw ACGACCTTCTACGACGATGC Real time gPCR Kim et al, PNAS 2013

Jun RTgPCR Rv CCAGGTTCAAGGTCATGCTC Real time gPCR Kim et al, PNAS 2013

L1-ORFp1 RTGPCR Fw

ACTCAAAGCGAGGCAACACTAGA

Real time gPCR

de la Rica et al, Genome Biol 2016

L1-ORFp1 RTgPCR Rv

GTTCCAGATTTCTTTCCTAGGGTTTC

Real time gPCR

de la Rica et al, Genome Biol 2016

L1MdGf RTgPCR Fw TGGAATACAGAGTGCCAGCC Real time gPCR de la Rica et al, Genome Biol 2016
L1MdGf RTgPCR Rv GTGCTCTCACCAGGAAGGTG Real time gPCR de la Rica et al, Genome Biol 2016
L1MdA RTgPCR Fw TCTGGTGAGTGGAACACAGC Real time gPCR de la Rica et al, Genome Biol 2016
L1MdA RTgPCR Rv AGTCTCGAGTGGAGCGGAAG Real time gPCR de la Rica et al, Genome Biol 2016
miR-125b-5p Fw GCAGTCCCTGAGACCCT Real time GPCR | (oo //Sourcefor’ggﬁ’émfgjects mirorimer)
miR-125b-5p Rv CGAGTTTTTTTTTTTTTTTCACAAGT | Real time gPCR miRprimer software (same source)
miR-34a-5p Fw GCAGTGGCAGTGTCTTAG Real time gPCR miRprimer software (same source)
miR-34a-5p Rv GGTCCAGTTTTTTTTTTTTTTTACAAC | Real time gPCR miRprimer software (same source)
miR-28a Fw CAGAAGGAGCTCACAGTCT Real time gPCR miRprimer software (same source)
miR-28a Rv GGTCCAGTTTTTTTTTTTTTTTCTCA |Real time gPCR miRprimer software (same source)
miR-150-5p Fw CTCCCAACCCTTGTACCA Real time gPCR miRprimer software (same source)
miR-150-5p Rv GGTCCAGTTTTTTTTTTTTTTTCACT | Real time gPCR miRprimer software (same source)
miR-142-3p Fw CGAGTGTAGTGTTTCCT Real time gPCR miRprimer software (same source)
miR-142-3p Rv GGTCCAGTTTTTTTTTTTTTTTCCA | Real time gPCR miRprimer software (same source)
miR-181a-5p Fw CATTCAACGCTGTCGGT Real time gPCR miRprimer software (same source)
miR-181a-5p Rv GGTCCAGTTTTTTTTTTTTTTTACTCA | Real time gPCR miRprimer software (same source)
Hdac4 Fw GCCATCTGTGATGCTTCTGA Real time gPCR This paper

Hdac4 Rw ATTGGCATTGGGTCTCTGAT Real time gPCR This paper

Hdac5 Fw AGCCATGGGATTCTGCTTCT Real time gPCR This paper

Hdac5 Rw AGTCCACGATGAGGACCTTG Real time gPCR This paper

Hdac9 Fw CCCCTATGGGAGATGTTGAG Real time gPCR This paper

Hdac9 Rw CAATGCATCAAATCCAGCAG Real time gPCR This paper
Tet2-promoter ChIP Fw CAAGCTTGAGGTCTGGGAGAA ChIP-gPCR This paper
Tet2-promoter ChIP Rv CAGTCAGGCTGCTATCGAGT ChIP-gPCR This paper
Tet2-enhancer ChIP Fw CTGAGAGCATCTCCCAGGTC ChIP-gPCR This paper
Tet2-enhancer ChIP Rv GGAGTGAGGCAATACCAGGA ChIP-gPCR This paper
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Table S1- primer sequences

L1-chr10-ChIP Fw GTTGACCCCGTGTCAGTCTT ChIP-gPCR This paper
L1-chr10-ChIP Rv GGCGACCTCAACTGAATGAT ChIP-gPCR This paper

Spi1 promoter ChIP Fw | GTAGCGCAAGAGATTTATGCAAAC ChIP-gPCR This paper

Spi1 promoter ChIP Rv GCACAAGTTCCTGATTTTATCGAA ChIP-gPCR This paper
miR-125b-Tet2-ChIP Fw TTCCCAAGCTGTCCGTTTAC ChIP-gPCR This paper
miR-125b-Tet2-ChIP Rv TGGTGGTTTATGCCGAGAAT ChIP-gPCR This paper
miR-34a-Tet2-ChlP Fw AGCCTCTCCATCTTCCTGTG ChIP-gPCR This paper
miR-34a-Tet2-ChlP Rv CGTTGCTGACCTCTGACCTT ChIP-gPCR This paper

Jun ChIP Fw GAGGTTGGGGGCTACTTTTC ChIP-gPCR This paper

Jun ChIP Rv TGTCCTGCCCAGTGTTTGTA ChIP-gPCR This paper

ltgb2 ChIP Fw CTACAAGCCCCTCCCTCTCT ChIP-gPCR Kallin et al, Moll Cell 2012

ltgb2 ChIP Rv CCCAGGAGGAAGTTGAGTGA ChIP-gPCR Kallin et al, Moll Cell 2012

Jun 5hmC Fw AAAGTCTGCCGGCCAATAG hMeDIP-gPCR This paper

Jun 5hmC Rv GAACTTGACTGGTTGCGACA hMeDIP-gPCR This paper

Fosl2 5hmC Fw GGAGCTTGCAGAGCAGAAAC hMeDIP-gPCR Kallin et al, Moll Cell 2012

Fosl2 5hmC Rv CCTAACCAAGGCAGACAGGA hMeDIP-gPCR Kallin et al, Moll Cell 2012

L1 chr3 5hmC Fw TTGTGCTTTTTCTTGGGCTA hMeDIP-qgPCR This paper

L1 chr3 5hmC Rv AGTTTTCCCTCCCTCTGCTC hMeDIP-qPCR This paper

L1 chr10 5hmC Fw AAACCCACAGAATTGGAACG hMeDIP-qPCR This paper

L1 chr10 5hmC Rv CCTCGTCTTTTCCTTCACTTTG hMeDIP-gPCR This paper

L1 chr1 5hmC Fw AGCCTCCTTGATGTTCCTCTT hMeDIP-gPCR This paper

L1 chr1 5hmC Rv TGAGAGCACAAACACTAAGCAA hMeDIP-qPCR This paper

B-globin Fw AAGGTATGAGAATCCAGGCAG MNAse, gPCR | Vazquez et al, Nucleic Acids Res 2019
B-globin Rv GCCAAAACAATCACCAGCAC MNAse, gPCR | Vazquez et al, Nucleic Acids Res 2019
L1mdA Fw CAAACCCCTTCCACTCCACTCGAGC | MNAse, gPCR | Vazquez et al, Nucleic Acids Res 2019
L1mdA Rv CCTTTCGCCATCTGGTAATC MNAse, gPCR | Vazquez et al, Nucleic Acids Res 2019
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Table S2. Relative expression values of microRNAs showing differential expression

profiles in control and Hdac7"/'pro-B cells.
miRNA Name Wit1 Wit2 Ko1 Ko2 Mean Wt Mean Ko FC Log2FC
mmu-miR-141-3p | 0.03518 | 0.05 | 0.01914 0.02 0.04394 0.02011 2.18 113
mmu-miR-150-5p | 3.95758 | 6.91 1.27930 1.42 5.43628 1.34796 4.03 2.01
mmu-miR-503-5p | 3.14987 | 0.02 | 0.15820 0.00 1.58459 0.07981 19.85 4.31
mmu-miR-125p-5p | 0.00243 |  0.01 0.02324 0.06 0.00708 0.04114 0.22 218
mmu-mi125b-5pR- | 200776 | 900 | 0.05818 0.08 0.00505 0.07002 0.07 -3.79
mmu-miR-126a-3p | 0.01418 | 0.04 | 0.07275 0.17 0.02514 0.12053 0.21 2.26
mmu-miR-196b-5p | 0.00134 | 000 | 0.00777 0.02 0.00102 0.01587 0.06 -3.96
mmu-miR-214-3p | 0.00050 | 0.0 | 0.01465 0.00 0.00047 0.00868 0.05 4.20
mmu-miR-29b-5p | 0.31845 | 055 | 1.93672 163 0.43660 1.78306 0.24 -2.03
mmu-miR-337-3p | 0.00112 | 0.00 | 0.00075 0.03 0.00134 0.01552 0.09 -3.54
mmu-miR-34a-5p | 0.00643 | 002 | 0.33496 0.13 0.01142 0.23492 0.05 4.36
mmu-miR-465¢-5p | 0.00044 | 000 | 0.03096 0.07 0.00032 0.04874 0.01 6.77
mmu-miR-466d-3p | 0.01122 | 002 | 0.12842 0.35 0.01366 0.24153 0.07 -3.81
mmu-miR-667-3p | 0.00199 | 0.0 | 0.00598 0.01 0.00166 0.00769 0.22 -2.21
mmu-miR-760-3p | 0.00337 | 0.00 | 0.02158 0.02 0.00265 0.02143 0.12 -3.02
mmu-miR-99a-5p | 0.00645 | 0.0 | 0.04043 0.07 0.00417 0.05587 0.07 375
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“HDACY is a major contributor in the pathogenesis of infant t(4,11)
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of childhood cancer [1]. Current 5-year overall survival (OS)
rates for pediatric B-ALL approach ~90%. However, proB
ALL in infants (<l year of age) is associated with an
aggressive early clinical presentation, suboptimal response
to chemotherapy and unfavorable clinical outcome [2].
Importantly, chromosomal rearrangements involving the
mixed-lineage leukemia gene (KMT2A, also known as MLL)
account for ~80% of proB ALL diagnoses [3], and clinical
outcome of proB ALL infants with MLL rearrangements
(MLLr), especially with t(4;11) translocation, is particularly
dismal [4—6]. MLLx is an initiating oncogenic driver in proB
ALL, occurring prenatally during fetal hematopoiesis
[2, 7, 8]. This fact, coupled to a short latency, suggests that
MLLr might suffice for leukemogenesis. In support of this
hypothesis, genome-wide DNA sequencing of proB ALL
infants has revealed a sparse mutational landscape [6],
reinforcing the idea that MLLr proB ALL requires very few
cooperating mutations to lead to overt leukemia.

The fine-tuned generation of distinct hematopoietic cell
populations is of utmost relevance in leukemia research.
There is increasing evidence that lymphocyte-specific
transcription factors (TFs) not only induce B-cell-specific
genes, but also repress lineage-specific or functionally
inappropriate genes, ensuring the formation and identity of
B lymphocytes [9]. The aberrant expression of and/or
mutations in many of these TFs have been linked to the
onset of hematopoietic malignancies [10]. Additionally,
histone deacetylases (HDACs) have emerged as crucial
transcriptional repressors at diverse stages of immune cells
differentiation and, therefore, have been suggested as
potential therapeutic candidates for proB ALL [11]. How-
ever, our understanding of how individual HDACs con-
tribute to cancer is limited, partly because their contribution
is not restricted to an overexpression context. Toward
alleviating this, we have previously reported the role of
HDAC7, a class Ila HDAC, in early B lymphocyte
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development, where it silences lineage-inappropriate genes
at the proB lymphocyte stage [12]. Here, we report HDAC7
as an important contributor to the pathogenesis of t(4;11)
leukemia. It is strongly underexpressed in t(4;11) proB ALL
infants and its low expression correlates with a significantly
poorer clinical outcome. The identification of HDAC7 as a
clinical prognostic marker for t(4;11) leukemia opens new
therapeutic avenues in proB ALL.

We set out to assess whether HDAC7 expression was
altered across 42 proB ALL infants, grouped according to
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MLL status, into t(4;11) (n =27), t(9;11) (n=15), and MLL
germline (n = 10), all homogeneously treated according to
the interfant protocol [6]. RNA-seq-based expression of
HDAC?7 in proB ALL infants was compared with that of
healthy fetal liver B-cell progenitors (FL-BCP). RNA-seq
profiling showed a significantly different expression in
HDAC?7 between t(4;11) patients and the other subgroups
(Figs. 1A and S1). Overall, MLL germline patients pre-
sented with the highest HDAC?7 levels, whereas t(4;11)
patients presented with a dramatic underexpression of
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<« Fig. 1 HDAC7 exerts a leukemia suppressive phenotype in t(4;11)

proB ALL cells, and its absence associates with poor prognosis in
proB ALL infants. A HDAC?7 is underexpressed in proB ALL infants
harboring t(4;11) translocation. Boxplot from RNA-seq data for
HDAC7 and MME mRNA expression obtained from 27 t(4;11), 5 t
(9;11) and 10 MLL germline proB ALL infants. MME gene expression
was used as a control of proper differentiation of proB to preB cells.
Data are expressed in Fragments Per Kilobase of exon per Million
fragments mapped (FPKM). B HDAC?7 expression represents a clinical
prognostic factor in proB ALL. For the Kaplan—-Meier EFS (upper
panel) and OS (lower panel) plots, the outcome of 40 patients illu-
strated in (A) was analyzed. Patients were assigned to one of the three
groups according to the level of HDAC7 expression: HDAC7"E" (blue
line, with FPKM values above 4000), HDAC7™e™edia® (1o Jine,
FPKM values between 2600 and 4000), and HDAC7™" (green line,
FPKM values below 2600). The numbers of patients allocated to each
group is indicated. C Low expression of HDAC7 induces c-MYC
oncogene in t(4;11) proB ALL patients. Left panel: qRT-PCR levels of
HDAC7 and ¢-MYC in an independent cohort of 29 t(4;11) proB ALL
patients. Human FL-BCPs were used as a control. GAPDH and RPL38
were used as housekeeping genes. Right panel: t(4;11) proB ALL
patients with the lowest levels of HDAC7 (HDAC7'Y °%) display
higher expression of ¢-MYC. The patients in left panel, grouped as
HDAC7"°" and HDAC7"*" 'Y were used to analyze c-MYC expression
by qRT-PCR. GAPDH and RPL38 were used as housekeeping genes.
D Doxycycline-induced ectopic expression of HDAC7 impairs pro-
liferation and induces apoptosis in SEM-K2 cells. Left panel: pro-
liferation of SEM-TetOn-Tight-control and SEM-TetOn-Tight-
HDAC?7 cells treated with or without doxycycline was assessed at 24,
48, and 72h after seeding 0.5 million cells (n=4). Right panel:
apoptosis was assayed by Annexin V/DAPI staining (n =4) 96 h after
doxycycline treatment. Error bars indicate standard error (SE). Group
differences were investigated with the Mann—Whitney test; statistical
significance is indicated as: *p <0.05; **p<0.01; **¥p <0.001; or
n.s. non-significant.

HDAC?7, suggestive of HDAC?7 deficiency in t(4;11) leu-
kemia. The expression pattern of HDAC7 was associated to
that of the B lymphocyte differentiation gene MME
(Figs. 1A and S1), which was consistent with its role in
defining B-cell identity [12].

We next analyzed the clinical impact of HDAC7
expression in proB ALL patients, irrespective of MLL gene
status. Patients were divided by HDAC7 mRNA expression
level into HDAC7"¢", HDAC7™™%¢ or HDAC7"". The
5-year event-free survival (EFS (SE)) of HDAC 7high patients
was 90% (9.5), whereas both HDAC7™e™ediae ang HDA-
C7"°Y patients had a significantly poorer outcome, with a 5-
year EFS (SE) of 60% (15.5) and 45% (11.2), respectively
(p =0.04). A similar impact was observed on OS (Fig. 1B).
Taken together, these results indicate that a low HDAC7
expression marks t(4;11) proB ALL infants, associated to
poorer outcome.

To validate these findings, we analyzed HDAC7 mRNA
expression by qRT-PCR in a cohort of 29 t(4;11) proB ALL
cases [6]. In line with previous observations in B-ALL with
different immunophenotypes [13], HDAC7 was drastically
underexpressed in t(4;11) proB ALL, compared with heal-
thy FL-BCPs. Remarkably, the low levels of HDAC7 were

SPRINGER NATURE

in marked contrast to a higher expression of ¢-MYC onco-
gene (Fig. 1C, left panel). Given the overall low expression
of HDAC?7, patients were subdivided into HDAC7"" and
HDAC7"™ ™ groups, based on its median expression. As
expected, patients within the HDAC7"™ ¥ group tended to
express the highest levels of the oncogene c-MYC (Fig. 1C,
right panel). Mechanistically, ChIP-seq data showed that
both MLL-AF4 and MLL-Af4 fusion proteins (originated
from t(4;11) rearrangement) specifically bind to c-MYC but
not to HDAC7, in both SEM-K2 cells and MLL-Af4-
transduced CD34+ cells [14], respectively (Fig. S2A).
Accordingly, we also confirmed strongly decreased mRNA
and protein levels of HDAC?7 in proB ALL cell lines SEM-
K2 and RS4;11 (Fig. S2B, C). These data indicate that t
(4;11) proB ALL patients display low HDAC7 expression,
which associates with proB ALL clinical outcome.

The unfavorable impact of low HDAC?7 expression on
clinical outcome showed in Fig. 1B prompted us to inves-
tigate whether HDAC7 has any protective effects on proB
ALL. SEM-K2 and RS4;11 cells were transduced with a
double plasmid system that enables the expression of
HDAC?7 upon doxycycline treatment (generated cell lines
were named ‘“TetOn-Tight-control” or “TetOn-Tight-
HDAC7”). Increased mRNA and protein levels of
HDACT7 specifically upon doxycycline treatment function-
ally validated our system (Fig. S3A, B). We observed that
exogenous HDAC?7 expression severely compromised the
cell viability of both SEM-K2 and RS4;11 cells, as mea-
sured by MTT activity (Fig. S4A). Impaired viability was
associated with HDAC7-mediated significantly decreased
cell proliferation (Figs. 1D, left panel, and S4B) and
increased cell death (Figs. 1D, right panel, and S4C) in both
t(4;11) cell lines. Collectively, these data indicate that
HDAC?7 endows t(4;11) proB ALL cells with a leukemia-
suppressing phenotype.

We next performed bulk RNA-seq on untreated versus
doxycycline-treated SEM-TetOn-Tight-HDAC7 cells to
gain insight into the molecular mechanisms and biological
pathways affected in t(4;11) proB ALL cells upon exo-
genous expression of HDAC7. SEM-TetOn-Tight-control
cells (both untreated and doxycycline-treated) were also
subjected to RNA-seq, to discard the unspecific effect of
doxycycline on gene expression. Bioinformatic analysis
revealed 907 differentially expressed genes (DEGs) in
doxycycline-treated SEM-TetOn-Tight-HDAC7 cells. Of
these, 653 (72%) genes were upregulated and 254 (28%)
were downregulated after HDAC7 overexpression
(Figs. 2A, left panel, and S5A). Gene ontology (GO) ana-
lysis of the upregulated DEGs revealed significant enrich-
ment in signal transduction, cell adhesion, and immune-
inflammatory pathways upon overexpression of HDAC?7.
Although fewer genes were downregulated after HDAC7
induction, GO analysis revealed that key hallmarks of
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cancer such as cell proliferation, migration and apoptosis
evasion were enriched in this set of genes (Fig. S5B). The
altered expression of upregulated (CD86 and LRPI) and
downregulated (VEGFA and CCLS5) genes was confirmed
by gqRT-PCR, given their importance in key processes such

[l t(4:11) proB ALL HDACT low

ATF5
[l t(4:11) proB ALL HDAC7very low

ASNS

as B lymphocyte differentiation or regulation of apoptosis
(Fig. 2A, right panel, and Table S1).

In order to gain further insight into the molecular con-
tribution of HDAC7 in t(4;11) proB ALL, we next inves-
tigated whether HDAC7 expression shifts the transcriptomic
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« Fig. 2 Enforced overexpression of HDAC7 partially reverts the

expression pattern of genes affected by t(4;11) translocation in
proB ALL. A A total of 907 genes were detected as differentially
expressed in SEM-K2 cells upon overexpression of HDAC7. Left
panel: heatmap of the 907 DEGs identified by comparing bulk RNA-
seq data from three sets of untreated vs doxycycline-treated SEM-
TetOn-Tight-HDACT7 cells, after discarding DEGs coincident with
untreated vs doxycycline-treated SEM-TetOn-Tight-control cells
dataset. Z-scores are represented from —2 to 2. Right panel: qRT-PCR
validation for the DEGs CD86, LRPI, CCL5, and VEGFA in untreated
vs doxycycline-treated SEM-TetOn-Tight-HDAC?7 cells. The average
levels of expression of GAPDH and RPL38 was used as reference. B
HDACT7 expression partially restores the transcriptome of healthy
BCPs in SEM-K2 cells. Left panel: boxplot depicting the Spearman
correlation values between the transcriptomic profile of SEM-K2 cells
and primary samples from t(4;11) proB ALL or healthy FL-BCPs
examined in Agraz-Doblas et al. [6]. Condition at x-axis refers to
SEM-K2 status (untreated or treated with doxycycline), whereas
legend colors refer to the comparison of SEM-K2 samples with t(4;11)
proB ALL samples (pink) or healthy FL-BCPs (gray). Right panel:
HDACT reverts the expression pattern of a significant number of genes
affected by t(4;11) translocation in proB ALL. Venn diagram shows
the number of coincident genes between DEGs in (A) and DEGs
between t(4;11) proB ALL patients and healthy FL-BCPs published in
Agraz-Doblas et al. [6]. C Regulation of apoptosis is affected by
HDACT7 overexpression in SEM-K2 cells. As in (A) (right panel), but
for mRNA levels of TERT, ATF5, ASNS, NDRGI, ANXAI and
DAPK2. D t(4;11) proB ALL patients with the lowest levels of
HDAC7 (HDAC7*™°%) display higher expression of ASNS, a che-
moresistance marker in proB ALL. The patients in Fig. 1C (right
panel) were used to analyze ASNS expression by qRT-PCR. GAPDH
and RPL38 were used as housekeeping genes. Error bars represent SE.
Statistical significance is indicated as: *p <0.05; **p <0.01; ***p <
0.001; or n.s. non-significant.

profile of SEM-K2 cells closer to that of healthy FL-BCPs.
For this purpose, we used RNA-seq data generated from t
(4;11) infants (Fig. 1A, B) and from healthy BCPs [6]. After
assigning a Spearman correlation value to each single
comparison between SEM-K2 (either basal or doxycycline-
treated) and primary human (BCPs or t(4;11) proB ALL)
samples (Fig. S6), we found that the transcriptomic profile
of HDAC7-expressing cells (i.e., doxycycline-treated) was
significantly more similar to that of BCPs than to that of t
(4;11) proB ALL samples, whereas there were no differ-
ences in the same comparison within doxycycline-untreated
cells (Fig. 2B, left panel). When comparing the complete
list of DEGs shown in Fig. 2A with the DEGs between t
(4;11) proB ALL and healthy BCPs [6], we found a total of
242 coincident genes. Remarkably, 17.4% of genes acti-
vated by HDAC7 in SEM-K2 cells (114 out of 653) over-
lapped with genes repressed in t(4;11) proB ALL infants,
while 17.3% of genes repressed by HDAC7 (44 out of 254)
overlapped with those activated in t(4;11) proB ALL
patients, suggesting that HDAC7 reverses the expression
pattern of a set of 158 genes (65% from the total 242
coincident genes) affected by t(4;11) translocation in proB
ALL (Figs. 2B, right panel, and S7A). GO analysis of this
set of 158 genes revealed several altered pathways,
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including those regulating apoptotic processes (Fig. S7B),
according to data in Fig. 1D. Six genes from this over-
lapping set, involved in apoptotic mechanisms, were vali-
dated in vitro in SEM-K2 cells. As expected, the
proapoptotic genes ANXAI, NDRGI, and DAPK2 were
activated upon HDAC?7 overexpression, while antiapoptotic
markers such as ATF5, TERT, and ASNS were repressed by
HDACT7 (Fig. 2C and Table S1).

ASNS is a marker of chemoresistance associated with
worse prognosis in childhood ALL [15, 16]. Therefore, the
effect of HDAC7 on ASNS suggests that the poor survival
associated with the low expression of HDAC7 might be
linked with that of ASNS enzyme. The HDAC7-mediated
repression of ASNS was confirmed in our cohort of t(4;11)
proB ALL samples used in Fig. 1C. Remarkably, patients
within the HDAC7'™ % group tended to express the
highest levels of ASNS (Fig. 2D), indicating an association
between HDAC?7 expression and chemotherapy response.

Overall, our findings highlight the role of HDAC7 as a
prognostic determinant in proB ALL. HDACT7 plays a role
in the pathogenesis of t(4;11) proB ALL by exerting a
leukemia-suppressing phenotype; it is strongly repressed in
t(4;11) leukemia infants and its low expression is associated
with a significantly poorer clinical outcome. The elucidation
of the mechanisms responsible for HDAC7 repression in t
(4;11) leukemia may open new therapeutic avenues in proB
ALL with MLL gene rearrangement. For instance, future
works aiming to enhance HDAC7, by modulating onco-
genic drivers or specific external signaling that block
HDACT7 expression, may be highly valuable in terms of
improving prognosis of infant t(4;11) leukemia.
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SUPPLEMENTARY MATERIALS AND METHODS

Human samples, RNA expression and survival-associated data

RNA samples from proB ALL infants (n=42) and healthy B-cell progenitors (BCPs, n=6) as well as
survival-associated data were obtained through collaboration with the INTERFANT treatment
protocol consortium'. RNAseq expression data were obtained from publicly available datasets
published in Agraz-Doblas et al.> The expression of HDAC?7 in proB ALL patients was calculated
taking that of healthy fetal liver B-cell progenitors (FL-BCP) as reference. For outcome analysis,
two patients were excluded due to inconsistent data in diagnosis criteria. The remaining 40 patients
were allocated in the corresponding HDAC7"E" or HDAC7"°Y (n=20) groups according to their
median HDAC7 mRNA expression. Given that HDAC7"#" group contained higher variability in
terms of HDAC?7 expression, this group was split in HDAC7"&" (n=10) and HDAC7mermediate (n—1()
subgroups. Therefore, outcome analysis was performed for three separate groups, with the
following expression cutoff values: HDAC7"&" patients, above 4000 Fragments Per Kilobase of
exon per Million fragments mapped (FPKM); HDAC7™emediate patients, between 2600 and 4000
FPKM; HDAC7" patients, below 2600 FPKM. The project was IRB-approved by the IJC Ethics
Committee. All samples were obtained upon informed consent and were stored in accredited

biobanks linked to Interfant.
Cell cultures

Human SEM-K2 and RS4;11 and murine HAFTL cell lines were grown and maintained in regular
cell culture conditions (RPMI 1640 medium + 10% fetal bovine serum), whereas HEK 293T cells
and their derivative Platinum-A cells were maintained in DMEM medium, also with 10% fetal
bovine serum. Blasticidin was added at 10 pg/mL for Platinum-A culture. Once they had been
selected, SEM-TetOn-Tight-control, SEM-TetOn-Tight-HDAC7, RS4;11-TetOn-Tight-control and

RS4;11-TetOn-Tight-HDAC7 were cultured in RPMI 1640 complete medium and selection with
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G418 (1.5 mg/mL) and puromycin (0.4 pg/mL) was maintained. Where indicated, cells were treated

with 1 pg/mL doxycycline for 24, 48, 72 or 96 h.
Retroviral supernatant production and generation of stable inducible cell lines

pRetro-X-Tight-Pur-HDAC7 construct was generated from pRetro-X-Tight-Pur-control as
described previously’. Platinum-A cells containing retrovirus packaging vectors were used to
produce retroviral supernatant. Briefly, pRetro-X-Tet-On-Advanced (Tanaka Bio), pRetro-X-Tight-
Pur-control and pRetro-X-Tight-HDAC7 were transfected into these cells using polyethyleneimine
(PEI) transfection reagent, and the supernatant was collected 48 h after transfection. Inducible
SEM-K2 and RS4;11 cell lines were generated after two consecutive infections. First, cells were
infected with supernatant containing pRetro-X-Tet-On-Advanced viral particles and selected with
geneticin (G418, Sigma-Aldrich) at 1.5 mg/mL for 3-4 weeks. After completing this selection, cells
were subsequently infected with supernatant containing either pRetro-X-Tight-control or pRetro-X-

Tight-HDAC?7 viral particles and selected with puromycin at 0.4 pg/mL for 1-2 weeks.

MTT and cell proliferation assays

For MTT assays, 5 x 10* cells were seeded in 12-well plates, in triplicate for each condition tested.
At the indicated times (24, 48 and 72 h), MTT reagent was added at a final concentration of 5
mg/mL. Cells were incubated for 3 h under regular conditions and, afterwards, the resulting
formazan blue product was solubilized in DMSO. Absorbance was measured as the difference
between absorbance at 570 nm and background absorbance measured at 750 nm. Data are presented
as the average of at least three independent experiments, each one of them performed in triplicate.
For cell proliferation assays, 5 x 10° cells were seeded in 6-well plates and the living cells were
assessed by counting after 24, 48 and 72 h. Data are presented as average of at least four

independent experiments.
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Apoptosis and cell death evaluation

Established cell lines derived from SEM-K2 and RS4;11 cell lines were cultured in 75 cm? flasks
for 96 h, starting from 5 x 10° cells, either untreated or treated with doxycycline. At the indicated
time, 1 x 10° cells were collected, stained with Annexin V-PE (MACS, Milteny Biotech) and DAPI
for 15 min in the dark, and analyzed by flow cytometry (FACS Canto, Beckton-Dickinson, IGTP
Research Centre flow cytometry facility). Summary results of cells in early apoptosis (Annexin V-
positive cells) and in late apoptosis or necrosis (Annexin V and DAPI-double positive cells) are

shown. Data are represented as the average of at least four independent assays.

RNA extraction and RT-qPCR expression analysis

Total RNA from SEM-K2 and RS4;11 cell lines samples was extracted using Trizol (Life
Technologies, Thermo Fisher), following the manufacturer’s instructions. After being quantified, 1-
2 pg of RNA were retrotranscribed with random hexamers using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Thermo Fisher). mRNA levels were determined by qRT-
PCR using Light Cycler 480 SYBR Green Master Mix (Roche) either in a Light Cycler 480 II
(Roche) or in a QuantStudio 7 Flex Real-Time PCR (Applied Biosystems) apparatus. Results were
analyzed using LightCycler 480 software (Roche), taking GAPDH and RPL38 as housekeeping
genes. Genes selected for validation by qRT-PCR were based on previously reported data*!?.

Primers used for gene expression analysis are listed in Supplementary Table S1. All primer pairs

were designed with Primer3® software.
Protein extraction and western blot

For protein extraction, cells were washed with ice-cold PBS and resuspended in RIPA lysis buffer
(150 mM NaCl, 50 mM Tris—HCI pH 8.0, 1% NP40, 0.1% SDS, 0.5% sodium deoxycholate)
containing Complete Mini EDTA-free protease inhibitors cocktail (Roche), PMSF and DTT.

Lysates were sonicated in a UP50H ultrasonic processor (Hielscher), clarified by maximum speed
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centrifugation and quantified with Bradford reagent (Bio-Rad). Protein lysates were boiled and
loaded onto 10% polyacrylamide gels and transferred to 0.2-um nitrocellulose membranes
(Amersham Protran, GE Healthcare Lifescience). After blocking with 5% non-fat milk, membranes
were blotted with antibodies against HDAC7 (clone H-273, Santa Cruz Biotechnologies; 1:500) and
B-actin (clone AC-15, Sigma-Aldrich, 1:2000) overnight at 4°C. After washing with TBS-Tween,
membranes were incubated with HRP-conjugated secondary antibodies (anti-mouse HRP and anti-
rabbit HRP; 1:3000) for 1-2 h at r.t. The reaction was developed with the ECL Western Blotting
Analysis System (Amersham). Images shown are representative of at least three independent

experiments.
RNA sequencing

Total RNA was extracted from SEM-Tet-On-Tight-control and SEM-Tet-On-Tight-HDAC7 cell
lines with RNeasy Mini Column kit (Qiagen), either untreated or after 48 h of doxycycline
treatment. After checking that HDAC7 had been correctly induced, samples were quantified and
subjected to quality control using a Bioanalyzer apparatus (Faculty of Medicine, University of
Barcelona). Samples were processed at the Centre Nacional d’Analisi Genomica (CNAG,
Barcelona). Briefly, after preparing human stranded total RNA libraries, they were sequenced in
paired-end mode with a read length of 75 bp. 20 million paired-end reads were generated for each
sample. Quality control of the samples was performed with the FASTQC tool (available at

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Data is publicly available in GEO

repository (GSE151793).
RNA sequencing analysis and bioinformatic analysis

Sequenced reads were mapped to the Genome Reference Consortium Human Build 37 (GRCh37),
using an alignment procedure consisting of two steps. In the first round, reads were mapped with
hisat2'4, using default parameters. In the second round, the unmapped reads were mapped with

bowtie2! using the --local and --very-sensitive parameters. The resulting bam files were analyzed
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with the Bioconductor package metaseqR'®, as described in Nikolaou et al.!” without the exon
filters. The resulting gene counts table was subjected to differential expression analysis for the
contrasts: SEM-TetOn-Tight-control + doxycycline vs untreated and SEM-TetOn-Tight-HDAC7 +
doxycycline vs untreated, using the DESeq algorithm. Genes with DESeq p-value less than 0.05 and
fold change (for each contrast) greater than 0.58 or less than -0.58 in log2 scale, corresponding to
1.5 times up and down, respectively, on a natural scale, were considered differentially expressed. In
order to remove the potential unspecific effect of doxycycline, the list of Differentially Expressed
Genes (DEGs) in SEM-TetOn-Tight-control + doxycycline condition (compared to untreated cells)
was compared to that of DEGs in SEM-TetOn-Tight-HDAC7 + doxycycline condition, and
coincident genes were removed. Protein coding differentially expressed genes were used for
pathway enrichment analysis with GO and KEGG analysis with the web-available tool Genecodis.
Original RNA sequencing data from t(4;11) proB ALL patients and healthy B cell progenitors® were
used to assess the degree of similarity with our own sequencing data from SEM-K2 cells samples
(basal and after doxycycline treatment). Mitochondrial genes and genes with < 10% variance were
removed. After calculating the principal components (PCs) of the samples, the optimal number of
six PCs, as selected by Horn’s parallel analysis'®, available in using PCAtools (version 1.1.10),
were retained. Pairwise Pearson correlation coefficients between all samples were calculated.
Values were plotted as a heatmap, assigning the colors blue and red to the negative and red positive
values, respectively. These values were grouped to generate a box plot and to facilitate statistical

analysis.
ChIP sequencing analysis

ChIP sequencing tracks were obtained from publicly available GEO datasets. GSE84116 was used
to analyze MLL-Af4-transduced CD34+ murine cells!®, while GSE74812 was used for the analysis

of N-terminal MLL and C-terminal AF4 immunoprecipitations in SEM-K2 human cells®°.
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Statistical analysis

The data presented were analyzed using Prism software (GraphPad Software). Statistical
significance was assessed with non-parametric Mann—Whitney U-tests. All histograms represent
average values with corresponding SEs. Where indicated, relevant comparisons are labelled as
either significant at the p < 0.001 (***), p < 0.01 (**) or p < 0.05 (*) levels, or as non-significant
(n.s.) for values of p > 0.05. Event-free survival (EFS) was defined as time from diagnosis to first
event, i.e. resistance, relapse, death from any cause, or second malignant neoplasm. Overall survival
(OS) was defined as time from diagnosis to death from any cause. Observation periods were
censored at time of last contact when no events were reported. EFS was estimated according to
Kaplan-Meier (with Greenwood standard error) and compared with the log-rank test. Analysis were

performed with SAS 9.4.
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SUPPLEMENTARY TABLE S1

DNA oligos used for quantitative real-time PCR

Human

Amplicon size

Forward 5> — 3’ Reverse 5° - 3’

gene (bp)
RPL38 TGGGTGAGAAAGGTCCTGGTCCG CGTCGGGCTGTGAGCAGGAA 100
GAPDH TCTTCTTTTGCGTCGCCAG AGCCCCAGCCTTCTCCA 171
HDAC7 CACAGCGGATGTTTGTGATG TCACGAGAAGCCACTTTGAA 142
CD86 ACAAAAAGCCCACAGGAATG TTAGGTTCTGGGTAACCGTGT 160
LRPI GCTTTCAGCTTCAGGCAGAT CCTTGCAGGAGCGGTTATC 156
CCL5 TACACCAGTGGCAAGTGCTC TGTACTCCCGAACCCATTTC 129
VEGFA CGCAAGAAATCCCGGTATAA GCGAGTCTGTGTTTTTGCAG 172
TERT ACTGGCTGATGAGTGTGTACGTCGT | ACCCTCTTCAAGTGCTGTCTGATT 151
ATFS5 TCCCACCTTCTTTCTTCAGC ACTGATGGCAACAGGAGAGG 153
ASNS AGCGTGGTGATCTTCTCTGG TCCCTCAGAAGCCTCTCACT 116
ANXAI TAAGGGTGACCGATCTGAGG ACGTCTGTCCCCTTTCTCCT 102
NDRG1 ACAACCCTGAGATGGTGGAG AGCTTGGGTCCATCCTGAG 144
DAPK2 ACAATGTCATCACGCTGCAC CCTTCTGGGCCAGGAAAT 105
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SUPPLEMENTARY FIGURE LEGENDS

SUPPLEMENTARY FIGURE S1 - HDAC?7 expression is downregulated in t(4;11) proB ALL

patients compared to alternative MLL gene status.

Heatmap representation showing that HDAC?7 is underexpressed in proB ALL infants harboring
t(4;11) translocation. RNAseq data for HDAC7 and MME mRNA expression was obtained from 27
t(4;11) (labeled as MA4 X), 5 t(9;11) (labeled as MA9 X) and 10 MLL germline (labeled as
MLLwt X) proB ALL infants. MME gene expression was used as a control of proper

differentiation of proB to preB cells.

SUPPLEMENTARY FIGURE S2 — HDAC?7 is not transcriptionally activated by MLL-AF4

fusion protein in t(4;11) proB ALL cells

(A) MLL-AF4 binds to MYC but not to HDAC?7, in both SEM cells and MLL-Af4-transduced
CD34+ cells. ChIP sequencing data for HDAC7 (upper panel) and MYC (lower panel) genes in
SEM-K2 cells and MLL-Af4-transduced CD34+ murine cells. Binding peaks are shown for FLAG-
MLL-Af4 transduced CD34+ cells, after immunoprecipitation with FLAG antibody (in red); and for
SEM-K2 cells, after immunoprecipitation with antibodies against N-terminal region of MLL (in
blue) and C-terminal region of AF4 (in green). (B) HDAC?7 is underexpressed in human proB ALL
cell lines harboring the MLL-AF4 rearrangement. Protein levels of HDAC7 in human SEM-K2 and
RS4;11 and murine HAFTL cell lines. B-actin was used as a loading control. (C) mRNA expression
of HDAC?7 in human t(4;11) proB ALL cell lines (SEM-K2 and RS4;11) and fetal cord blood
CD19+ CD34+, analyzed by qRT-PCR. The average level of expression of GAPDH and RPL38

was used as housekeeping.
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SUPPLEMENTARY FIGURE S3 - HDAC7 is induced by doxycycline in SEM-K2 and

RS4;11 cells infected with TetOn-Tight double plasmid system

(A) Lysates of SEM-TetOn-Tight-control and SEM-TetOn-Tight-HDAC?7 (left panel) and RS4;11-
TetOn-Tight-control and RS4;11-TetOn-Tight-HDAC?7 (right panel) assessed by western blot for
HDACT7 and B-actin, as a loading control. Where indicated, cells were treated with 1 pg/mL of
doxycycline for 72 h. (B) mRNA levels of HDAC7 in SEM-TetOn-Tight-control and SEM-TetOn-
Tight-HDAC7 (left panel) and RS4;11-TetOn-Tight-control and RS4;11-TetOn-Tight-HDAC7
(right panel) assessed by qRT-PCR, using the average of GAPDH and RPL38 as housekeeping.

Where indicated, cells were treated with 1 pg/mL of doxycycline for 48 h.

SUPPLEMENTARY FIGURE S4 - HDAC7 overexpression reduces viability of t(4;11) proB

ALL cells

(A) Cell viability assessed by MTT assay in SEM-TetOn-Tight-control and SEM-TetOn-Tight-
HDACT7 (left panel) and in RS4;11-TetOn-Tight-control and RS4;11-TetOn-Tight-HDAC7 (right
panel) cells after treatment with 1 pg/mL of doxycycline (n=4) at the indicated time points. Results
are presented as relative absorbance for the differences between values measured at 560 and 750
nm. (B) Cell counts of RS4;11-TetOn-Tight-control and RS4;11-TetOn-Tight-HDACT7 cells at 24,
48 and 72 h after seeding a starting quantity of 0.5 million cells. Where indicated, cells were treated
with 1 pg/mL of doxycycline. (C) Average of four experiments performed for each condition,
showing the percentage of Annexin V single-positive and Annexin V/DAPI double-positive cells,
after analyzing 2.5 x 10° RS4;11-TetOn-Tight-HDAC7 stained cells by flow cytometry. Where

indicated, cells were treated with doxycycline for 96 h.
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SUPPLEMENTARY FIGURE S5 - 907 genes are differentially expressed in SEM-K2 cells

upon forced expression of HDAC7

(A) Volcano plot including 907 DEGs found after treating SEM-TetOn-Tight-HDAC7 cells with
doxycycline for 48 h. Upregulated and downregulated genes are depicted in red and green,
respectively. (B) Biological processes (BP) enriched in DEGs from Figures 2A and S5A include
regulation of key leukemic hallmarks. The upper and lower panels represent BPs significantly
enriched in upregulated and downregulated DEGs, respectively. Dot sizes reflect the number of
genes involved in each pathway, whereas the color indicates the level of significance. Dots are

distributed along the X axis as a measure of the proportion of all DEGs that are involved.

SUPPLEMENTARY FIGURE S6 - HDAC7 expression partially restores healthy B cell

progenitors’ genomic profile in SEM-K2 cells

Plot of single Spearman correlation coefficients from Figure 2B, after comparing genomic profiles
of each individual sample (both primary human samples and SEM-K2 cells) against all other
samples. Values are plotted as a heatmap, assigning blue and red colors, respectively, to the

negative and positive correlations.

SUPPLEMENTARY FIGURE S7 - HDACT7 reverts the expression pattern of a significant

number of genes affected by t(4;11) translocation in proB ALL.

(A) Venn diagram showing the overlapping genes between the set of 242 coincident DEGs from
Figure 2B (in grey), the set of 653 DEGs activated (in orange) and the set of 254 DEGs repressed
(in purple) in SEM-TetOn-Tight-HDAC?7 cells treated with doxycycline. The combination of 158

overlapping genes constitutes the gene set altered in t(4;11) proB ALL whose expression pattern is
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reversed by HDAC7 overexpression. (B) Bar chart representing biological processes (BP)
significantly enriched in the set of 158 overlapping genes in Figure S7A. Pathways that include
genes upregulated in SEM-TetOn-Tight-HDAC7 cells treated with doxycycline are colored in
orange, while the pathways that include downregulated genes are colored in purple, according to

Figure 2A. Only pathways including 4 genes or more are depicted.
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Figure 7
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“HDACY is essential in early pre-germinal center formation and its

deregulation is associated with DLBCL”
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ABSTRACT

Histone deacetylase HDACY is required for early B cell development and governs the
acquisition of B cell progenitors gene identity. In addition, HDAC7 has been identified as a
novel biomarker and prognostic factor in infant pro-B-ALL. However, its role in mature B
cell biology and associated malignancies is unknown. Here, by using a conditional mouse
model for specific deletion in activated B cells, we demonstrate that HDAC7 is essential for
the entry and initiation of the germinal center (GC) reaction. HDAC7 deficiency results in
the blockade of B cell development at the pre-GC stage, leading to the generation of
aberrant GC B cells, diminished class switch recombination and plasma cell formation. We
demonstrate that, while it is generally underexpressed in diffuse large B cell lymphoma
(DLBCL) tumors, the low expression of HDAC7 is associated with a poor prognosis of the
patients. Importantly, exogenous expression of HDAC7 in DLBCL cell lines reduces the
proliferative capacity of these latter, as well as DLBCL tumorigenicity in vivo. In summary,
our data revealed first, the essential function of HDAC7 in the establishment of the GC,

and second, the potential contribution of HDAC7 deregulation in DLBCL development.
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INTRODUCTION

During terminal differentiation in peripheral lymphoid organs, B cells generate a
hugely diverse repertoire of antibodies, which enable specific immune responses against
potential pathogens encountered by the organism. The generation of this antibody
diversity in mature B cells that have faced antigens occurs in germinal centers (GCs),
transient microstructures where activated B cells undergo massive proliferation, eventually
leading to the generation of high-affinity memory B cells (MBC) and long-lived antibody-
secreting plasma cells (PC). (7, 2). Molecularly, this process is triggered by two
mechanisms named class switch recombination (CSR) and somatic hypermutation (SHM)
reaction. In response to T-cell dependent activation, naive B lymphocytes are guided to
the GCs, where they undergo cyclic rounds of affinity maturation across two differentiated
physical compartments: the dark zone (DZ) and the light zone (LZ), (1, 3, 4). Proliferative
expansion and SHM occur within the DZ; whereas in the LZ, B cells undergo affinity
selection guided by T-follicular helper and follicular dendritic cells (5, 6). B cells in the LZ
without sufficient affinity for initiating antigen, migrate back to the DZ for further cycles of
proliferation and SHM. After several rounds of cyclical transit and, according to the
properties of the antigen receptors generated, B cells either die, proliferate, or exit the GC
and differentiate into MBC or PC.

This classical view of the GC reaction has been recently challenged by several
studies demonstrating that B cells can differentiate into MBC and PC before entering the
GC. In particular, single-cell transfer experiments unveiled the formation of GC-
independent MBC derived from activated B cells, at the time GC are just beginning to
coalesce (7, 8). Considering that the initial burst of MBC expresses IgM and IgD, they
possibly originate before CSR occurs (9, 10). More commonly known are short-lived PC,

also generated prior to GC-dependent PC (17).
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A highly coordinated network of transcription factors (TFs) is essential for the correct
GC reaction and terminal differentiation. Among them, BCLG6 is one of the main regulators
and is crucial to prevent premature activation of GC B cells (72). MEF2B induces BCL6
expression at the initiation of the GC reaction (73), whereas MEF2C is required for B cell
proliferation upon T-cell activation (74). IRF4 initiates plasmablast differentiation by
activating BLIMP1, a well-known TF that represses key B cell identity genes such as Pax5
and is essential for PC program (75-18). BCL6 and BLIMP1 are mutually exclusive TFs
that repress the specific gene signature of PCs and GC B cells, respectively. However, the
identity of transcriptional regulators that control the early stages of B cell activation prior to
the GC formation remains largely unknown.

Many B cell lymphomas arise from epigenetic and transcriptional alterations that lead
to the dysregulation of relevant pathways for the GC physiology. Diffuse large B cell
lymphoma (DLBCL) is the most common type of GC-derived B cell non-Hodgkin
lymphoma (NHL), accounting for ~40% of all diagnosed cases (79). There are two different
DLBCL subtypes, according to the postulated cell of origin; GC B-cell (GBC) subtype and
activated B-cell (ABC) subtype, being the former the most frequent (about 60%). It has
been reported that several TFs and epigenetic regulators are altered in DLBCL. Mutations
in EZH2, MYD88, CD79B, NOTCH1 and 2, SGK1 or TET2, BCL2 translocations, structural
variations of BCL6 and TP53 inactivation, are the most frequent alterations (20).
Additionally, MEF2B loss-of-function is linked with oncogenic potential (27), while
mutations in the methyltransferase gene, KMT2D, impair the enzymatic activity of this
protein and occur early in DLBCL (22). Mutations in the histone acetyltransferases
CREBBP and EP300 are also major pathogenic mechanisms. In consequence, the use of
acetylating and deacetylating drugs constitute a promising strategy in DLBCL treatment

(23).
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Our group has previously identified the histone deacetylase HDAC7 as a master
transcriptional repressor in early B-cell development, governing the acquisition of B cell
progenitors' (pro-B cells) identity. We demonstrated that HDAC7 is crucial to repress
lineage-inappropriate genes from the myeloid and T lymphoid branches and regulates
additional epigenetic factors, such as TET2, to ensure proper early B cell differentiation
within the bone marrow (24, 25). We have also reported that low HDAC7 expression
essentially contributes to the pathogenesis of infant t(4;11) pro-B acute lymphoblastic
leukemia (pro-B-ALL) representing a novel biomarker and prognostic factor (26). However,
the role of HDACY in terminal B cell differentiation and B cell ymphomagenesis remains to
be explored.

Here, we report that HDAC?7 deficiency in activated B cells results in a differentiation
blockade at the pre-GC stage, leading to the generation of aberrant GC B cells.
Additionally, we demonstrate that HDAC7 is underexpressed in patients with DLBCL,
correlating with a poor prognosis of the patients. Importantly, its forced re-expression

reduces the proliferative capacity of lymphomagenic cells, both in vitro and in vivo.
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RESULTS

HDACY?7 is essential for the germinal center reaction

To test whether HDAC7 plays a role during the GC reaction and terminal B cell
differentiation, we first determined its expression levels in different B cell subsets from
murine bone marrow and spleen. We corroborated that Hdac7 is highly expressed in pro-B
and pre-B cells and increases its expression in GC B cells. As experimental control, we
assessed the levels of Aicda and Prdm1, which are specifically expressed in GC B cells
and PC, respectively (Fig. 1A). Next, to determine whether HDAC?Y is required for the GC
reaction we generated a conditional knock-out mouse model for the specific deletion of
Hdac7 in activated B cells. We crossed Hdac7'or*° mice with the Cy7-Cre strain, which
expresses Cre recombinase in activated B cells to generate Cy7-Cre;Hdac7+* (hereafter,
wild-type) and Cy7-Cre;Hdac7" (hereafter, HDAC7-deficient) mice. We immunized wild-
type and HDAC7-deficient mice with a T-cell dependent antigen (sheep red blood cells,
(SRBC) to induce GC formation, and performed a series of phenotypic analysis 10 days
later (see Suppl. Fig. S1A and S1B for gating strategy). The assessment of Hdac7 mRNA
levels in GC B cells upon immunization validated the deletion (Fig. S1C). Interestingly,
flow cytometry analysis revealed a significant reduction in the percentage of GC B cells
(B220*Fas*GL7") in HDACT7-deficient mice (Fig. 1B). The total cell number and B cell
number (B220%) in the spleen were also significantly decreased in an HDAC7-deficient
scenario (Fig. 1C and D). In addition, we found that the number of PCs (CD138*) was
significantly reduced in the spleen of HDAC7-deficient mice (Fig. 1E). Evaluation of the
differentiation stage of those PCs that escape from the GC in the absence of HDAC7
showed that they were blocked at the dividing plasmablast stage in the spleen, uncapable
of reaching a mature differentiated stage (Fig. 1F). Together, these data indicate that

HDACY is essential for the GC reaction and differentiation of B cells into PC.
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An optimal CSR depends on the expression of HDAC7

To assess the potential effect of HDAC7 deficiency in CSR we stimulated splenic B
cells from wild-type and HDAC7-deficient mice ex vivo in the presence of IL-4 and LPS.
First, we corroborated HDAC?7 deletion at protein level upon ex vivo stimulation (Fig. 2A).
Next, we assessed whether CSR was induced ex vivo by measuring IgG1 expression by
flow cytometry at 24, 48 and 72 h after treatment. We found that HDAC7-deficient B cells
showed a significant decrease in 1gG1 production at 72h after induction (Fig. 2B). To
further demonstrate the role of HDAC7 in CSR, we treated splenic B cells with IL-4 and
anti-CD40 or with LPS alone, that trigger isotype switch to IgG1 and IgG3, respectively.
The stimulation resembled the previous results, but interestingly, HDAC7-deficient CD43-
cells display an obvious impairment in the specific production of IgG1 (Fig. 2C and 2D).
HDACY7 loss confers a global transcriptional reprogramming in GC B cells

To shed light into the HDAC7-mediated mechanisms during the GC reaction we next
performed RNA-seq of sorted GC B cells from wild-type and HDAC7-deficient mice after
10 days of immunization. We observed that 255 genes were differentially expressed in
HDACT7-deficient GC B cells (Fig. 3A). Gene ontology analysis of the 156 upregulated
genes in the absence of HDAC7 revealed an enrichment of transcripts involved in key
processes such as cell cycle and cell division (Smc1a, Ccne2, and Ccnf), apoptosis
(Casp3 and Casp7) and response to DNA damage (Parp1, Rad18) (Fig. 3B). Conversely,
the set of 99 genes downregulated in HDAC7-deficient GC B cells showed enrichment in
transcription-related pathways (Cbx4, Jmjdi1c, Chd2), as well as in regulation of cell
proliferation (Chst11) (Fig. 3C). We validated our RNA-seq results on selected
representative genes and tested their mRNA levels by RT-qPCR in GC B cells from wild-

type and HDAC7-deficient immunized mice (Figs. 3D and E). These data indicate that
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HDAC7 drives GC reaction by properly controlling cell cycle, proliferation and
transcriptional processes.
HDACY7 deficiency alters proliferation of GC

Since we observed a reduction of GC B cells in the absence of HDAC7, we then
interrogated whether HDAC?7 deficiency affects cell proliferation within GC. Unexpectedly,
Ki67 staining of spleen sections 10 days post-immunization of wild-type and HDAC7-
deficient mice revealed a higher number of Ki67* GC cells upon HDAC7 loss. Moreover,
the area of Ki67* cells was also larger in the spleen follicles of HDAC7-deficient mice (Fig.
4A and B). These data suggest that in the absence of HDAC7, activated B cells may be
blocked in an early or pre-GC B cell stage unable to properly enter into the GC reaction.
To test this, we performed flow cytometry analysis to interrogate the presence of CD38* or
IgD*, markers of naive or pre-GC B cells, in the absence of HDACY. Strikingly, we found
that a significant high number of HDAC7-deficient GC B cells expressed CD38 and IgD
surface markers (Fig. 4C). In addition, GC B cells from HDAC7-deficient mice showed an
aberrant double positive CD38*IgD* cell population (Fig. 4D). These data, together with
the finding that HDAC7-deficient mice have a significant reduction in GC B cells, suggest
that HDACY plays a crucial role at early post-immunization events before B cells enter and
form the GC.
Altered GC dynamics in HDAC?7 deficient mice

Next, we wondered whether the aberrant GC B cells observed in the absence of
HDACY7, could also present altered GC dynamics. Flow cytometry analysis of GC B cells
from wild-type and HDAC7-deficient mice immunized for 10 days revealed a significant
loss of DZ (CXCR4*CD86") population, balanced by the gain in LZ (CXCR4-CD86") cell
numbers (Fig. 5A). Intriguingly, whereas GC B cells derived from wild-type mice almost

fully display mid/high levels of CXCR4, cells from HDAC7-deficient counterparts are
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equally distributed in two subpopulations, classified as CXCR4'°% and CXCR4mMidhigh (Fig,
5B). To further define the nature of HDAC7-deficent GC B cells sub-populations, we
performed cell cycle analysis. Cells within the LZ were found in GO/G1 phase both in wild-
type and HDACT7-deficient mice, characteristic of the cell cycle status within this
compartment (Fig. 5C). However, HDAC7-deficient cells displayed an increased
percentage of DZ cells (CXCR4MdhishCD86) in G2 phase, in contrast to a diminished
GO0/G1 cell fraction, thus indicating a higher proliferation rate upon HDAC7 depletion (Fig.
5D). The majority of the atypical CXCR4"°" GC B cell population of HDAC7-deficient cells
was also found in a G1 resting state and decreased in S phase (Fig. 5E). To gain further
insight into the role of HDAC7 in GC dynamics, we performed Gene Set Enrichment
Analysis (GSEA) on RNA-seq data of GC B cells from wild-type and HDAC7-deficient mice
using previously reported DZ-LZ gene signatures (27). The analysis unveiled that GC B
cells from HDACT7-deficient mice harbour gene signatures characteristic of the DZ
compartment (Fig. 5F-H). These results suggest that HDAC7 deletion promotes an
aberrant DZ-LZ program that impairs optimal polarization of GC B cells. Assessment of
cell death levels in immunized mice revealed that the HDAC7-deficient GC B cells are
prone to die by apoptosis, probably due to their aberrant cellular identity (Fig. 5I).
HDACY7 is underexpressed in DLBCL and correlates with poor prognosis

Given the important role of HDAC7 during the pre-GC and GC reaction we
hypothesized that its deregulation may have an effect in the development of GC-derived B
cell neoplasm. In fact, HDAC7 is mutated in 6% of DLBCL patients (28). In addition,
HDAC7 was identified as a potential tumour suppressor in DLBCL cell lines (29). To test
whether HDAC?7 is involved in B cell lymphomagenesis, we first mined public RNA-seq
data profiles in primary human (30, 37) and murine (32, 33) DLBCL samples, compared to

control GC B cells. The comparison of DLBCL cases versus healthy GC B cell samples
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revealed that HDAC7 was significantly underexpressed in this NHL subtype (Fig. 6A).
Moreover, RT-gPCR assays corroborated the significant underexpression of HDAC7 in
both ABC and GCB human DLBCL sub-types, when compared to GC B cells purified from
tonsils obtained from healthy donors (Fig. 6B). We next analyzed the effect of different
HDAC7 expression levels in DLBCL transcriptome signature. RNA-seq data from the 63
human DLBCL samples included in Fig. 6A were allocated in different groups based on the
expression levels of HDAC7 (HDAC7"™al and HDAC7VeY o as depicted in colored points
in Fig. 6A) and compared them to the transcriptome of healthy GC B cells. Strikingly,
DLBCL patients harboring normal levels of HDAC7 exhibited a transcriptomic profile
similar to that of healthy donors, suggesting that inducing HDAC7 expression could
associate to an improved prognosis (Fig. 6C). To test this possibility, we next evaluated
the clinical outcome in a cohort of 292 DLBCL patients treated with conventional R-CHOP
immunotherapy corresponding to two different datasets (34, 35). Importantly, we observed
that lower expression of HDAC7 was associated to a poorer survival (Fig. 6D). These data
indicate that absence or low levels of HDAC7 may not only be involved in the
pathogenesis of DLBCL, thereby representing a novel biomarker, but also defining a novel
prognostic factor for this disease.
HDAC?7 expression reduces DLBCL malignancy in vitro and in vivo

To further evaluate the potential role of HDAC7 in B cell ymphomagenesis we next
analyzed its expression levels in DLBCL established cell lines. We found that several
DLBCL cell lines display underexpression of HDAC7 and centered our further experiments
on MD901 cells, which habor very low levels (Fig. 7A). To assess whether the absence of
HDAC7 is associated with lymphomagenesis, we performed a gain-of-function
experimental approach, by transducing a two-step retroviral vector that enables forced

exogenous HDAC7 overexpression in an inducible manner upon doxycycline addition (Fig.
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7B). We observed that HDAC7 expression significantly inhibited the proliferation of MD901
cells (Fig. 7C and D), concomitant to increased levels of programmed cell death (Fig. 7E).
To determine whether HDACY reduces the growth of DLBCL in vivo, we subcutaneously
implanted 5x10° newly generated MD901 cells with inducible HDAC7 expression (or its
empty vector counterparts) in immunodeficient mice. Following the experimental approach
in Fig. 7F, we observed that HDAC7 expression significantly suppressed DLBCL cells
growth in terms of tumor volume (Fig. 7G and H) and tumor weight (Fig. 71). Flow
cytometry analysis of the tumors revealed that HDAC7 expression led to apoptotic death
as measured by Annexin V and DAPI staining (Fig. 7J). To delineate the anti-
lymphomagenic mechanisms mediated by HDAC7 in DLBCL cells we next performed
RNA-seq of tumors generated in its absence and presence. Exogenous expression of
HDACY resulted in an increase of programmed cell death pathways, highlighting the
upregulation of genes involved in apoptosis and death receptor signaling. At the same time
HDAC7 expression disrupted the post-translational machinery, downregulating several
genes involved in the protein folding mediated by chaperones (Fig. 7K). Additionally,
deeper insight into transcriptomic data revealed that HDAC7-overexpressing cells present
a significant enrichment in transcripts associated to cell death regulation and apoptosis.
(Fig. 7L). Taken together, our data indicate that HDAC7 could be a valuable novel

biomarker and prognostic factor in DLBCL.
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MATERIALS AND METHODS

Study design

In this study we aimed to understand the role of the transcriptional regulator HDAC7 in the
terminal B cell lymphopoiesis and GC-derived malignancy, DLBCL. For this purpose, we
generated a conditional mutant mouse model to delete HDAC7 upon B cell activation and
investigated its phenotype. Eight-to-ten days after mice immunization, we assessed by
FACS the GC and PC populations. Ex vivo cell culture of CD43" splenic cells combined
with FACS analysis allowed us to investigate CSR status. RNA-seq analysis showed that
HDACT7-deficient mouse displayed global changes in its transcriptomic program,
highlighting a defective cell cycle, entrance to the GC reaction and GC polarization We
analysed HDAC7 expression in more than fifty DLBCL patients and confirmed its
underexpression by RT-qPCR. In addition, we modified a DLBCL cell line with low
expression levels of HDAC7 to exogenously induce HDAC7 upon doxycycline treatment to
investigate the proliferative capacity in vitro but also in vivo in a xenograft model. The
system unveiled a block in proliferation and apoptosis induction.

Mice

Hdac7% on C57BL/6 mice have been previously described (24) and were kindly provided
by Dr. Eric Olson (UT Southwestern Medical Center, Dallas, TX, USA). Cy7-cre on
C57BL/6 (B6.129P2(Cg)-lghg1<tm1(cre)Cgn>) mice were obtained from The Jackson
Laboratory. Experiments were performed with 8-12-week-old mice. Hdac7%° was crossed
with Cy7-cre to generate Cy7-cre;Hdac7%o, 8-14 weeks old NSG mice were used as
recipient mice in xenograft transplantation experiments. Mice procedures were approved
by the Animal Experimentation Ethics Committee (CEEA) of the Comparative Medicine

and Bioimage Centre of Catalonia (CEEA-CMCIB) of the IGTP (Institut Germans Trias i
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Pujol, Badalona, Spain), in accordance with the current Spanish and European legislation
regulating ethical research and animal welfare.

Human GC B cells and DLBCL patient samples

Human germinal center B cells were separated from tonsils of children undergoing
tonsillectomies. Tonsils were minced extensively and after Ficoll-lsopaque density
centrifugation, enrichment of B cells was performed with the AutoMACS system by positive
selection of CD19* cells, and subsequently germinal center B cells were selected using
FACS sorting by their high CD20 and medium CD38 expression.

RNA from DLBCL patients was obtained from formalin-fixed paraffin-embedded (FFPE)
samples of lymph nodes using the RecoverAll kit (Ambion, Carlsbad, CA) according to the
manufacturer’s instructions. Samples acquisition was approved by the institutional
research board of Hospital Germans Trias i Pujol (Reference: EO-12-072) in accordance
with the Declaration of Helsinki.

Cell lines

The DLBCL cell lines, MD901, SU-SHL 4, SU-DHL 8 and RIVA were grown in RPMI
medium supplemented with 10% FBS, 1% penicillin G/streptomycin and L-glutamine. OCI-
LY 3 and OCI-LY 8 were grown in IMDM medium supplemented with 20% FBS, 1%
penicillin  G/streptomycin. HEK-293T cell line was cultured in DMEM medium
supplemented with 10% FBS, 1% penicillin G/streptomycin. Cells were grown at 37°C, 5%
COo..

Flow cytometry and cell-sorting

Control Cy71-cre;Hdac7** and Cy1-cre;Hdac7 ko were immunized intravenously at 8 to 12
weeks of age with 0.1 ml suspension of 400 million sheep red blood cell (SRBC) in PBS
(Gibco) to induce GC formation. Mice were sacrificed after 10 days and spleens were

isolated. To cell-sort and to determine the percentage of GC B cell population, single-cell
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suspensions from spleens were stained using the following fluorescent-labelled anti-
mouse antibodies: BV421 conjugated anti-B220 (BD Biosciences), PE-Cy7 conjugated
anti-FAS (BD Biosciences), eFluor660 conjugated anti-CD95 (Invitrogen). To evaluate
Dark Zone and Light Zone status, GC B cells were stained with PE conjugated anti-
CXCR4 and eFluor710 conjugated with anti-CD86 from BD Biosciences and Invitrogen,
respectively. PC were stained with BV510 conjugated with anti-CD138, and positive cells
were stained with PE conjugated anti-CD19 and BV421 conjugated anti-B220, from BD
Biosciences to assess its developmental stage (dividng plasmablast (B220*CD19*), early
PC (B220-CD19*), mature resting PC (B220-CD19")). Ig were stained with biotinylated anti-
IgG1 and anti-IgG3 (BD Biosciences). To cell sort pro-B cells, pre-B cells, and naive B
cells, splenic cells were also stained with APC conjugated anti-CD43 and PE-CF594
conjugated anti-IgM, from BD Biosciences. DAPI or 7AAD were used for the exclusion of
dead cells. The data was analyzed by FlowJo software. See Supplementary Figure 1 for
sorting gating strategies.

EXx vivo cell cultures

Primary B cells were purified by immunomagnetic depletion using anti-CD43 beads
(Miltenyi Biotec) and cultured at a final concentration of 1.2 x 10° cells per ml in complete
RPMI supplemented with 10% FBS, 50 mM of 2-BMercaptoethanol (Gibco), 20 mM Hepes
(Gibco). When indicated, cells were treated with: IL4 (PeproTech) plus lipopolysaccharide
(LPS, Sigma-Aldrich) at 20 ng/ml and 25 ug/ml, respectively; anti-mouse CD40 (BD
Pharmigen) at 1ug/ml; LPS at 25ug/ml.

RT-gPCR analysis

Total RNA was extracted with RNeasy Mini kit (Qiagen). RNA was subsequently converted
into cDNA using the High Capacity cDNA Reverse Transcription Kit (AB Applied

Biosystems) according to the manufacturer’s instructions. Real-time-quantitative PCR (RT-
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gPCR) was performed in triplicate using SYBR Green | Master (Roche). PCR reactions
were run and analyzed using the LightCycler 480 Detection System (Roche). Primers
sequences will be provided upon request.

Western blot

Isolated cells were lysed with RIPA buffer. Lysates were resolved on 8%-12% SDS-PAGE
(Mini-Protean electrophoresis chamber, Bio-Rad) and transferred on nitrocellulose
membranes (Amersham Biosciences). Membranes were blocked in 5% milk in TBS with
0.1% Tween (TBS-T) and incubated overnight at 4°C, with primary antibodies (anti-HDAC7
sc-11421, Santa Cruz Biotechnology 1:1000, anti-B-actin AC-15, Sigma-Aldrich 1:10000,
anti a-Tubulin T6199, Merck 1:10000). Secondary antibody incubations were carried out
for 1h at room temperature with 700nm or 800 nm fluorescent labelled anti-mouse or anti-
rabbit antibodies from LI-COR. Protein signal was detected using the infrared laser-based
Odyssey CLx instrument (LI-COR Biosciences).

Plasmids and retroviral supernatant generation

pRetro-X-Tight-Pur-HDAC7 constructs were generated by cloning full length or deleted
HDAC?7 cDNAs obtained by EcoRI digestion of the pcDNA3.1-HDAC7 plasmids into the
pRetro-X-Tight-Pur vector (Takara Bio, Otsu, Japan). For retrovirus generation, pRetro-X-
Tight-Pur-HDAC7 and pRetro-X-Tet-On-Advanced (Takara Bio) plasmids were transfected
into the packaged cell line Platinum-E and the supernatant was collected 48 h post
transfection. pLKO.1-GFP lentiviral vector was obtained from Addgene (Cambridge, MA,
USA).

Retroviral transduction and doxycycline treatment

Inducible HDAC?7 expression in cell line was achieved by the generation of the MD901 Tet-
On-Tight-HDAC?7 cell line. In brief, MD901 cells were first infected with the supernatant

containing the pRetro-X-Tet-On-Advanced viral particles overnight and 72 h later selected
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with 1.5 yg/ml geneticin (GIBCO, Carlsbad, CA, USA) for 2-3 weeks. Next the selected
cells were infected with the pRetro-X-Tight-Pur-HDAC?7 viral particles overnight and after
72 h selected with 3 ug/ml puromycin. For HDAC7 expression, cells were treated with
500 ng/ml of doxycycline for the indicated periods. pLKO.1-GFP positive cells were sorted
by flow cytometry.

Proliferation assays

For the MTT assays, 5 x 10* cells were plated onto 24-well plates. At different time points,
MTT was added at a final concentration of 5 mg/ml. After incubation for 3h (37 °C, 5%
CO2), the blue formazan derivative was solubilized in dimethyl sulfoxide and the
absorbance was measured at 570 nm. Cell proliferation was also assessed by cell
counting.

Cell viability assay

Cell cycle and apoptosis were assessed by DAPI (1 ug/ml), 7AAD (0,5 ug/ml) or Hoechst
(5 pg/ml) (distribution of cells in Go/G1, S and G2/M phase) and Annexin V-PE staining (BD
Biosciences), respectively, followed by flow cytometry analysis using a FACSCanto Il (BD
Biosciences) flow cytometer. Data was analyzed using FlowJo software.

Spleen section histology

Mice spleens were fixed in 10% formalin, embedded in paraffin and sectioned at 4 ym.
Antigen retrieval was done by steaming the slides for 20 min, then cooling for 20 min in
citrate buffer (10 mM acid citric, 0.05% Tween 20 pH 6.0). Endogenous peroxidase was
blocked with a 0.3% hydrogen peroxide solution for 10 min. For protein block, we used 1%
BSA for 60 min at RT. Sections were incubated with anti-HDAC7 (1:100, ab53101) or anti-
Ki67 (1:100, ab16667) overnight at 4 °C. Biotinylated reagents were detected with
Vectastain ABC kit (PK-6100, Vector laboratories). Peroxidase activity was developed

using ImmPACT DAB HRP substrate (Vector laboratories). The sections were
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counterstained with hematoxylin for 1 min prior to dehydrating and mounting. Sections
were imaged under a Scope.A1 microscope (ZEISS). The number of GCs, the total spleen
area occupied by GCs and the average area occupied by the GCs were quantified using
Imaged 1,440 (NIH) software.

Mice xenograft and in vivo cell cycle analysis

MD901 cells infected with Tet-On-Tight-HDAC7 and pLKO.1-GFP lentiviruses with
inducible control of HDAC7 were used for the xenograft experiment. 8 to 12 week-old NSG
mice housed in barrier environment were subcutaneously injected in the left and right flank
with 5 x 106 MD901 cells with control and HDAC7 MD901 cells, respectively. After 2
weeks, when the tumor volumes were around 50-100 mm?3, engrafted mice were given
doxycycline in drinking water (1 mg/ml) to induce HDAC7 expression. Tumor volumes
were monitored every 2-3 days using a calliper and calculated using the following formula:
tumor volume (mm?3) = (smallest diameter? x largest diameter)/2. The mice were sacrificed
after three weeks and tumors were harvested. For flow cytometry and RNA extraction
tumors were homogenized to get single cell suspension.

RNA-seq and analysis

Total RNA was extracted from HDAC7-deficient and control sorted GC B cells in the
Genomics facility of Institute for Research in Biomedicine (IRB) in Barcelona, and
quantified and subjected to quality control using a Bioanalyzer apparatus (IRB, Barcelona).
RNA from xenograft samples was obtained using RNeasy Mini kit (Qiagen). Low input
library was performed in all samples, and then 100bp PE sequenced at BGlI Genomics
Service (China), obtaining a minimum of 60M reads per sample. Quality control of the
samples was performed with FASTQC tool (available at

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Data is publicly available in

GEO repository (GSE228738). Paired-end reads were aligned to the murine reference
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genome (GRCm38) using STAR (version 2.7.0a) (52). A count table file indicating the
number of reads per gene in each sample was generated using HTSeq (version 0.10.0)
(53). Genes with no or very low expression were filtered out and differentially expressed
genes were identified using DESeq2 (54), requiring a minimum adjusted p-value of 0.05
and a |log2FC| value greater than 0.5. Gene set enrichment analysis was performed with
DAVID tools (55). Functional analysis was performed using gene set enrichment analysis
(GSEA) (56) using a pre-ranked list of curated gene sets (available at: https://www.gsea-
msigdb.org/gsea/msigdb/). Healthy GC B cells and DLBCL FASTQ files were obtained as
referenced in the text and analyzed as described above, aligning to the human reference
genome (GRCh38).

Statistics analysis

Statistical was analyzed by using GraphPad Prism (GraphPad Software) and presented as
means + SEM. Unpaired Student ¢ tests analysis with Bonferroni post-hoc test was used in
data analysis. A p value <0.05 was considered statistically significant. ns: p>0.05, *: p <
0.05, **: p < 0.01, *™*: p < 0.001. The number of mice used in every experiment are
included in the respective figure legend.
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FIGURE LEGENDS

Fig. 1. HDACY7 is required for the GC reaction and PC generation

A, Relative mRNA expression of Hdac7, Aicda and Prdm1 in sorted pro-B, pre-B, naive B
cells, GC B cells and PC (n=3). Rp/38 and Gapdh were used as housekeeping genes. B,
Flow cytometry assessment of GC B cells (B220*GL7*FAS*) from wild-type (n=7) and
HDACT7-deficient mice (n=21). C, Absolute number quantification of total splenic cells from
wild-type (n=11) and HDACT7-deficient mice (n=8). D, As in C, but for total number of B
cells, calculated as the %B220* population on total splenic cell number. E, Percentage of
PC (CD138") in spleen (left panel) and bone marrow (right panel) (n=3-4 in wild-type and
6-10 in HDACT7-deficient). F, Percentage of dividing plasmablasts (B220*CD19*CD138"),
early PC (B220*CD19-CD138") and mature resting PC (B220-CD19*CD138") from spleen
(left panel) and bone marrow (right panel) of wild-type and HDAC7-deficient mice (n=5-6
per condition). Data is represented as mean + SEM of above-mentioned independent
experiments. * P<0.05; ** P<0.01; *** P<0.001; unpaired Student’s t test.

Fig. 2. HDACY7 is required for CSR

A, HDACY global protein levels analyzed by Western blot in CD43- splenic cells from wild-
type and HDACT7-deficient mice after ex vivo stimulation at the indicated time points (Oh
and 72h). Total B-Actin levels were used as control. Image is representative of 3
independent experiments. B, Representative histogram (left panel) and quantification (right
panel) of flow cytometry analysis of IgG1 levels from wild-type and HDAC7-deficient CD43-
splenic cells at 24h, 48h and 72h after ex vivo stimulation with LPS and IL-4 (n=4-10 mice
per condition). C, As in B, but after stimulation with IL-4 and anti-CD40 D, As in B, but
measuring 1gG3 levels after stimulation with LPS alone. Data is represented as mean +
SEM of above-mentioned independent experiments. * P<0.05; unpaired Student’s f test.

Fig. 3. HDACY7 loss induces transcriptional changes in GC B cells.
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A, Differentially expressed genes in sorted GC B cells from three wild-type and four
HDACT7-deficient mice. In the heatmap, rows correspond to genes and columns
correspond to different mice. Scale bar indicates the Z score (blue, reduced expression;
yellow, increased expression; (FDR<0.05, log2FC>0.36 or <-0.44)). B, Gene ontology of
genes upregulated in HDAC7-deficient GC B cells from A. Color scale bar indicates level
of significance, while dot sizes indicate the number of genes included in each pathway
depicted. C, As in B, but for downregulated genes. D, Relative mRNA expression of
selected upregulated genes Smc1a, Parp1 and Rad18. Rpl38 and Gapdh were used as
housekeeping genes (n=3-8 samples per condition). E, As in D, but for downregulated
genes Cbx4, Jmjd1c, Chd2 and Chst11. Data is represented as mean + SEM of above-
mentioned independent experiments. * P<0.05; ** P<0.01; unpaired Student’s { test.

Fig. 4. Cell cycle is disrupted upon HDAC7 deficiency.

A, Immunohistochemical analysis of HDAC7 and Ki67 expression (brown) in
representative FFPE spleen sections from wild-type and HDAC7-deficient immunized
mice. Non-immunized wild-type mice injected with PBS were used as experimental control.
B, Quantification of Ki67* area per mm? (left panel) and size of the Ki67* regions in um?
(right panel) of the spleens from wild-type and HDAC7-deficient immunized mice (n=6 per
condition). C, representative flow cytometry plots and quantification of the IgD* (upper
panel) and the CD38* (lower panel) cell population, gated on GC B cells (n=5-6 per
condition). D, As in C but quantifying the double positive IgD*CD38* GC B cell population.
Data is represented as mean + SEM of above-mentioned independent experiments. *
P<0.05; ** P<0.01; unpaired Student’s t test.

Fig. 5. HDACY7 loss alters the GC polarization.

A, Representative flow cytometry plots (left panel) and percentual quantification analysis

(right panel) of dark zone (DZ) (CXCR4* CD86%) and light zone (LZ) (CXCR4- CD86")
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compartments (n=7 per condition). B, Representative flow cytometry plots (left panel) and
percentual quantification analysis (right panel) of DZ CXCR4"°% and CXCR4midhigh
compartments. C-E, Cell cycle assessment and representative plots of the previous
populations: C, LZ; D, CXCR4Mdhigh sybset from the DZ and E, CXCR4'°" subset from the
DZ. F-H, Gene-set enrichment analysis (GSEA) of curated gene sets of DZ and LZ identity
over RNA-seq data from HDAC7-deficient versus wild-type GC B cells. I, Percentage of
apoptotic (AnnexinV*) GC B cells from wild-type and HDAC7-deficient immunized mice
(n=4 per condition). Data is represented as mean + SEM of above-mentioned independent
experiments. * P<0.05; ** P<0.01; unpaired Student’s t test.

Fig. 6. HDAC?7 is underexpressed in DLBCL and correlates with poor prognosis.

A, RNA-seq analysis of HDAC7 normalized counts of 63 DLBCL human patients versus 4
healthy GC controls (30, 37) (left panel), and from murine DLBCL samples versus control
GC B cells (32, 33) (right panel). B, Relative HDAC7 mRNA quantification of GC B cells
from healthy tonsils (n=4), and ABC and GCB DLBCL patients (n=3 per lymphoma
subtype). C, Random clustering of colored points in A right panel, determined by HDAC7
expression levels (HDAC7™™a in black, HDAC7"®Y °¥ in orange). D, Km-plot based on
HDACY7 expression of 292 DLBCL patients from two datasets (34, 35). Data is represented
as mean + SEM of above-mentioned independent experiments. * P<0.05; *** P<0.007,
unpaired Student’s t test.

Fig. 7. HDAC7 expression reduces proliferation in vivo and ex vivo.

A, Assessment of HDACT7 protein levels of some DLBCL cell lines. Representative assay
of three-independent experiments. B, Analysis of HDAC7 expression by western blot in
MD901 cells transduced to express HDACY in a doxycycline (D) inducible manner (Tet-
On-Tet-Tight-HDAC7). Where indicated, cells were treated with D for, for 72 hours.

Representative assay of three-independent experiments. C, Determination of cell number
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at the indicated time points of treatment with doxycycline. Cell proliferation was determined
by cell counting (n=3 per condition). D, MTT assay measuring viability of MD901 cells
upon induction of HDAC7 E (Tet-On-Tet-Tight-Empty vector), H7 (Tet-On-Tet-Tight-
HDACY7) (n=3 per condition). E, Percentage of dead cells was assessed by 7AAD and
Annexin-V staining and analyzed by flow cytometry. The figure is representative of three
experiments with similar results. F, Representative scheme of xenografts experiment
performed in immunodeficient NSG mice. G, Image of the extracted tumors at day 11 post-
treatment (n=11). H, Relative volume quantification of tumors shown in G. I, As in H, but
analyzing weight of the tumors. J, Percentage of late apoptotic cells (AnnexinV*, DAPI*) in
the xenografts. K, Gene ontology of the differentially expressed genes from RNA
sequenced xenografts that are upregulated (left panel) and downregulated (right panel) in
HDACT7-expressing tumors compared to those tumors without HDAC7 overexpression
(n=2-3 per condition). L, Gene-set enrichment analysis of curated gene sets of Cell death
regulation and Apoptosis over RNA-seq data from xenografts. Data is represented as
mean = SEM of above-mentioned independent experiments. * P<0.05; ** P<0.01; ***

P<0.0017; unpaired Student’s t test.

Supplementary Fig. 1. (A) Flow cytometry plots representation of the gating strategy
followed to identify GC B cells (B220*; GL7*;FAS*), naive B cells (B220*; IgM*) and PC
(CD138*) from mouse spleen. (B) Flow cytometry plots representation of the gating
strategy followed to identify pro-B (B220*; CD19%;IgM-;CD43*) and pre-B cells (B220";
CD19%;IgM-;CD43") from mouse bone marrow. (C) Relative mRNA quantification of Hdac7
expression in sorted GC B cells from control and HDAC7-deficient mice spleens. Rpl38
and Gapdh were used as housekeeping genes. Data in C is represented as mean + SEM

of 4 independent experiments. ** P<0.07; unpaired Student’s t test.
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Figure 2
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Figure 4
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Figure 6
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Supplementary Figure 1
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DISCUSSION

For many decades the hematopoietic system has been a paradigm
developmental system. The question of how HSC can give rise to all mature blood
cells of the organism highlights the complexity of this system. Gene specific
programs at every differentiation stage are key to ensure proper cell
development, therefore conferring to each cellular transition a particular and
characteristic cell identity. To ensure the acquisition and maintenance of proper
B cell identity and differentiation, several TFs interconnect in complex networks.
In addition to positively promoting gene-specific programs, TFs also induce the
repression of inappropriate genes of alternative lineages. How TFs exert their
gene repressive function and the identity of specific transcriptional repressors
during B cell development has remained elusive. Importantly, the deregulation of
TFs and gene transcriptional programs may lead to the development of B cell

malignancies such as leukemia and lymphoma.

Around sixty years ago, Vincent Allfrey and colleagues discovered that the
acetylation of lysine residues in histones is associated with gene expression
(Allfrey, Faulkner, and Mirsky 1964). Lysine acetylation neutralizes the positive
charge of the histone residues, relaxing the chromatin conformation and enabling
greater accessibility of the transcription machinery, being therefore, generally
associated with gene activation. Contrarily, the removal of acetyl groups from
histones induces chromatin compaction and gene transcriptional repression
(Allfrey, Faulkner, and Mirsky 1964). This addition and removal of acetyl groups
also occurs in a considerable number of non-histone proteins (Peng and Seto
2011). Lysine acetylation is highly dynamic and is regulated by the opposing role
of HATs and HDACs (Morgan and Shilatifard 2020). HDACs have emerged as

key transcriptional repressors in several physiological and pathological systems.

In this PhD thesis we show that the transcriptional repressor HDAC7 is
strictly required to ensure proper B cell development. First, we unveil the
molecular mechanisms by which HDAC7 modulates early B cell development in
the bone marrow. Through Tet2 direct control, HDAC7 maintains the silenced

state of some lineage-inappropriate genes. The finding that HDAC?7 is essential
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for the proper acquisition of B cell progenitors’ identity led us to the hypothesis
that it may be deregulated in B-ALL. We demonstrate that HDAC7 is a bona fide
biomarker and prognosis factor in pro-B-ALL, specifically, in infant t(4;11)
subtype. Finally, we asked the question of whether HDAC7 could also play an
important role in terminal B cell development. We found that HDACY is required

for the GC formation and is underexpressed in DLBCL.

1. HDACTY preserves pro-B cell chromatin conformation

A correct gene expression pattern is crucial for the acquisition of cell identity
during development. HDAC7 has been previously reported in our laboratory to
be a transcriptional repressor of lineage-inappropriate genes during early B
lymphocyte differentiation (Azagra et al. 2016). However, the HDAC7-mediated
molecular mechanisms remained to be addressed. Gene transcription is strongly
influenced by the chromatin state, allowing TFs binding to DNA in open regions
and preventing their recruitment in compacted zones (van Schoonhoven et al.
2020). The transition from pro-B to pre-B cells requires massive changes in gene
transcription since it represents the first stage at which pre-BCR expression
serves as a checkpoint that monitors for functional IgH, directing B cell
development (Hendriks and Middendorp 2004). Here, we have reported that
HDAC7 deficiency disrupts IgH production, which may drastically affect the
immune response. Hence, HDACY is essential for the transition of pro-B to pre-
B cells in a process that demands a tight regulated gene transcriptional program,

accompany by changes in chromatin conformation.

Highly accessible regions in chromatin are marked by histone modifications
associated with transcriptional activity, such as H3K27ac, whereas regions of low
accessibility are enriched in repressive histone marks such as H3K27me3
(Simonis et al. 2006). Here we have observed that HDAC7 deficiency in pro-B
cells resulted in a global chromatin decompaction, correlating with a global
increase of H3K27ac enrichment. In line with this finding, HDAC?7 deficiency also
caused a significant decrease in H3K9me3 enrichment. H3K9me3 is a hallmark
of heterochromatin state, which is involved in maintaining lineage stability and

preventing cell reprogramming (Becker, Nicetto, and Zaret 2016).
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Alterations in the chromatin state upon HDAC7 loss in pro-B cells mainly
increased accessibility in distal intergenic regions, and compacted promoter
sites. Distal regions normally contain regulatory elements called enhancers,
functionally described as DNA sequences with the potential to drive transcription
of a gene located nearby (Andersson and Sandelin 2020). Active enhancers can
be identified when they contain the deposition of H3K27ac (Creyghton et al.
2010), a histone mark found increased also in distal regions upon HDACY7 loss.
Thus, the significant increase of open regions and H3K27ac enrichment in distal
regions, probably enhancers, upon HDAC7 deficiency, may indicate a high
recruitment of basal transcription machinery in genes that normally are not
expressed in pro-B cells. We can conclude that HDAC7 preserves the identity of
pro-B cells by maintaining a compact chromatin conformation in regulatory

regions of lineage inappropriate genes.

2. HDACT7 maintains DNA 5-hmC status through Tet2 silencing

DNA methylation provides an additional layer of gene regulation during
early B cell development (Benner, Isoda, and Murre 2015). Interestingly, we
observed that the absence of HDAC7 from pro-B cells resulted in the upregulation
of TET2.

TET proteins are mainly recruited to open chromatin regions, therefore
euchromatin is enriched in DNA 5-hmC epigenetic mark (Kubiura et al. 2012).
HSCs and lymphocytes present low 5-hmC levels (~0,2% and ~0,1%,
respectively) compared to other cell types, such as Purkinje cells or embryonic
stem cells (~5%) (Ficz et al. 2011; Kriaucionis and Heintz 2009; Tsagaratou et
al. 2017). We observed a significant increase in DNA 5-hmC upon HDAC7
deficiency in pro-B cells. We found a high percentage of 5-hmC peaks located at
intergenic and distal promoter regions. These results may imply, as mentioned
above, that distal regulatory regions with enhancer features are targets of TET2-
mediated DNA demethylation and may correlate with the presence of additional
mechanisms that control DNA methylation status at promoter-associated regions

(Kasper D. Rasmussen et al. 2019; Kasper Dindler Rasmussen and Helin 2016).
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Within the hematopoietic system HDAC7 shows a lymphoid specific
expression pattern, whereas TET2 is broadly expressed in the hematopoietic
system, having its highest levels of expression in myeloid cells (Azagra et al.
2016; Barneda-Zahonero et al. 2013; Kallin et al. 2012; Ko et al. 2010). It has
been reported that TET2 loss in HSCs produced an aberrant increased number
of myelomonocytic cells and decreased expression of macrophage markers such
as Mac-1 in myeloid cells (Ko et al. 2011; Moran-Crusio et al. 2011). Within the
B cell lineage, TET2 conditional deficiency at pro-B cell stage did not cause any
phenotype during development and differentiation. However, conditional deletion
of both TET2 and TET3 lead to defective B cell development (Lio et al. 2016).
Even though there is no phenotype observed by TET2 deficiency in vivo in mice,
TETZ2 has been reported to play a critical role in mediating the hydroxymethylation
of cytosine residues from myeloid genes in a reprogramming system that allows
the transdifferentiation from pre-B cells into macrophages (Bussmann et al. 2009;
Kallin et al. 2012). Despite loss of TET2 and TET3 leads to aberrant lymphocyte
development and related disorders (Lio et al. 2016), and loss of TET2 enzymatic
activity appears to mainly affect myelopoiesis (Ito et al. 2019; Ko et al. 2011), our
results strongly suggest that HDAC7 is a critical factor that preserves B cell

identity and correct DNA 5-hmC state via Tet2 gene silencing.

Using both our conditional knock out mouse model and an in vitro
reprogramming system (Azagra et al. 2016; Bussmann et al. 2009), we
demonstrated the requirement of the HDAC7-TET2 axis in early B cell
development. First, we observed that Tet2 was upregulated in HDAC7-deficient
pro-B cells and during the conversion of pre-B cells to macrophages. HDAC7
exogenous expression blocked the upregulation of Tet2 during cellular
conversion. Chromatin immunoprecipitation experiments proved that HDAC?7 is
recruited to the promoter and enhancer of the Tet2 gene. Overall, these results
demonstrated that HDAC7 directly represses Tet2 in pro-B and pre-B cells.
Deeping into the mechanism, it was previously demonstrated to that HDAC7
requires interaction with MEF2C to ensure its repressive action (Azagra et al.
2016). Therefore, we speculate that MEF2C may recruit HDACY to the promoter

and enhancer of Tet2 gene leading to its transcriptional silencing.
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TET2 localizes to regions of open chromatin in cell-type-specific enhancers
(Kasper D. Rasmussen et al. 2019). We found Jun and Fos/2 among the lineage-
inappropriate genes with increased 5-hmC levels in HDAC7-deficient pro-B cells.
Fosl2 has been reported to be a TETZ2-activated gene during the
transdifferentiation of pre-B cells to macrophages (Kallin et al. 2012). In addition,
Jun gene undergoes enhancer demethylation during the reprogramming of B
cells into induced pluripotent stem cells (iPSC) (Sardina et al. 2018). The finding
that lineage-inappropriate genes are already marked with 5-hmC in pro-B cells
supports the notion that they may be epigenetically poised in early stages of

development.

Altogether, our findings further demonstrate the repressive role of HDAC7
of lineage-inappropriate genes and make it an essential regulator of additional
epigenetic players such as TET2. Our study not only demonstrates that HDAC7
induces gene silencing by direct recruitment to target genes, but also uncovers
its unexpected ability to maintain chromatin architecture by modulating DNA 5-
hmC levels. We also speculate that HDAC7 could be directly or indirectly
impeding H3K27ac epigenetic mark deposition to avoid chromatin decompaction

of the enhancers and promoters of lineage-inappropriate genes.

3. HDACT7 role in pro-B-ALL

According to a broad number of studies reported, if a TF or other type of
epigenetic or transcriptional regulator is essential for the correct generation of a
cell type, its deregulation may lead to the development of associated
malignancies. Given the essential role of HDAC?7 at the pro-B cell developmental
stage, we asked the question of whether it could be deregulated in pro-B-ALL

patients.

RNA-seq data mining of pro-B-ALL (with MLL rearrangement) infants and
healthy fetal liver B cell progenitors unveiled a dramatic underexpression of
HDACY in the t(4;11) pro-B-ALL subtype. The low HDAC7 expression was also
associated to poorer outcome of the patients. Therefore, HDAC7 deregulation

may play a role in the pathogenesis of t(4;11) pro-B-ALL. We also observed that
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the expression pattern of HDAC7 correlated to MME, a gene associated to B
lymphocyte differentiation, consistent with its repressive role of lineage-
inappropriate genes in pro-B cells (Azagra et al. 2016). In consonance, the
induction of HDAC7 expression might represent a novel approach to improve the
prognosis of infant t(4;11) pro-B-ALL. Accordingly, exogenous expression of
HDACY7 in a t(4;11) pro-B-ALL leukemia cell line (SEM-K2) compromised cell
viability with increased cell death and decreased proliferation. Concomitantly,
gene ontology analysis of RNA-seq data from SEM-K2 cells engineered to
express HDACY revealed an enrichment of key hallmarks of cancer such as
proliferation, migration and apoptosis, indicating that HDAC7 exerts a leukemia-
suppressing phenotype. To gain insight into the contribution of HDAC7, we
integrated RNA-seq data from healthy B cell progenitors, t(4;11) pro-B-ALL and
SEM-K2 transformed cell line. Bioinformatic analysis unveiled that the
transcriptional expression profile upon HDAC7 induction in SEM-K2 cell line was
shifted towards to that of healthy B cell progenitors. Therefore, HDAC7
expression might be partially restoring the transcriptome towards the healthy
condition, in concordance with the described requirement of HDAC7 to preserve

pro-B cells identity (Azagra et al. 2016) .

Forced induction of HDAC7 impedes the uncontrolled proliferation of
leukemic cells. Therefore, we hypothesize that the presence of HDAC7 may
confer higher sensitivity to conventional chemotherapy of t(4;11) pro-B-ALL to
conventional therapy, along with a better outcome for patients. To achieve this
goal, the elucidation of the mechanisms underlying HDAC7 repression needs to

be investigated.

HDACY7 re-expression could be achieved through several ways and distinct
hypothesis can be considered. We speculate that changes in HDAC7 driving to
its underexpression in pro-B-ALL may be caused by epigenetic mechanisms
(Deaton and Bird 2011). Generally, ALL displays a highly methylated genome
(Hetzel et al. 2022). However, non-rearranged and MLL-AF4 rearranged ALL
present differences in their methylomes (Tejedor et al. 2021). Due to the low
HDACT7 expression we observe in MLL-AF4 pro-B-ALL patients, we speculate
that HDAC7 might be one of these differentially methylated genes resulting in its
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transcriptional silencing. Therefore, it might be plausible that HDAC7 promoter or
enhancer regions could be hypermethylated in MLL-AF4 pro-B-ALL. The
hypermethylation of HDAC7 regulatory regions would prevent the recruitment of
TFs or other transcriptional regulators impeding its expression. Beyond DNA
methylation, alterations in histones can also interfere expression. H3K27 is a
crucial residue for epigenetic regulation. Its strict modulation at enhancer regions
or promoters may determine the expression of associated genes. Trimethylation
of H3K27 induces a close chromatin conformation, which is mediated by EZH2,
a member of the polycomb repressive complex PRC2 (Wiles and Selker 2017).
Although normally, EZH2 displays loss-of-function mutations in ALL (Jaffe et al.
2013), Tejedor and colleagues reported that infant MLL-AF4 pro-B-ALL patients
present an increased activity of EZH2 (Tejedor et al. 2021). Therefore, we can
hypothesise that the increased EZH2 activity in MLL-AF4 pro-B-ALL, could result
in HDACY silencing through the deposition of H3K27me3 epigenetic mark in

nearby regions.

We believe that the elucidation of the molecular mechanisms involved in
HDACY7 repression will open new therapeutic avenues for MLL-AF4 pro-B-ALL

patients.

4. HDACY? is required for the entry into the germinal center

For the last three decades the GC reaction has been extensively studied
and considered the unique anatomical structure were activated B cells undergo
massive proliferation, SHM and CSR. Through several selection cycles between
the DZ and LZ GC B cells give raise to either PC or MBC.

Recent works from several laboratories have led the immunology
community to re-evaluate this classical model of the humoral response. These
studies have unambiguously concluded that CSR occurs before the GC has
coalesced, and the generation of MBC and PC can also occur early after B cell
activation and in a GC-independent manner (Roco et al. 2019; Taylor, Pape, and
Jenkins 2012; Weisel et al. 2016). Actually, upon B cell activation, a novel MBC
population that has switch its isotype to IgM or IgG arises (Dogan et al. 2009;
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Viant et al. 2021; Zuccarino-Catania et al. 2014). The role of several TFs and
epigenetic regulators such as BCL6, MEF2B, FOXO1, CREBBP and KMT2D
during the GC reaction is well established (Basso and Dalla-Favera 2015).
However, the identity of potential regulators of the pre-GC remains unknown. In
this work we have unveiled that HDAC7 is required for the GC formation and
dynamics. HDAC7 deficiency results in a reduced number of GC B cells,
diminished CSR and PC generation. The remaining GC B cells in the absence of
HDAC? are highly aberrant and express cell surface markers characteristic of
naive and pre-GC B cells. In addition, proper polarization of GC is disrupted in
the absence of HDAC?.

We speculate that this premature block of differentiation prior GC entrance
may also impact into the GC-independent populations. HDAC7-loss upon B cell
activation may decrease IgM* and IgG* MBCs and PCs or evoke into its
aberrancy. Consequently, and at the time of second antigen encounter, IgG*
MBCs will not be able to differentiate into antibody secreting PC whereas IgM*
MBCs will be uncapable of recirculating and initiating a novel GC reaction.
Additionally, as long-lived MBCs originate in the pre-GC compartment (Weisel et
al. 2016), we also anticipate their diminishment or malfunction. Overall, the
allegedly defects in pre-GC cell types will have a repercussion in the humoral

immunity, resulting in immunodeficiency consequences.

5. Potential HDAC?7 intracellular localization upon B cell activation

A peculiarity of HDAC7, as well as its sister family members HDAC4, 5 and
9, is its phosphorylation-dependent regulation, which mediates its nucleo-
cytoplasmic distribution (Dequiedt et al. 2003, 2005; Kasler et al. 2011; Kasler
and Verdin 2007; Navarro et al. 2011; Parra et al. 2005). Previous reports showed
that, in resting thymocytes, HDACY is localized in the nucleus, where it represses
the expression of a large number of genes involved in both positive (survival) and
negative (apoptosis) selection of the cells. However, in response to TCR
signalling, HDAC7 becomes phosphorylated and translocates to the cytoplasm
where it can no longer exert its gene repressive functions (Dequiedt et al. 2003,
2005; Kasler and Verdin 2007; Parra et al. 2005).
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We speculate that in naive B cells that have encountered the antigen, HDAC7
becomes rapidly phosphorylated through BCR or MHC signalling and exported
to the cytoplasm. Under this scenario HDAC7 potential target genes, crucial for
early pre-GC events, may be derepressed allowing the entrance and initiation of
the GC reaction (Figure 10). HDAC7 deficiency mimics the constitutive
phosphorylation and cytoplasmic localization resulting in the establishment of
aberrant gene signatures. This event of driven phosphorylation is currently under
study in our laboratory.

Naive B cell _— pre-GC B cell e GC B cell

Figure 10. Schematic representation of HDAC7 silencing hypothesis in the GC
entrance. In the naive B cell HDAC7 acts as transcriptional repressor. Upon Tfh cell
activation, signaling through the BCR or MHC drives to the phosphorylation (P) of
HDACY in the nucleus, shuttling to the cytoplasm, inactivating it in the pre-GC B cell. The
mature GC B cell has recovered HDACY repressive function.

In addition, it is highly probable that HDAC7 confers repressive capacity to
B cell TFs such as BCL6 and MEF2B within the pre-GC and GC. In fact, it has
been reported that BCL6 recruits a co-repressor complex that contain SMRT/N-
CoR, HDAC3 and members of the class Ila HDACs sub-family that includes
HDAC4, 5, 7 and 9 (Dhordain et al. 1998). The MEF2 family of TFs, also involved
in B cell development, are considered classical partners of class lla HDACs (Park
and Kim 2020). In a previous study from our laboratory, it was demonstrated that
HDACY7 deletion dramatically blocks early B cell development and gives rise to a
severe lymphopenia in peripheral organs, while also leading to pro-B cell lineage

promiscuity. Our group found that HDAC7 represses myeloid and T lymphocyte
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genes in pro-B cells through interaction with MEF2C (Azagra et al. 2016).
MEF2B, another member of the MEF2 family of TFs, has been described as an
additional regulator of the GC reaction (Brescia et al. 2018). Brescia et al. depict
a scenario where MEF2B induces the expression of crucial genes for the GC
reaction whereas at the same time, when interacting with HDACs, MEF2B action
becomes repressive. MEF2B mutations lead to lymphomagenesis. Preliminary
and unpublished data from our laboratory closely links HDAC7 to MEF2B
repressive role. Comparison between the transcriptional profiles of HDAC7-
deficient GC B cells and GC B cells expressing a MEF2B mutant variant unable
to interact with HDACs, unveil several common target genes. HDAC7-loss and
MEF2B mutant seem to have a similar effect. In fact, MEF2B deletion, alike
HDAC?7 deficiency, reduces GC formation in mice, affects proliferation,

differentiation, and GC confinement, but is also related to lymphomagenesis.

Overall, this work identifies first, HDAC7 as a crucial regulator of pre-GC
events essential for the entrance and formation of a proper GC; and second,
points us to speculate that HDACY is a cofactor for the transcriptional repressive
action of MEF2B in the GC. We hypothesize that during terminal B cell
development HDAC7 may be responsible for the repressive function of many

other crucial TFs.

6. Role of HDAC7 in the germinal center dynamics

The classical model of cyclic re-entry within the GC requires iterative cycles
of SHM in the DZ followed by selection in the LZ, to achieve a high degree of
affinity maturation (Kepler and Perelson 1993; Oprea and Perelson 1997). We
observed a disturbed polarization of GC B cells within the DZ and LZ in the
absence of HDACY. In particular, HDAC7 deficiency leads to a decrease and an
increase in the numbers of B cells within the DZ and LZ, respectively. Intriguingly,
the defective GC polarization and the transcriptomic profile of HDAC7-deficient
GC B cells appear to be contradictory. In this regard, although a smaller number
of DZ cells are found, HDAC7-deficient GC B cells present a genetic signature
almost elusive of LZ signatures, that we hypothesize may be provoked by non-

mutually exclusive events: i) a continued suppression of the LZ state by other
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TFs such as FOXO1 (Dominguez-Sola et al. 2015), and/or ii) lack of DZ essential

genes repression required for cycling to the LZ, forced by HDAC7 loss.

Recently, it has been proposed that GC B cells might best be thought of
as a single population oscillating through a cycle between two extremes
corresponding to the LZ and the DZ, rather than two different populations (Victora
and Nussenzweig 2022). In this study we noticed, within the classically gated DZ,
a highly proliferative CXCR4™midhigh and a significantly present non-proliferative
CXCR4'*" subpopulations upon HDAC7 loss. As supported by single-cell
transcriptomic studies (Holmes et al. 2020; Kennedy et al. 2020), the subclusters
of a single GC B cell population tend to represent the cell cycle phases or
transitional states, therefore, HDAC7 seems to be governing the transition
between the GC extremes. We speculate that loss of HDAC7 leads to the
generation of aberrant GC B cells. In the absence of HDAC7, a significant higher
number of GC B cells are able to acquire the expression of the LZ surface marker
CD86 but retain the transcriptome of DZ resident GC B cells generating “pseudo-

DZ” and “pseudo-LZ” cells.

7. HDACT7 role in DLBCL

DLBCL originates at GCs and is the most aggressive and common type of
non-Hodgkin lymphoma worldwide. Due to complex mechanisms such as SHM,
GC B cells from which DLBCLs arise are prone to instability and to acquire off
target mutations. In fact, a hallmark of DLBCL is the deregulation (mutations,
underexpression, overexpression) of many epigenetic regulators and TFs, such
as CREBP, p300, KMT2D, BCL6 and MEF2B among others (Brescia et al. 2018;
Meyer et al. 2019; Zhang et al. 2015). This epigenetic heterogeneity is also linked
to resistance to therapy and poor clinical outcome. We have identified HDAC7 as
a potential novel biomarker and prognostic factor in DLBCL patients. In particular,
we have found that patients diagnosed with DLBCL harboring normal levels of
HDAC7, show a better prognosis, indicating that HDAC7 may exert tumor
suppressing effects. Our findings are consistent with previous evidence reported
by two laboratories. Morin et al. explored potential new targets of recurrent

somatic point mutations and genes targeted by focal somatic deletions in DLBCL
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patients, finding HDAC7 as a susceptible mutated gene with significant evidence
for positive selection (Morin et al. 2013). Furthermore, Reddy and colleagues
performed whole-exome sequencing and RNA-seq in a cohort of 1001 DLBCL
patients to comprehensively define the landscape of 150 genetic drivers of the
disease, finding HDAC7 among them (Reddy et al. 2017). Accordingly, we show
that HDAC7 exogenous expression in DLBCL cells prone malignant cells to
proliferation blockade and to induce apoptosis, both in vitro and in vivo. As
previously described in infant pro-B ALL with t(4;11) translocation (de Barrios et
al. 2021), we conclude that HDACY7 presence also confers favourable prognosis
in DLBCL.

Overall, this study may lead to classify B cell cancers in HDAC7* and

HDACT", serving to define patients' outcome and the basis for novel precision
medicines. In the near future, the identification of the mechanisms involved in the
underexpression of HDAC7 may lead to the design and implementation of novel

specific therapeutic strategies.

Altogether, the findings reported in this thesis aim to report HDAC7
essentiality in B lymphocyte development (Figure 11). From a physiological point
of view, in the pro-B cell stage, HDAC7 maintains the B cell identity and chromatin
conformation through Tet2 gene silencing. In the GC, HDAC7 is a crucial
regulator of the events required for a proper entrance and initiation of the GC
reaction. From a pathological point of view, HDAC7 underexpression in infant
pro-B-ALL and in DLBCL correlates with a poor prognosis of the patients. Low
levels of HDACY increase the proliferative capacity of the cells and therefore
confers a pro-survival phenotype to the malignant cells. Despite the reported
facts, further studies are needed to decipher HDAC7 implication and mechanisms
of action it has along B cell differentiation, and this way find novel therapeutic

strategies for its re-expression in B cell derived malignancies.

192



Early B cell development

Late B cell development

>=

o

o]

-

2

7]

>

£L

o

G Increased
9 pro-B-ALL proliferation
lC_) and

< pro-survival
P DLBCL ffact

Figure 11. Graphical summary of HDAC?7 role in early and late B cell development,
and in derived malignancies. First, HDAC7 has a physiological role in early and late
B cell development. HDAC7 maintains the pro-B cell identity and chromatin conformation
through Tet2 repression. In the GC, HDACY is necessary for the entrance and initiation
of the GC reaction. Second, HDACY deficiency correlates with pathogenesis. In pro-B-

ALL and in DLBCL we have observed its re-expression has an anti-oncogenic role.
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CONCLUSIONS

The results described in this Thesis can be summarized as follows:

1.  HDACY7 maintains correct chromatin conformation and histone mark
deposition to repress lineage-inappropriate genes in pro-B cells

2. HDACTY preserves pro-B cell identity by controlling Tet2 expression
levels

3. HDACY is underexpressed in infant t(4;11) pro-B-ALL and its re-
expression exerts a leukemia-supressing phenotype

4. HDACT7 ectopic expression in t(4;11) pro-B-ALL cell lines confers a
transcriptional profile closer to healthy pro-B cells

5. HDACTY is required in the early pre-GC events and for the entrance to
the GC

6. HDACTY is essential for the GC reaction and the generation of a proper
humoral immune response

7. HDACY is underexpressed in DLBCL patients representing a novel
biomarker and prognostic factor

8. HDAC7 exogenous expression in DLBCL cell lines limits its

lymphomagenic capacity, in vitro and in vivo
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Abstract: The transcription factor MYC is transiently expressed during B lymphocyte development,
and its correct modulation is essential in defined developmental transitions. Although temporary
downregulation of MYC is essential at specific points, basal levels of expression are maintained,
and its protein levels are not completely silenced until the B cell becomes fully differentiated into
a plasma cell or a memory B cell. MYC has been described as a proto-oncogene that is closely
involved in many cancers, including leukemia and lymphoma. Aberrant expression of MYC protein
in these hematological malignancies results in an uncontrolled rate of proliferation and, thereby,
a blockade of the differentiation process. MYC is not activated by mutations in the coding sequence,
and, as reviewed here, its overexpression in leukemia and lymphoma is mainly caused by gene
amplification, chromosomal translocations, and aberrant regulation of its transcription. This review
provides a thorough overview of the role of MYC in the developmental steps of B cells, and of how it
performs its essential function in an oncogenic context, highlighting the importance of appropriate
MYC regulation circuitry.

Keywords: MYC; B cell development; leukemia; lymphoma

1. The Role of MYC in B Cell Differentiation

Hematopoietic stem cells (HSCs) give rise to mature B cells through the sequential differentiation
of lymphoid progenitors. Long-term HSCs (LT-HSCs) have the ability to self-renew and reconstitute
the entire immune system by differentiating into short-term HSCs (ST-HSCs). ST-HSCs differentiate
into multipotent progenitors (MPPs) that branch later into common myeloid progenitors (CMPs)
and lymphoid-primed multipotent progenitors (LMPPs) [1]. LMPPs become common lymphoid
progenitors (CLPs) [2], which have the potential to differentiate into B and T lymphocytes, as well as
natural killer (NK) cells [2]. Once committed to the lymphoid lineage, additional differentiation steps
lead to the formation of pro-B and pre-B cells, which are the early B cell precursors for immature and
germinal center (GC) B cells. Bone marrow-escaping mature naive B cells receiving T cell-dependent
signals become activated and localize to the GCs. At this point, they undergo massive proliferation
and programmed Ig mutation coupled to antibody affinity-based selection, a process triggered by
somatic hypermutation (SHM) and class switch recombination (CSR). Finally, they differentiate into
memory B cells or plasma cells (PCs) [3,4] (Figure 1).

The inhibition of erythroid differentiation was the first evidence of MYC activity in vitro, leading to
the suggestion that it could have a role in hematopoietic cell development [5,6]. Moreover, the findings
that some type of retroviruses expressing MYC provoke the formation of hematopoietic tumors, such as
myeloid leukemia [7], and that its expression is deregulated in Burkitt lymphoma [8], reinforced the
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idea of the potential involvement of MYC in hematopoiesis. In the specific case of B lymphocytes,
the use of transgenic mice overexpressing MYC revealed a developmental blockade at the B cell stage,
before the onset of lymphoma [9].

Given the importance of MYC deregulation in human leukemia and lymphoma, it is not surprising
that its correct modulation is essential throughout the whole B lymphocyte development [10]. At the
LT-HSC stage, there is a combined expression of c-MYC and N-MYC isoforms, but there is a complete
absence of L-MYC family members [11]. Interestingly, MYC expression allows LT-HSCs and MPPs
to be distinguished [10]. On the one hand, LT-HSCs display low levels of MYC to maintain a tight
equilibrium between cell self-renewal capacity and differentiation. On the other hand, the activation
of MYC expression promotes the differentiation of LT-HSCs into MPPs, which present increased
proliferating activity [10,12].

Despite its role in maintaining the self-renewal capacity of LT-HSCs, MYC is also essential
for controlling proper hematopoiesis. In fact, Myc-deficient murine embryos exhibit impaired
hematopoiesis and die before mid-gestation [13]. At this developmental stage, the role of MYC
proteins is hierarchical. N-MYC and L-MYC cannot be expressed alone and require the concomitant
expression of c-MYC. For instance, the single deletion of N-MYC does not affect the quiescent state of
HSCs or hematopoiesis, whereas the deletion of c-MYC in HSCs alters proliferation and survival [11].
In summary, c-MYC is essential for balancing self-renewal and differentiation at the HSC stage.
Sustained expression of MYC encompasses the transition from HSCs to lymphoid-committed cells
since its extensive ability to bind to promoter and enhancer regions endows it with an extensive gene
transcription role in both developmental stages [10,14].

N-MYC and c-MYC are both expressed in lymphocyte progenitors, meanwhile only the expression
of c-MYC is maintained during the rest of the differentiation process, despite being reduced in precursor
and mature B cell stages [15]. MYC expression is induced in pre-B cells in response to B-cell receptor
(BCR) stimulation [16,17]. MYC expression peaks coincide with the stages of higher proliferative rates
in B lymphocyte generation [18]. In consequence, MYC has an essential role in the expansion of pro-B
cells and differentiation to the pre-B stage [10]. Conditional knockout of c-MYC or N-MYC using the
Cd19-Cre transgenic mouse model blocks the transition from pro-B to pre-B cells, confirming its role at
this stage of lineage development [19].

In connection with these data, aberrant expression of MYC in transgenic mice results in a reduction of
mature B lymphocyte numbers relative to those of pre-B cells [9]. In a similar way, the regulation of MYC
expression may be altered by the presence of the antiapoptotic factor BCL2 [20], or the stimulation with
cytokines, such as interleukin 7 (IL-7) [21], resulting in a tumorigenic outcome, given the ability of these
two proteins to enhance cell survival. Conversely, Myc-null B lymphocytes have an impaired proliferation
capacity when treated with stimulatory cytokines, such as the B-cell surface antigen CD40 and IL-4 [22].

During the complex program that naive B cells undergo in the GC before they differentiate to
memory B cells or PCs, the expression of MYC is maintained, though being depleted when the B cell
exits de GC reaction [15,21]. In this context, MYC is basically restricted to specific phases of the GC
reaction development and is mainly expressed during naive B cell expansion and at stages preceding
the light zone (LZ) to dark zone (DZ) transition [23,24].

B-cell lymphoma 6 (BCL6) is a direct repressor of MYC during the GC reaction [23]. BCL6 binds
to the promoter region of MYC in pre-B and differentiated B cells [25-27]. Therefore, the expression
pattern of both factors is mutually exclusive in most GC B cells, with 91% of those cells expressing
either BCL6 or MYC, and only 8% showing co-expression of both proteins [23]. In GCs, when B
cells interact with antigens and access T-helper (Th) cells, they transiently express MYC due to the
transcriptional inhibition of BCL6 by the repressive machinery comprising BCR, IL-2, and interferon
regulatory factor 4 (IRF4), the latter being induced upon CD40 activation [24,28,29]. In the LZ, the BCR
also synergizes with CD40 to activate MYC and induce p-56, allowing cell-cycle entry [30,31].

In these early stages of GC formation, MYC-expressing B cells express cyclin D2 (CCND2) [32,33]
and D3 (CCND3) [34,35], which possibly contributes to their hyperproliferative phenotype during the
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initial rounds of cell division that give rise to the bulk of the GC B cells [36]. As described by Victora et al.,
B cell clonal expansion is restricted to the DZ, and cells move to the LZ in a bi-directional process
controlled by T cells. Based on the amount of Ag captured, Th cells at the LZ determine whether MYC*
B cells re-enter the DZ for additional rounds of positive selection, or if they remain in the LZ [37].

MYC™ B cells at the LZ subsequently undergo transcription, whereby BCL6 binds the transcription
factor (TF) MYC-interacting zing-finger protein 1 (MIZ1) [38], an MYC partner that acts to suppress
CDK inhibitor p21 and thereby induce cell-cycle entry. At this stage, BCL6 and MYC are co-expressed
in the LZ [23]. BCL6 also inhibits CCND2 expression [32,33], which is an MYC target. CCND3, which
is not controlled by MYC [34,35], is expressed alone in these LZ GC B cells. The TF TCF3 (also called
E2A) is intrinsically regulated by the induction of its own inhibitor ID3 (inhibitor of DNA binding
3), is expressed in the GC B cells, and activates CCND3 and E2F2, replacing CCND2-dependent
proliferation in the LZ MYC™* B cells [27,39].

Logically, MYC expression must be tightly controlled in the DZ to limit cell divisions before each
round of antigen affinity-based selection, as MYC controls the transcriptional pause release of RNA
polymerase II, which is essential for activation-induced cytidine deaminase (AID)-induced somatic
hypermutation (SHM) [40,41]. After several rounds of positive selection, the MYC" B cells finally exit
the GC and become either B memory cells or plasmablasts. B-lymphocyte-induced maturation protein
1 (BLIMP1) suppresses MYC expression in plasmablasts and induces PC differentiation [42]. This
dependency effect between MYC and B cell proliferation is known as “cyclic re-entry” [23]. A schematic
summary of the role of MYC in B lymphocyte differentiation is shown in Figure 1.
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Figure 1. Expression and role of MYC in B lymphocyte differentiation. Schematic representation of the
participation of the MYC protein throughout B-cell differentiation in the bone marrow and germinal
center (GC). The percentages shown refer to the population of MYC*, BCL6"/~ cells in the total number
of B cells present in the GC. The blue-colored line at the top of the Figure indicates the evolution of
MYC expression, where darker blue indicates steps that require higher MYC levels.

2. MYC Role in Leukemogenesis

Unlike other proto-oncogenes, MYC is not activated by oncogenic mutations in the coding
sequence. MYC transforms cells via aberrant overexpression of intact MYC protein by three main
mechanisms: gene amplification, chromosomal translocation, and aberrant regulation of its expression.
In the following sections, we describe the role of MYC in several types of leukemia.
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2.1. B lymphoblastic Leukemia with t(9;22) BCR-ABL1 Rearrangement

The B-cell receptor — ABL proto-oncogene 1 (BCR-ABL1) fusion (a translocation widely known as
the Philadelphia chromosome, Ph) protein product can activate Myc in bone marrow-derived murine
pre-B cells [43]. The activation of MYC, combined with other oncoproteins, such as RAS, c-RAF, and
c-JUN, promotes the activation of signaling pathways, leading to malignant cell transformation [44].
Remarkably, the repression of MYC impairs BCR-ABL1-mediated transformation, indicating that MYC
not only has a complementary function but also is essential for ensuring leukemic transformation [43,45].

Whereas the activation of MYC in lymphomas is partially caused by an elevated mutation
frequency in several cases, B-cell precursor leukemia has an almost negligible mutation rate [46].
However, BCR-ABL rearranged pre-B-acute lymphoblastic leukemia (ALL) is driven by an aberrant
expression of AID [47], which is expressed at such an early stage of B lymphocyte development [48],
as a consequence of the enhanced kinase activity of BCR-ABL1 fusion protein (i.e., tyrosine kinase
P210) [47,49]. Nevertheless, the proportion of patients harboring mutations at the MYC gene itself
among Ph* ALL cases remains low and stable compared with that of Ph™ patients [47].

In line with these data, MYC-IGH translocation, which is a common alteration in B-cell
lymphomas [50], is not frequently present in the B-cell precursor ALL. However, when analyzing the
genetic deletion of CDKN2, a common B-ALL feature, it was found that patients with the wild-type
CDKN?2 experienced a higher rate of MYC-IGH translocation [51], suggesting that the two genetic
alterations may be mutually exclusive.

MYC is induced through different pathways triggered by the BCR-ABL1 fusion protein. For
instance, the MYC gene is one of the pre-BCR downstream effectors whose signaling is transduced
through spleen tyrosine kinase (SYK) [52,53]. The inhibition of SYK impairs cell viability via the
repressed transcription of MYC oncogene [53]. In parallel, the pro-inflammatory marker sphingosine
kinase 2 (SK2) promotes the activation of MYC in murine models of B-ALL by increasing its acetylation
profile. The inhibition of SK2 provokes a drastic reduction in ALL cell proliferation through concomitant
repression of MYC target genes [54]. Recently, the use of purinostat mesylate (a first-in-class
histone deacetylase (HDAC) inhibitor with reported antitumor activity [55]) has also been shown
to downregulate the BCR-ABL1 fusion protein targeting of MYC through the alteration of global
histone 3 (H3) and histone 4 (H4) acetylation [56]. These studies reveal chromatin remodeling to be a
promising therapeutic strategy in BCR-ABL1* ALL. For instance, as described in greater detail below,
the combination of HDAC and PI3K inhibition impairs MYC-dependent growth in hematological
malignancies [57].

The Wnt signaling cascade is a well-characterized oncogenic pathway that can drive MYC oncogene
activation. The BCR-ABL1 protein phosphorylates specific tyrosine residues of y-catenin, thereby
enhancing the direct binding of this effector to the MYC promoter [58]. The role of this kinase activity
differs from that in HSCs, where BCR-ABL1 phosphorylates (3-catenin, giving rise to initial forms of
chronic myeloid leukemia (CML), without requiring MYC induction [58,59]. Instead, BCR-ABL1-driven
activation of the JAK/STAT pathway through the phosphorylation of JAK2 has similar effects on
both chronic myeloid leukemia (CML) and ALL, whereby pJAK2 and pSTAT5 cooperate to maintain
elevated levels of MYC by protecting it from ubiquitin-dependent degradation [60,61].

MYC is also regulated at several post-transcriptional levels in Ph* B-ALL. Since the highly
structured 5-UTR of MYC determines its translation rate, elFs are key translation factors that enable
MYC mRNA translation [62]. IgM signaling, which is active in chronic lymphoid leukemia (CLL) cells,
promotes increased translation of MYC mRNA, together with the induction of elF4 and elF4GI [63,64].
elF4 and MYC participate in a feedforward loop that enhances both activities [65]. This is not the only
mechanism through which MYC reinforces its own expression. For instance, MYC, in cooperation
with its TF partner MAX, binds to the promoter of BCR-ABLI, activating its transcription [66].

The aberrantly activated function of MYC in ALL also depends on protein stabilization. Some of
the first evidence demonstrated that the induction of the Ras pathway prevents proteasomal-mediated
degradation of MYC [67,68]. Moreover, most leukemia cell lines harbor an altered MYC form with a
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prolonged half-life, without possessing genetic mutations or chromosomal alterations [47,69]. The
increased stability of MYC is explained by an excess of phosphorylation at Ser62, combined with low
levels of pThr58, which promote glycogen synthase kinase 3 beta GSK33-mediated ubiquitylation and
proteasomal degradation [69,70].

Apart from its main function in driving tumor progression, MYC also induces apoptosis, since it
targets some genes involved in the BCL2 network [71,72]. As part of this network, the apoptosis-inducer
protein BIM acts as a major antagonist of BCL2. In fact, the Eu-myc murine leukemia model has
demonstrated that the deletion of Bim counteracts the potential induction of cell death by MYC,
worsening the B-cell leukemia-associated prognosis of these mice [73]. The regulation of BIM is
partially mediated by the miR-17-92 cluster (also known as MIR17HG), in MYC-driven leukemia [74,75]
and the inhibition of this specific microRNA endows leukemic cells with a pro-apoptotic phenotype [75],
making microRNA networks an alternative entry point for interfering with MYC function in the B-cell
precursor ALL. The regulation of MYC in BCR-ABL1-rearranged leukemia is depicted in Figure 2.
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Figure 2. Activating mechanisms of c-MYC in leukemia with the BCR-ABL1 rearrangement. A summary
of the different transduction signaling pathways that trigger the activation of MYC promoter in
BCR-ABL1-rearranged leukemia. Apart from direct transcriptional activation pathways, marked in
green, alternative mechanisms that induce c-MYC are depicted in black and highlighted in black
squares. Dashed arrows indicate the translocation of proteins between the nucleus and the cytoplasm.

2.2. B lymphoblastic Leukemia with the t(v;11) MLL Rearrangement

Translocations in the histone methyltransferase MLL gene are the most common chromosomal
alteration in infant leukemia and, in general, exhibit a very poor prognosis, such that the disease
is an extremely lethal malignancy in infants [76-78]. As in other types of B-cell leukemia, the MYC
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gene is not commonly involved in chromosomal translocations, although rare individual cases with
t(8;22) have been reported [77]. Recently, a revised characterization of the RS4;11 leukemic cell line has
demonstrated the presence of i(8q), resulting in MYC duplication, which confers a selective growth
advantage in vitro [79]. In B-ALL, this alteration is considered a secondary hit that contributes to
disease progression. Patients with the MLL-AF4 fusion protein have a strongly enriched MYC gene
signature compared with AML patients [80,81].

Consequently, MLL-fusion proteins activate the expression of the MYC oncogene in pre-B and
pro-B-cell leukemia [82,83]. For instance, MLL protein can prompt additional activity by fusing to
USP2 deubiquitinating protein, leading to the enrichment of USP2 activity on MDM2, ending with the
enhanced degradation of p53, which, in turn, activates MYC expression [84,85].

The binding of MLL-rearranged proteins to the regulatory regions of target genes depends on the
presence of chromatin adaptors that comprise the super-elongation complex (SEC). The bromodomain
and extra-terminal domain (BET) family of proteins (BRD2/3/4) are part of this complex and contribute
to the induction of MYC [86-88]. Initial evidence showed that suppression of BRD4 induces potent cell
growth arrest and cell senescence, combined with MYC downregulation, meaning that the BET family
is a promising therapeutic target [86-89].

For instance, a small molecule inhibitor of BET (iBET-151) prevents the recruitment of BET proteins
to chromatin by inhibiting the transcription of key targets, such as BCL2 and MYC [87]. In parallel,
JQ1 (a potent inhibitor of BRD4) greatly reduces MYC expression and activity, jointly with a large set
of its target genes [88]. Moreover, JQ1 has also been tested in patient-derived xenograft from ALL
patients, confirming its ability to inhibit MYC expression [90]. BET proteins are involved in maintaining
aberrantly altered chromatin states in ALL. At this point, BRD4 cooperates with MYC in recruiting
TEFb complexes to initiate transcriptional elongation at active promoters, while the transcriptional
regulator HEXIM1 counteracts BRD4 and MYC role by inactivating the complex. Therefore, tight
regulation of BRD4, MYC, and HEXIM1 is required for proper elongation [40,91,92]. A novel oral
BRD2/3/4 inhibitor (OTX015) has been shown to reduce MYC expression and to increase HEXIM1
levels in MLL-rearranged leukemia [89]. Apart from OTX015, the specific BRD4 inhibitor CPI-0610 has
been selected for phase I clinical trials in ALL patients [93].

Histone deacetylases (HDACs) have a differential expression pattern in ALL patients with MLL
rearrangement and are commonly overexpressed. For instance, HDACY is associated with an adverse
prognosis, whereas SIRT1 is involved in drug resistance through its regulation of the acetylation of the
TP53, MYC, and NF-xff genes. Consequently, HDAC inhibitors (HDACis) have emerged as potential
therapeutic options in treating hematological malignancies [94,95]. However, conceptualizing the
role of HDAC:s in leukemia as inducers of malignant transformation would be a too simplistic view,
given that some histone deacetylases, such as HDAC7, carry out an opposite function. As reported by
Barneda-Zahonero et al., HDAC? is involved in the repressive transcriptional machinery of MYC and,
therefore, it is often reduced in different types of leukemia and lymphoma, including MLL-rearranged
malignancies [96].

In this sense, newly developed compounds that selectively inhibit specific HDAC subtypes
are gaining relevance in the treatment of hematological malignancies [97]. For instance, class
I/Ilb-selective HDAC]i purinostat has demonstrated a direct effect on MYC downregulation [56], while
other selective drugs (mocetinostat, entinostat) are already undergoing clinical trials for diverse
hematological malignancies [97]. The use of combinatorial therapies merging selective HDACi and
classical treatments emerges as a promising therapeutic option, and it is tempting to speculate that its
ability to induce apoptosis resides, at least partially, in MYC negative regulation [97].

The relevance of the MYC oncogene in hematopoiesis is restricted to its functions in aberrantly
proliferating B-cell precursors and in the normal hematopoietic stem cell hierarchy. The expression of
MYC throughout this process is controlled by a super-enhancer region located 1.7 Mb downstream
of the gene [98]. This super-enhancer, known as the “blood enhancer cluster” (BENC), is comprised
of several selectively active modules that recruit a wide range of transcription factors due to the
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increased chromatin accessibility. This differential access to regulatory regions has also been reported
in murine models of MLL-AF9-driven leukemia, indicating that MYC hyperactivation during leukemia
can be driven by BENC-unbalanced modulation [99,100]. BENC deletion entails a drastic depletion
of B lymphocytes during normal development, as well as an improved prognosis in MLL-AF9*
leukemia [100]. Regarding the regulation of MYC at the promoter level, we strongly consider that
recently developed techniques for 3D chromatin architecture analysis will improve our knowledge
about the coordination of transcriptional machinery, chromatin accessibility, and 3D structure. Not in
vain, this novel methodology has already conferred a new dimension to the study of B cell development
at different stages [101].

2.3. B Lymphoblastic Leukemia with the t(12;21) ETV6/RUNX1 Rearrangement

The t(12;21) translocation, which involves the ETV6 and RUNX1 (also known as AML1) genes, is the
most frequent lesion in childhood B-ALL (20-30% of cases), at early diagnosis and remission [102,103].
The N-terminal region of ETV6 displays weak homology with the bHLH region of MYC protein [104].
This homology enables the induction of the targets of these factors through protein-protein interaction,
enhancing MYC oncogenic function [103]. Apart from its characteristic fusion to RUNX1 protein, ETV6
also forms fusion proteins with PAX5, which is a key inducer of B-cell-specific genes (such as CD19
and CD79A) [104,105]. The combination of PAX5 activity with ETV6-mediated MYC targets induction
establishes the ETV6/PAXS5 fusion protein as a powerful mediator of ALL progression.

Alterations affecting the MYC gene itself should be highlighted as examples of chromosomal
aberrations. For instance, a double MYC gene translocation t(8;14)t(8;9) was reported in a B-ALL
patient with ETV6 amplification [106]. Copy number variation (CNV) was reported in a substantial
65% of relapsing ETV6/RUNX1-positive ALL patients, including MYC expression gain at chromosome
8(g23.1-24.1) in 10% of cases [107].

An indirect pathway of MYC activation in ETV6/RUNX1-rearranged leukemia is mediated
by the GTP-binding protein RAC1, a pivotal modulator of hematopoiesis [108], that increases the
phosphorylation levels of STAT3 [109]. ETV6/RUNX1 protein enhances the activity of RAC1, increasing
MYC expression, induced by the phosphorylation of STAT3 [110]. Specific STAT3 inhibitors revert
MYC induction by blocking cell proliferation and promoting apoptosis in pro-B-ALL cells [110].

Additionally, the ETV6/RUNX1 fusion gene can be stabilized at the mRNA level by the
RNA-binding protein IGF2BP1, which is overexpressed in this type of leukemia [111]. IGF2BP1
leads to an eventual increase of MYC, linked to aberrant leukemogenesis in ETV6/RUNX1-mediated
ALL [111,112]. Finally, and similarly to the mechanism reported for BCR-ABL1-rearranged leukemia,
MYC is also stabilized at the protein level through aberrantly altered phosphorylation at the Thr58 and
Ser62 residues [69].

2.4. B Lymphoblastic Leukemia with other Chromosomal Rearrangements

Expression of B220 and CD43 determines the transition of pro-B into pre-B lymphocytes [113].
Leukemia derived from this developmental stage usually displays TCF3/PBX1 chromosomal
rearrangement, which is commonly found in leukemia derived from pre-B lymphocytes (in more than
90% of cases) [114]. Survival of TCE3/PBX1* cells critically depends on the activity of the pre-BCR [52,53].
Immunoglobulin p (Igu) heavy-chain knockdown impairs the proper assembly of pre-BCR and blocks
signal transduction through the Igx-Ig[3 heterodimer [115]. Igu downregulation in TCF3/PBX1-rearranged
cell lines significantly suppresses MYC expression at the mRNA and protein levels. MYC is regulated by
the pre-BCR in a FOXO-dependent manner since the forced expression of a constitutive form of FOXO1
reverts the blockade of pre-BCR signaling, and partially restores MYC expression [53].

Under physiological conditions, MYC mRNA is modulated by miR-24, which is able to bind at
its 3’-UTR region to reduce MYC levels, thereby controlling cell-cycle progression [116]. miR-24 is
frequently downregulated in TCF3/PBX1* pre-B-ALL, concomitantly with other miRNAs involved
in proliferation and apoptosis modulation in various cancers (e.g., miR-126 and miR-365) [117].
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Surprisingly, the restoration of miR-24 expression in TCF3-rearranged leukemic cell lines neither affects
the expression of some of its targets nor alters the frequency of apoptotic cells, suggesting that MYC is
regulated by a combination of mechanisms in this type of leukemia [117].

Despite not being the most frequent alteration, the IGH gene (located at chromosome 5) can also
be translocated to chromosomes 14 or 12, as is the case for the NALM-6 cell line, which harbors the
t(5;12) translocation. This cell line was recently used to identify the transcriptional cofactor apoptosis
antagonizing transcription factor (AATF) as being a direct target of MYC since it features canonical
binding motifs at the promoter region [118]. AATF promotes cell-cycle progression by inhibiting
TP53 expression and mediating the response to DNA damage [119]. It is of particular note that,
when inhibiting the expression of MYC, there is a drastic downregulation of MLL gene expression, a
previously described key mediator of pediatric leukemia. This downregulation can be counteracted by
the exogenous induction of AATE. Therefore, AATF mediates a positive feedback loop between MYC
and MLL gene in pro-B-ALL [118].

3. MYC Role in Lymphomagenesis

In hematopoietic malignancies, genomic abnormalities involving the MYC gene are almost always
found in B cell lymphomas, but rarely in T cell lymphomas. 30% of all lymphoid neoplasms are B cell
non-Hodgkin lymphomas. These can be classified further as Burkitt lymphoma (BL), diffuse large B
cell lymphoma (DLBCL), follicular lymphoma (FL), mantle cell lymphoma (MCL), and plasmablastic
lymphoma (PBL), among others.

3.1. MYC in Burkitt Lymphomas

BL arises mostly in children and young adults and has an extremely high proliferation rate.
Endemic, sporadic, and immunodeficiency-associated BLs are distinguished as clinical variants in the
World Health Organization (WHO) classification. BL has a mature B cell phenotype with expression of
GC/post-GC markers such as immunoglobulin M (IgM), CD10, and is typically negative for BCL2 [120].

The genetic hallmark that characterizes BL is the rearrangement of MYC with one of the IG gene
loci. Translocation triggers constitutive MYC hypermutation of the translocated gene in germinal
centers [121], subjected to AID-dependent SHM [41], which is susceptible to generating MYC variants
and increasing its oncogenic potential [122]. Specifically, an MYC translocation to the /G heavy chain
gene locus 14q32 (80% of the cases), or to the IGx or IGA light chain genes at 2p12 or 22q11 (10%) are
the main rearrangement sites [123,124]. Most mutations of the rearranged MYC gene are point SNPs or
deletions in the 3" border of the first exon and the first intron [125,126], altering the coding sequence
but permitting its transcription from the translocated chromosome. In consequence, there is an MYC
expression that terminates inhibiting cell differentiation and inducing proliferation, probably keeping
the cells in a hyperproliferative state.

In a gene expression profile study of human samples of BL (and DLBCL), three main cytogenetic
groups within the mature aggressive B cell lymphomas were distinguished: MYC-simple, with IG-MYC
fusions and a low chromosomal complexity score, no IGH-BCL2 fusions, and no BCL6 breakpoints, and
with a favorable prognosis; MYC-complex, including IG/MYC-rearranged BLs with highly complex
karyotypes, non-IG/MY C-rearranged cases, and all IGH/BCL2 fusions and/or BCL6 breakpoints, or any
combination of these; and MYC-negative, comprising lymphomas with unaltered MYC [127].

Inhibitor of DNA binding (ID) proteins, such as ID3, bind E-proteins such as TCF3 via HLH
common motifs, preventing the binding of the latter to DNA. Schmitz et al. shed light on some oncogenic
pathways, suggesting that MYC translocation is insufficient to induce BL [128]. The next-generation
sequencing (NGS) study performed by Love et al. identified MYC and ID3 as the genes most frequently
mutated in BL [128,129].

In the setting of deregulated MYC, samples with ID3 mutations show a higher level of expression
of known MYC target genes, and give rise to increased G1-to-S-phase cell-cycle progression in BL,
suggesting a role for ID3 as a tumor suppressor in this type of lymphoma [129]. The high level of
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ID3 expression in BL might be because the ID3 locus itself is a direct target of MYC [130] and due
to BCR triggering, as described using an Id37- mouse model [131]. Functional analyses suggested
that ID3-inactivating mutations and TCF3-activating mutations (by blocking ID3 binding sites) lead
to the activation of a TCF3-dependent transcriptional program that consequently promotes tonic
BCR signaling [132]. TCF3 would repress PTPN6, which encodes SHP-1, a BCR-attenuating factor
that acts by dephosphorylating the ITAM motifs of the CD79A and CD79B signaling subunits of the
BCR [39]. In addition, BCR can activate both MYC and ID3 by a sequential process in which MYC
rapidly upregulates its expression. Later, upon MYC downregulation, levels of ID3 increase [131]. This
effect may be produced by direct BCR activation, or through an indirect effect of MYC, highlighting the
existence of a positive feedback loop between BCR, ID3, and MYC regulation.

Tonic BCR activation requires PI3K signaling in mature B cells to maintain its continuity [132],
and the pro-survival pathway cooperates with MYC in BL [133]. MYC deregulation induces the
expression of the MIR17HG, a microRNA host gene amplified in ~10% of BL cases [134]. Particularly,
miR-19 is the key oncogenic component of the cluster, which antagonizes PTEN and, consequently,
activates the AKT-mTOR pathway, the consequence of which is exacerbated cell survival in MYC-driven
lymphomagenesis [128,135,136]. See [137] for an extensive review of the involvement of MYC and
miRNAs in lymphomagenesis.

BCR-induced PI3K pathway activation in BL contrasts with the absence of NF-k 3 survival pathway
signaling in these tumors [138]. Reinforcing this, the study by Klapproth et al. in Myc transgenic mice
showed that constitutive NF-kf3 activity is incompatible with the development of the MYC-induced
lymphomas [139]. The resting state of the NF-«[3 apoptotic pathway confers a selective advantage on
MYC-driven oncogenic cells.

3.2. MYC in Diffuse Large B Cell Lymphoma

DLBCL accounts for approximately 40% of all non-Hodgkin lymphomas [120]. Two major
subtypes can be identified: germinal center B-cell-like (GCB), which has a gene expression profile
similar to that of the GC B cell; and activated B cell-like (ABC), which has a worse outcome because it
expresses genes present in activated peripheral B cells [120]. The principal translocated sites in DLBCL
are a rearrangement of BCL6 (30% of cases) and t(14;18)(q32;q21) with BCL2 rearrangement to the IGH
gene locus (20-30% of cases) [140,141]. Globally BCL2 is rearranged in 30% of cases in the GCB-DLBCL
subgroup and in <5% of ABC-DLBCL cases [140,142,143].

Considering MYC specifically, its protein expression is detected in ~40% of diagnoses, but its
rearrangement is found in only around 10% of them, suggesting that alternative mechanisms may be
associated with MYC deregulation [143-146]. With regard to translocations, similar to what is observed
in BLs, the IG genes are the most frequent MYC partners, the latter being most commonly fused to IGH
or to non-IG genes such as BCL6, BCL2, PAX5, or IKAROS, which appear as translocation partners
in 35-50% of MYC-rearranged DLBCLs [145-147]. In addition to MYC translocations, DLBCLs are
characterized by the presence of MYC amplification and gains, and increased copy numbers of MYC
are associated with higher levels of mRNA and protein, resulting in a very poor prognosis [148,149].
However, careful examination of Cosmic, a public catalog of somatic mutations in cancer, revealed
that SNPs in MYC sequence could be detected in a significant fraction of DLBCLs, as reported in BL.
According to this data and as described before, polymorphisms in MYC sequence do not impair its
transcription, permitting in consequence, a dysregulated gene expression that could maintain the cell
in a hyperproliferative state that, in the end, will endow cells with increased aggressiveness.

MYC rearrangements are often involved in complex karyotypes and are frequently associated with
other oncogenic abnormalities. Lymphomas that carry MYC and either a BCL2 or a BCL6 translocation
(a double-hit lymphoma, DHL) or all three rearrangements (a triple-hit lymphoma, THL) are included
in the current WHO classification as a new entity termed “High-grade B cell lymphomas with MYC and
BCL2 and BCL6 rearrangements” [150]. Molecularly, DHL with MYC and BCL2 rearrangements present
a TP53 mutation, inhibiting TP53-mediated apoptosis at a higher frequency than DHL, including
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MYC and BCL6 alterations, which account for 35% and 6% of cases, respectively [151,152]. Therefore,
in the first group, upregulated MYC expression promotes proliferation and disables the capacity to
induce apoptosis, while BCL2 expression fosters cell survival. Together their co-expression confers an
aggressive proliferating phenotype on these DHLs.

MYC overexpression is a reliable biomarker for predicting therapeutic response, since its expression
is a poor prognostic factor in DLBCL [153] but, beyond the aforementioned rearrangements, the
mechanisms underlying its overexpression are still unknown. The stability of MYC is regulated by
GSK-3f3, which phosphorylates MYC at Thr58 and induces its degradation via the ubiquitin-proteasome
pathway [154]. Wang et al. demonstrated that BCR stimulation could activate downstream PI3K
signaling, phosphorylating GSK-3f at Ser9, and abolishing its ability to induce MYC degradation in
DLBCL [155]. Moreover, the PI3K pathway inhibitory elements such as PTEN are frequently lost in
GCB-DLBCL [156], while BCR mutations also result in its constitutive activation [157], leading to MYC
dysregulation in DLBCL.

Finally, the upregulation of MYC expression in DLBCL promotes BCR signaling by inducing
the MIR17HG cluster, employing a mechanism similar to that described above in the section on
BL [158,159]. Taken together, these data suggest that a positive feedback loop operates in the
BCR-PI3K-MYC signaling axis in DLBCL.

3.3. MYC In Plasmablastic Lymphoma

PBL is an aggressive, high-grade lymphoma that is most commonly diagnosed in patients with
HIV infection or an immunocompromised phenotype [120]. The cell of origin in PBL is thought to
be the plasmablast, an activated B cell that has undergone SHM and CSR, and that expresses cell
surface markers such as CD138, CD38, MUM]1, and Ig, similar to a plasma cell [120]. Signaling
pathways leading to plasma cell differentiation involve gene silencing of PAX5 and BCL6 through
BLIMP1 [160,161], which also represses MYC expression through promoter binding [42]. Recurrent
somatic mutations in PRDM1 (the gene encoding BLIMP1) occur in 50% of cases, where they affect the
regulation of diverse targets, such as MYC [162]. Moreover, MYC and BLIMP1 proteins were found to
be co-expressed in 80% of diagnoses [162]. These findings are firm evidence that PRDM1 contributes
to the oncogenicity of dysregulated MYC.

Although MYC rearrangement is the genetic hallmark of BL and is characteristic of an aggressive
subset of DLBCL, it is also a common finding in PBL, along with MYC gains [163,164]. In PBL, MYC
rearrangements have been found in ~50% of cases, and the IG genes are the most frequent partners
(~85%), with t(8;14) MYC/IGH being the commonest fusion product [163]. Gene expression analysis of
PBL revealed MYC overexpression at mRNA and protein levels [165]. MYC overexpression facilitates
PBL cell apoptosis escape through cell-cycle dysregulation, and jointly with loss of TP53 [166]. Together,
these two processes enhance the aggressiveness of PBL.

In the absence of translocations, the mechanisms of MYC dysregulation are poorly understood,
suggesting that MYC may be activated by other mutated genes. Rearrangements of BCL2, BCL6,
MALT1, and PAX5, which are common in BL and DLBCL, are not detected in PBL. Conversely, gains of
these loci are frequent in PBL, where 30% of cases display amplification of three or more of them [163].
Paradoxically, Ouansafi et al. demonstrated in a single case report the concomitant presence of BCL2
and MYC translocation in a rare case of FL-to-PBL transformation [167].

3.4. MYC in Other Non-Hodgkin B Cell Lymphomas

FL is an indolent non-Hodgkin lymphoma that transforms into a high-grade lymphoma, mostly
DLBCL, in about one-third of patients. The genetic hallmark of FL is t(14;18)(q32;q21), which brings
about BCL2/IGH fusion protein [168]. Low-grade lymphomas containing a BCL2 rearrangement need
subsequent secondary genetic hits for the disease to evolve. The genetic alteration of MYC may suffice
as this secondary alteration, leading to the transformation into a high-grade B cell lymphoma [169].
Actually, the majority of FLs express MYC, but only in a small fraction of the cells (<25%) [146].
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Pasqualucci et al. investigated the genetic drivers of transformed follicular lymphoma (t-FL) and
determined that there is a common mutated precursor that experiences distinct genetic events that
are specifically associated with alterations deregulating cell-cycle progression and DNA damage [46],
evidence that matches perfectly with MYC oncogene among others. t-FL to DLBCL progression
occurs in 30% of the cases, mainly among GCB-DLBCL patients [170,171]. t-FL oncogenic mechanisms
are characterized by the presence of a proliferation signature, together with recurrent oncogenic
transformations such as TP53 mutation, CDKN2A loss, and c-REL amplification [171], giving rise
to a proliferative phenotype in which MYC could be involved. In fact, genetic lesions deregulating
MYC are the second most common tFL-specific lesion (including translocations, point mutations, and
CNVs) [46]. Alternative pathways involving MYC and its targets could help distinguish between two
types of morphologically similar lymphomas, such as tFL-derived DLBCL and de novo DLBCL, this
signature being more enriched in de novo cases than in transformed ones [172].

As reported by Martinez-Climent et al., when examining gene expression changes in t-FL, a
considerable number of MYC target genes are differentially expressed, although the MYC gene locus
remains unaltered in terms of copy number [173]. Consequently, MYC genetic abnormalities are
not the driving mutations of FL transformation and may only serve as a surrogate for the entire
proliferation signature.

MCL is generally an aggressive malignancy, but it is thought in some cases to remain
latently quarrelsome in an indolent phase. It is characterized by t(11;14)(q13;q32), juxtaposing
IGH, and CCNDI1, resulting in CCND1 overexpression, which drives the cells through the G1/S
transition [174]. Interestingly, a partnership between CCND1 and MYC has been reported in
the oncogenic transformation of B cells to MCL [175]. The coexistence of MYC and CCND1/IGH
rearrangements [176] is commonly found in double-hit (DH)-MCL [177], which is associated with
a high-risk prognostic index. As reported for FL, most of the MCL cases display an intense MYC
expression, but the percentage of positive cells is frequently low (<25%) [146].

Aggressive MCL subset variants can be divided between the blastoid variants (resembling
lymphoblast cells) and pleomorphic variants (DLBCL-like cells). MCL is also characterized by large
numbers of secondary gains and losses of genes that are mainly involved in cell-cycle regulation,
response to DNA damage, and survival [178]. Regarding the blastoid variant, MYC alterations
such as the rearrangement involving IGH in t(8;14), disruption of the MYC locus in t(2;8), and gains
in add(8)(q24) have been described [179,180]. These aberrations, along with a high level of TP53
expression, are features associated with MCL aggressiveness [181].

CDK4 and CDKG6 are catalytic subunits of the cyclin D family that govern G1-to-S-phase progression;
p16™K42 and all members of the INK4 family act as their negative regulators by specifically binding
to them [182]. CDK4 mutations abolish the binding motif of the INK4 family, thereby functioning
as an oncogene capable of directing proliferation [183]. Surprisingly, cyclin D1/CDK4 and p16NK4
complexes are known to be upstream regulators of MYC [184], while CDK4 has been identified as
a target of MYC [185]. In the context of MYC dysregulation, CDK4-INK4 imbalance plays a role in
lymphomagenesis [183].

The MYC-driven gene expression network is maintained through the stability of the MYC protein,
which itself is sustained in MCL by MALT1 [186]. Constitutively activated MALT1 expression,
together with BCL10, is orchestrated by the activation of the BCR, which recruits CARD11 scaffold
protein and ultimately results in a BCR-driven CARD11-BCL10-MALT1 (CBM) complex. CBM
subsequently activates the NF-«[3 pathway [187] and, combined with MYC stabilization by MALT1,
drives lymphomagenesis progression.

Table 1 summarizes the essential information about the aberrant activation of MYC in leukemia
and lymphoma disorders (Chapters 2 and 3).
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4. Concluding Remarks

The appropriate path that lymphoid progenitors should ideally follow on their way towards
fully differentiated B cells is constantly under threat of being wrecked by the alteration of regulatory
mechanisms. Beyond its widely known function as an oncogene, MYC also plays an essential role at
different steps of B-cell differentiation, and its deregulation is one of the main hazards that can disrupt
the process. As described in this review and in a physiological context, MYC is strongly expressed on
the way to producing mature B lymphocytes, whereas its transient downregulation is required at some
specific points. However, MYC basal levels are maintained and are not completely switched off at any
point before the late memory and plasmatic B cell stages, demonstrating that only tight regulation of
MYC levels ensures that the B lymphocytes achieve their correct fate.

When the expression of MYC protein is aberrantly altered, the risk of developing a hematological
malignancy, such as leukemia or lymphoma, increases substantially through the acquisition of an
uncontrolled proliferative rate and a blockade of differentiation. Remarkably, the alterations that
trigger MYC overexpression differ between leukemia and lymphoma cells. In fact, leukemic cells have
low rates of MYC mutations and a low frequency of chromosomal translocations involving the MYC
gene, whereas the aforementioned genetic alterations are a hallmark in some types of non-Hodgkin B
cell lymphoma. Nevertheless, and even when not altered at the genetic level, the expression of MYC
is usually disrupted in the commonest types of leukemia, where it is activated by several pathways,
as well as at the post-transcriptional level. Most types of lymphoma present high levels of MYC
expression that are not always correlated with a mutated MYC gene, opening the door to speculation
that, as in leukemia, multiple pathways may act to facilitate its dysregulation.

In terms of therapeutic perspectives, the possibilities for interfering with MYC activity are still to
be adequately explored. However, the identification of regulatory cascades and other mechanisms
that trigger its induction opens a wide range of possibilities for indirectly impairing MYC function.
As reported here, we believe that the disruption of altered epigenetic regulation with HDAC inhibitors,
the blockade of microRNAs function, or the use of BET inhibitors that obstruct scaffold transcriptional
activating machinery, are but a few examples of the promising therapeutic strategies that will lead to
an improved prognosis of hematological disorders, mostly mediated by the maintenance of MYC at
physiological levels.
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