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Abstract

The epigenetic control of gene expression is central to the development of the hematopoietic
system and the execution of lineage-specific transcriptional programs. During the last ten years,
mounting evidence implicates the family of lysine-specific histone demethylases as critical
regulators of normal hematopoiesis, whereas their deregulation is found in a broad spectrum of
hematopoietic malignancies. Here, we review recent findings on the role of these enzymes in
normal and malignant hematopoiesis to highlight how aberrant epigenetic regulation facilitates
hematopoietic cell transformation through subversion of cell fate and lineage commitment
programs.
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Introduction

Although histone methylation was originally thought to be an irreversible chromatin
modification, biochemical characterization of KDM1A/LSD1, a flavin-dependent amine
oxidase, led to the discovery of the first known histone demethylase. KDM1A is component
of the CoREST transcriptional repressor complex and exhibits H3K4me2/mel demethylase
activity (1, 2). Subsequent studies showed that KDM1A also associates with nuclear
receptors where it functions as co-activator through demethylation of repressive H3K9me2
(3, 4). The KDM1A homolog KDM1B/LSD?2 is also an H3K4me2 demethylase (5, 6).
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However, KDM1A/B cannot remove tri-methyl groups from modified lysines which
suggested that alternative enzymatic activities exist. Indeed, work by several groups
discovered that the Jumonji C (JmjC) domain family of Fe(ll)- and a-ketoglutarate-
dependent dioxygeneases function as histone demethylases in a mechanism that involves
oxidative hydroxylation by radical attack of the methyl group (reviewed in (7, 8)). The
human genome encodes approximately 30 JmjC domain containing histone demethylases
that—based on structural homology of the JmjC domain—can be further divided into groups
with activities towards H3K4, H3K9, H3K27, and H3K36 modifications. Several of these
demethylases have also been shown to act on non-histone substrates (7, 8). Considering the
fast pace advancements in the field of epigenetics, it is likely that additional enzymatic
systems capable of demethylating histones will be described in the future. Mass-
spectrometry based studies revealed that lysine-specific histone demethylases participate in
multi-protein complexes to regulate gene expression, heterochromatin formation, and
genome organization (7, 8). In recent years, several of these enzymes have been implicated
in the epigenetic regulation of normal hematopoiesis while their deregulation has been
linked to the development of leukemias. Given the reversibility of histone methylation,
understanding the context dependent roles of histone demethylases will be critical for the
development of novel therapies.

Histone demethylases in hematopoiesis

In murine embryogenesis, definitive hematopoiesis commences around E10.5 from the
hemogenic endothelium (HE) of the aorta-gonad-mesonephros (AGM) region. The
hematopoietic stem and progenitor cells (HSPCs) that arise from the AGM are the first to
harbor multi-lineage reconstitution capacity (9, 10). These HSPCs subsequently migrate to
the fetal liver where they expand prior to homing the bone marrow, the permanent site for
hematopoiesis throughout adulthood (9, 10). In adult mice, HSPCs reside in a compartment
defined by lack of lineage specific markers (Lin"9) and positive for both c-Kit and Sca-1
(Lin"€9KS*), while long-term hematopoietic stem cells (HSCs) are further identified by the
presence of CD150 and absence of CD48 and can rescue myelo-ablated mice from
hematopoietic failure and establish long-term multi lineage reconstitution (11).

The first insight into the role of histone demethylation in hematopoietic development began
with the finding that deletion of Kdmla perturbs terminal differentiation of erythroid,
megakaryocytic, and granulocytic cells by derepressing Gfi-1/1b lineage-specific
transcriptional programs (12). Further studies revealed an indispensable role for Kdm1a, in
the context of Gfi-1/1b, for the emergence of HSCs from the AGM through silencing the
endothelial program within the HE both in mice and zebrafish (13, 14), suggesting an
evolutionary conserved role in definitive hematopoiesis. Conditional deletion of KdmZain
fetal (Vav2¢®) and adult (Mx2€"€) HSPCs resulted in severe pancytopenia and compromised
terminal differentiation of granulocytic and erythroid lineages (15, 16). At the molecular
level, Kdmla binds enhancers of genes that regulate self-renewal and lineage commitment
pathways and demethylates H3K4me1/2 as part of the COREST repressive complex (12, 13,
15).
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More recently, the JmjC domain histone H3K36 di-demethylase KDM2B/FBXL10 has been
also shown to play an important role in definitive hematopoiesis (17). Kdmz2b is highly
expressed in the HE, and its deletion ( 77e2¢"8) caused embryonic lethality due to a
precipitous drop in the number of hemogenic endothelial cells within the AGM. On the other
hand, Vavie:-Kdm2b™" mice were viable, but displayed a dramatic reduction in the
number of long-term HSCs as well as defective lymphopoiesis which was accompanied by a
concomitant upregulation of myeloid differentiation (17). A similar phenotype was also
observed in Mx1¢;Kadm2b™" mice upon p/pC administration suggesting an important role
for Kdm2b in the maintenance of HSPCs and regulation of lymphopoiesis, the latter in a
JmjC domain dependent manner (17). Gene expression and chromatin immunoprecipitation
studies coupled to next generation sequencing showed that KDM2B associates, in a
mutually exclusive manner, with Trithorax (TrxG)-active and Polycomb (PcG)-repressed
chromatin to regulate quiescence, cell fate, and lineage commitment. In mammalian cells,
the TrxG proteins MLL1-4 reside in a complex that includes WDR5, RBBP5, ASH2L, and
DPY 30 which methylates histone H3K4 to activate transcription. Although it does not
physically interact, KDM2B co-binds with TrxG proteins on gene promoters to enhance
NOTCHL1 signaling and promote T-cell commitment. On the other hand, PcG proteins reside
in two complexes: the Polycomb Repressive Complex 1 (PRC1) and 2 (PRC2) that function
as global transcriptional repressors through H2AK119 ubiquitination and H3K27 tri-
methylation, respectively. KDM2B is an integral component of a non-canonical PRC1 and
cross-talks with PRC2 to epigenetically repress transcriptional programs of myeloid
differentiation. Thus, these distinct functions of KDM2B ensure the faithful execution of
transcriptional programs for the initiation of lymphoid and repression of myeloid
commitment (17).

Hematopoietic cell migration is critical for normal hematopoiesis (9, 10). KDM6A/UTX, a
H3K27me3 demethylase encoded by the X chromosome, has been shown to play an
important role in the migration of HSCs in response to SDF-1/CXCR4 signaling, although
the exact molecular mechanism(s) remain elusive (18). Female Kdméa null mice displayed
hematopoietic phenotypes, such as myelodysplasia and suppressed erythro-
megakaryocytopoiesis, whereas the counterpart male mice showed no phenotype. Given that
UTY, encoded by the Y chromosome and exhibiting >80% similarity to KDMG6A, does not
demethylate H3K27me3 due to mutations in the JmjC domain (19, 20), this suggests that
KDMBG6A regulates those responses in a demethylase—independent manner. KDMB6A is an
integral component of MLL2/3 H3K4 methyltransferase complexes (21, 22), and likely
functions as a scaffold to facilitate the recruitment or the activity of this complex towards its
substrate. Interestingly, although KDMG6A demethylase activity is dispensable in definitive
hematopoiesis, H3K27me3 demethylation by either KDM6A or KDM6B/JMJD3 (encoded
by an autosomal gene) is crucial for the terminal steps of T-cell differentiation (23).
Consistently, another study showed that T-cell specific ablation of KDM6B promoted Th2
and Th17 and inhibited Thl and Treg differentiation under different cytokine-induced
conditions (24). The latter was also dependent on active demethylation and changes in the
expression of key genes, such as 7bx21,Gata3, and Foxp3. The preferential impact of
KDMG6A/B on late T-cell maturation may be linked to a role for these enzymes in integrating
extracellular cues and cytokine signals to regulate differentiation (23, 24). Further studies by
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using Crestrains at different stages of hematopoietic development and generation of
demethylation deficient mutants of KDM6A and KDM6B through CRISPR-mediated
genome editing will be useful in determining the demethylase dependent- and independent-
functions of those enzymes in hematopoiesis.

Histone demethylases in hematopoietic malignancies

Although epigenetic mechanisms are implicated in the pathogenesis of hematopoietic
malignancies, little is known about the role of lysine-specific histone demethylases, and
whether manipulation of these enzymes can be translated into targeted therapies. KDMB6A is
the most frequently mutated histone demethylase in hematopoietic malignancies as well as
in a broad spectrum of solid tumors (25, 26). Loss-of-function mutations or deletion of
KDMBG6A are prominent in NOTCH1 driven T-ALL and predominantly occur in male
patients (26). Consistently, in the context of NOTCHL1, leukemia kinetics ware faster in
Kdméa™" mice with shorter latency compared to the wild-type animals (25). Gene
expression and ChlP-seq studies showed that KDMG6A positively controls tumor suppressor
genes, including the regulator of NOTCHL1 stability FBXWY7, and counteracts the activity of
PRC2. The latter rendered T-ALL driven by KDME6A inactivation sensitive to
pharmacologic inhibition of H3K27 methylation (26). Intriguingly, a pro-oncogenic role for
KDMBG6A has been recently reported in TAL1-positive leukemias (27), suggesting that the
impact of KDMG6A inactivation in T-ALL may be context dependent. Furthermore, KDM6B,
the other known H3K27 demethylase, was found to be essential for the initiation and
maintenance of T-ALL (25). KDMB6B is induced by the NF-kB pathway and regulates
NOTCHL1 targets HES1 and HEY 1. Treatment of T-ALL cell lines with the KDM6B small
molecule inhibitor GSKJ4 led to cell cycle arrest and increased apoptosis. Overall, these
findings provide a basis for the development of personalized epigenetic therapies for T-ALL,
with respect to the status of KDM6A and KDM6B, and highlight a context dependent role of
those enzymes in T-cell transformation (25-27).

Another example of a histone demethylase with a context dependent role in hematopoietic
transformation is KDM2B, originally cloned as a putative oncogene from an insertional
mutagenesis screen in Moloney Murine Leukemia virus induced T-cell lymphomas (28, 29).
KDM2B is an integral component of a non-canonical PRC1 complex and cooperates with
PRC2 to regulate senescence, differentiation, and oncogenesis (17, 28, 30-33). KDM2B is
upregulated in and is required for the oncogenicity of human ALL cell lines, whereas its
overexpression in Sca-1* cells suffices to induce mixed lineage leukemias with complete
penetrance in mice (17, 34). On the other hand, deletion KDM2B expanded myeloid
progenitors and accelerated Kras-driven AML through subversion of lineage specification
pathways (17). Although KDM2B is neither mutated nor exhibits copy humber changes in
leukemias, its expression is downregulated in AML; similarly its interacting partners, such
as BCOR and components of PRC2, are frequently inactivated and confer poor prognosis
(17, 35, 36). Thus, modulation of KDM2B activity may be directed to restore differentiation
in acute leukemias and improve the efficacy of current therapies.

Overexpression of KDM1A is frequently observed in leukemias and confers a poor
prognosis by blocking differentiation and maintaining a “stem-like” phenotype of leukemia
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initiating cells (37, 38). Overexpression of the shortest isoform of Kdm1a, which
preferentially demethylates histone H3K9 and is repressed in quiescent HSCs, sufficed to
induce T-cell acute lymphablastic leukemia/lymphoma in mice (39). Inhibition of the
enzyme with small molecular inhibitors, as well as knockdown of the endogenous protein,
resulted in increased apoptosis and impaired leukemogenicity of MLL-AF9 driven AML
(37). Similar results were obtained in Acute Promyelocytic Leukemia (APL), a
cytogenetically distinct subtype of AML characterized by the t(15;17)-associated PML-
RARA fusion, in which all-trans-retinoic acid (ATRA) is used to differentiate leukemic
blasts. Combination of KDM1A inhibition and ATRA administration showed a synergistic
therapeutic effect, even in non-APL AML (38). In that context, ChlP-seq studies revealed
that ablation of KDM1A increased H3K4me2 and expression of myeloid lineage specific
genes, suggesting that differentiation of leukemic blasts with “epi-drugs” holds promise for
the treatment of AML (38).

JMJD1C is another JmjC domain protein discovered as putative oncogene in ShRNA screens
in MLL-AF9, HOXA9, and AML1-ETO driven AML (40-42). Depletion of IMID1C
decreased the frequency of leukemia initiating cells by inducing their differentiation and
impaired the growth and establishment of leukemia in serial transplantation experiments.
Notably, although JIMJD1C is important for the maintenance of the malignant phenotype, it
is dispensable for leukemia initiation (41). Although originally reported to be an
H3K9me2/mel demethylase leading to transcriptional activation, subsequent studies failed
to detect demethylase activity for IMID1C (40-42). Thus, the question whether the role of
JMJD1C in leukemia maintenance relies on its demethylation activity remains open.
Considering that loss of JIMJD1C caused minor defects in normal hematopoiesis, its
inhibition with small molecule inhibitors may be beneficial in the aforementioned types of
AML with minimal adverse effects.

Conclusions and future directions

A hallmark of hematopoietic malignancies is a block in cellular differentiation which causes
accumulation of progenitor cells and facilitates cell transformation in the context of
additional genetic and epigenetic changes. Thus, restoring differentiation may represent an
Achilles heel for successful remission and treatment of leukemias by forcing “leukemia
initiating cells” to differentiate to more mature cells that can be eradicated by current
treatments. As reviewed here, strong evidence indicates that lysine-specific histone
demethylases are major regulators of cell fate and lineage commitment decisions and their
deregulation facilitates hematopoietic transformation, primarily through maintaining
leukemic cells in an undifferentiated and drug-resistant state (Figure 1). Thus, combining
histone demethylase specific small molecule inhibitors with current treatments is a
promising avenue to promote differentiation and eradication of blast cells. Further studies
using animal models are needed to delineate the complexity of those circuitries, and to help
determine the appropriate therapeutic window to alleviate adverse effect in normal
hematopoiesis.
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Figure 1.
Schematic of important stages of normal (left) and malignant (right) hematopoiesis, and the

corresponding lysine-specific histone demethylases implicated in those processes. HSC;
hematopoietic stem cell, LIC; leukemia initiating cell.
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