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Figure S3, related to Figure 3. Mof loss leads to reduced tumor burden and prolonged survival in 
an in vivo MLL-AF9 leukemia model
(A) Primary, GFP-tagged MA9 leukemia BM cells in an Mx1-cre; Moff/f or Mx1-cre background were 
injected into sub-lethally irradiated C57Bl/6 mice (n=10 for  Mx1-cre and n=20 for Mx1-cre; Mof f/f ). Half 
of the mice per group were treated with poly-IC (pIpC) at day 15 post transplant to induce Mof excision. 
Plotted is the spleen weight of mice at time of death. A dot represents a single mouse.
(B) Graph illustrating the GFP% of live cells in bone marrow of mice at time of death.
(C) FACS plots illustrating presence of myeloid cell surface markers (MAC1 and GR1) in GFP + bone 
marrow, spleen and peripheral blood cells at time of death. Representative images are shown. 
(D) FACS plots illustrating presence of myeloid cell surface markers (MAC1 and cKIT) in GFP + bone 
marrow, spleen and peripheral blood cells at time of death. Representative images are shown. 
(E) PCR analysis illustrating Mof excision at time of death. A representative gel image is shown.
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144 Chapter 4

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Plasmids and constructs
NH3-terminal HA-tagged WT Mof was amplified by PCR and subcloned into the HpaI site 
of the retroviral vector MSCV-IRES-miCD2 (MSCV-HA-Mof-IRES-miCD2). To generate the 
two Mof HAT domain mutants MSCV-HA-Mof-G327E-IRES-miCD2 and MSCV-HA-Mof-
CoAdel-IRES-miCD2, HA-tagged Mof-G327E (327 glycine to glutamic acid mutation), and 
HA-tagged Mof-CoAdel (deletion of the CoA binding pocket of the MOF HAT domain, 314-
333 residues) were generated using the Q5® Site-Directed Mutagenesis Kit (New England 
BioLabs, Ipswich, MA). The mutant and WT Mof constructs were verified by sequencing. The 
MSCV-MLL-AF9-IRES-GFP and MSCV-Cre-IRES-dTomato plasmid have been previously 
described.1,2 The pCL-Eco plasmid was used for retroviral packaging. 

Transplant experiments
For primary AML experiments, Mx1-cre; Moff/f and Mx1-cre mouse LSKs were harvested 
and infected with MSCV-MLL-AF9-IRES-GFP retrovirus as described. GFP+ cells were sorted 
at 48 hours post infection and 35,000 GFP+ cells injected into sub-lethally irradiated (600 
cGy) 7-week-old C57Bl/6 mice. These mice developed acute myeloid leukemia (AML) within 
4-8 weeks post transplant. Leukemic mice were euthanized and BM cells obtained. For 
secondary transplant experiments, viable frozen BM cells from primary leukemic mice were 
thawed and 45,000 GFP+ cells injected into sub-lethally irradiated (600cGy) 6-8 week-old 
C57Bl/6 female recipients. At day 13 post transplant, mice were bled to check engraftment 
(pre pIpC). That same day, half of the mice per group were injected with pIpC (Invivogen, 
San Diego, USA) to induce Cre expression. pIpC treated mice received a total of three 
intraperitoneal pIpC injections, each dose 12.5 ug per gram of mouse weight, one every 
other day. Mice were euthanized at time of clinical symptoms of disease, coincided by 
leukocytosis. At time of death, bone marrow, spleen and peripheral blood were obtained. The 
Hemavet (Drew Scientific, Waterbury, CT) was used to obtain complete blood counts. Spleen 
cell suspensions were prepared by crushing the tissue through a 0.45 μm mesh filter and 
BM, PB and spleen cells were assessed for GFP and various immunophenotypic markers 
by flow cytometry on a FACS CANTOII (BD, San Jose, CA). FACS cell surface markers used 
were: SCA1 PE-Cy7 (eBioscience, San Diego, CA), MAC1 APC, GR1 PE, cKIT APC, cKIT 
PE-Cy7 and streptavidin APC-Cy7 (all Biolegend, San Diego, CA).

Western blot
Murine, in vitro transformed LSKs with stable expression of the MA9 fusion and miCD2, 
miCD2-Mof, miCD2-Mof-CoAdel or miCD2-Mof-G327E were lysed in 1X lysis buffer (#9803, 
Cell Signaling, Danvers, MA). Samples were heated at 75 °C for 10 minutes, sonicated for 10 
times 30 seconds and analyzed by SDS-PAGE.

Western blotting was done following standard procedures using a 10% Bis-Tris Gel 
(Nupage, Invitrogen, Carlsbad, CA). Proteins were transferred onto PVDF membranes 
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using the iBlot dry transfer system (Invitrogen, Carlsbad, CA). For assessing presence of 
HA-tagged MOF, H4K16ac, H4 and Actin, anti-HA antibody (HA.11, Covance, Dedham, 
MA), anti-H4K16ac antibody (07-329) anti-H4 antibody (07-108) and anti-Actin antibody 
(MAB1501R, all EMD Millipore, Billerica, MA) were used. The secondary antibodies used 
were either sheep anti-mouse IgG (NA931V) or anti-rabbit IgG (NA934V) ECL horseradish 
peroxidase linked whole antibody from GE Healthcare (Little Chalfont Buckinghamshire, UK). 

Liquid cell culture
293T cells used for retroviral production were cultured in DMEM, supplemented with heat 
inactivated 10% fetal bovine serum (FBS) and 50 U/mL penicillin/streptomycin (all Thermo 
Fisher Scientific, Waltham, MA). In vitro transformed MA9 mouse LSKs and MA9 primary 
leukemia cells were cultured in IMDM, supplemented with heat inactivated 10% FBS, 50 U/
mL penicillin/streptomycin (all Thermo Fisher Scientific, Waltham, MA) and murine IL3 (10 
ng/mL), IL6 (10 ng/mL) and SCF (20 ng/mL)(all PeproTech, Rocky Hill, NJ). MOLM13 and 
NOMO1 cells were culture in RPMI, supplemented with heat inactivated 10% fetal bovine 
serum (FBS) and 50 U/mL penicillin/streptomycin (all Thermo Fisher Scientific, Waltham, MA).

yH2AX immunofluorescence staining
Cytospins were fixed using a 4% PFA/PBS mix and cells perforated with 50ug/mL Digitonin 
in PBS. Cells were incubated at 4 °C overnight with yH2A.X p-S139 (Abcam, Cambridge, 
MA) and 30 minutes at room temperature with the secondary antibody anti-rabbit Alexa488 
(Molecular Probes, Thermo Fisher Scientific, Waltham, MA). Then cells were stained with DAPI 
and mounted using Prolong Gold Antifade Reagent (both Thermo Fisher Scientific, Waltham, 
MA). The number of yH2AX foci was determined using ImageJ software on representative 
confocal microscopy images.

MG149 treatment experiment
MG149 was dissolved in dimethyl sulfoxide (DMSO, Thermo Fisher Scientific, Waltham, MA). 
For MG149 treatment experiments, MOLM13, NOMO1 and murine, polyclonal primary MA9 
leukemia BM cells were plated in triplicate in a 96-well flat bottom non-treated cell culture 
plate (Falcon, Corning Life Sciences, Corning, NY). Cells were counted at day 3 and day 5 on 
a FACS CANTOII with DAPI viability stain (Thermo Fisher Scientific, Waltham, MA).
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148 Chapter 5

KEY POINT

MOF acetyltransferase activity is essential for adult, but not early and mid- gestational murine 
hematopoietic maintenance.

ABSTRACT

K(Lysine) Acetyltransferase 8 (KAT8, also known as MOF) is a histone 4 lysine 16 (H4K16) 
acetyltransferase and crucial for murine embryogenesis. Lysine acetyltransferases have been 
shown to regulate various stages of normal hematopoiesis. However, the function of Mof in 
hematopoietic stem cell (HSC) development has not yet been elucidated. We set out to study 
the role of MOF in general hematopoiesis by using a Vav1-cre induced conditional murine 
Mof knockout system, and found that MOF is critical for hematopoietic cell maintenance and 
HSC engraftment capacity in adult hematopoiesis. Rescue experiments with a Mof histone 
acetyltransferase domain mutant illustrated the requirement for Mof acetyltransferase activity 
in the clonogenic capacity of HSCs and progenitors. In stark contrast, fetal steady-state 
hematopoiesis at embryonic day 14.5 was not affected by homozygous Mof deletion despite 
dramatic loss of global H4K16ac. Hematopoietic defects start manifesting in late gestation 
at E17.5. The discovery that Mof and its H4K16 acetyltransferase activity are required for 
adult, but not early and mid- gestational hematopoiesis, supports the notion that multiple 
chromatin regulators may be crucial for hematopoiesis at varying stages of development. 
Mof is therefore a developmental-stage-specific chromatin regulator found to be essential for 
adult, but not early fetal hematopoiesis.
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INTRODUCTION

Histone acetylation was first reported in 1964.1 More recently, histone acetyltransferases 
(HATs) have been shown to acetylate various non-histone substrates, thus HATs are now 
categorized as lysine acetyltransferases (KATs).2 KATs play key roles in normal and malignant 
hematopoiesis.3 Acetyltransferases such as p300, CBP, MOZ GCN5 and HBO1 were shown 
to regulate various stages of normal blood cell development including hematopoietic stem 
cell (HSC) maintenance, myeloid proliferation, B-cell apoptosis and erythropoiesis.4-8 

KATs are divided into five families according to their homology and mechanism of 
acetylation, among which the MYST family is the largest.9 All members of the MYST family 
(named for its founding members MOZ, YBF2, SAS2 and TIP60) contain a MYST region with 
a canonical acetyl coenzyme A (CoA) binding site and C2HC-type zinc finger motif.10 One 
of the best-characterized MYST-family proteins is K(Lysine) Acetyltransferase 8 (KAT8, also 
known as MOF). MOF is a histone 4 lysine 16 (H4K16) acetyltransferase11-13 and is crucial for 
murine embryogenesis13,14. Murine embryos with homozygous, constitutional loss of Mof do 
not develop past the blastocyst stage. MOF is a cell type-dependent regulator of chromatin 
state and controls various essential cellular processes such as DNA damage response15-19, 
cell cycle progression15,20 and embryonic stem cell self-renewal and pluripotency21. 

MOF was shown to functionally and physically interact with the histone methyltransferase 
Mixed-Lineage Leukemia 1 (MLL1).22 In hematopoiesis, Mll1 is essential for development 
and maintenance of both embryonic and adult progenitors and HSCs.23,24 However, it’s 
methyltransferase activity was recently shown to be dispensable for HSC maintenance and 
functionality.25 These findings prompt the question whether MOF and its HAT activity are 
required for hematopoiesis. In 2013, Gupta et al. have shown that T-cell specific deletion 
of Mof blocks differentiation and reduces T-cell numbers.26 To assess the role of MOF in 
hematopoietic development and HSC maintenance and differentiation, we used a conditional 
murine system14 in which the Vav1 promoter drives early embryonic hematopoietic 
expression of Cre recombinase27 (Vav1-cre; Moff/f mice). We found that MOF is critical for 
hematopoiesis in newborn and adult mice. In addition, we show that MOF acetyltransferase 
activity is required for hematopoietic stem cell and progenitor maintenance and colony-
forming capacity. However, MOF and H4K16ac seem dispensable for maintenance of the 
highly proliferative E14.5 fetal hematopoietic system. Together our findings illustrate that 
MOF-controlled chromatin regulation is a developmental-stage-specific mechanism for 
hematopoietic maintenance. 

RESULTS

Homozygous Mof loss leads to lethal hematopoietic failure in mice shortly after birth
To examine the function of Mof in hematopoiesis, we used a conditional murine system14 in 
which the Vav1 promoter drives hematopoietic expression of Cre recombinase27. Moff/f mice 
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were backcrossed to C57Bl/6 mice.14 Mice with homozygous Mof loss in the hematopoietic 
compartment (Vav1-cre; Moff/f) were carried to term and born with Mendelian frequencies, 
but died 8 to 11 days after birth (P8-P11) whereas heterozygous Mof loss (Vav1-cre; Moff/+) 
did not affect survival (Figure 1A). At time of death, Vav1-cre; Moff/f P9 pups were smaller than 
both the heterozygous and wild type (Moff/f) control (Figure 1B), had a smaller spleen and 
thymus (Figure 1C and S1A), were pancytopenic (Figure 1D) and had low bone marrow (BM) 
cellularity (Figure 1E). Flow cytometry (FACS) analysis of BM and spleen indicated that the 
absolute number of mature myeloid, lymphoid and erythroid cells was significantly reduced 
in Vav1-cre; Moff/f P9 pups (Figure 1F, S1B and S1C). A similar pattern was found in the 
T-cell lineage in thymoid tissue (Figure S1D and S1E). Total number of myeloid progenitors 
(MPs, Lin-SCA1-cKIT+) and Lin-SCA1+cKIT+ (LSK) cells in Vav1-cre; Moff/f P9 BM were also 
significantly lower (Figure 1G). Within the BM compartment the relative number of mature 
myeloid and lymphoid cells (Figure S1F), and erythroid cells (data not shown) remained 
similar, while the percentage of LSKs and MPs was significantly reduced in Vav1-cre; Moff/f 
P9 pups (Figure S2A and S2B). FACS analysis indicated a reduction of cKIT+ cells within the 
Lin- BM population of Vav1-cre; Moff/f pups (Figure S2A). These FACS analyses indicate that 
in steady state hematopoiesis, while absolute numbers of all hematopoietic populations are 
down, LSKs and MPs are also reduced in percentage relative to total hematopoietic cells. 
Together, these data show that homozygous Mof loss leads to lethal hematopoietic failure 
in mice shortly after birth, and that while cell numbers in all lineages are affected, HSC-
enriched populations may suffer the greatest losses.

Vav1-cre-Moff/f P9 hematopoietic bone marrow cells are functionally impaired
To test the functionality of P9 Vav1-cre; Moff/f BM MPs and HSCs, colony-forming capacity was 
tested in a colony-forming unit (CFU) assay. Figure 2A illustrates a significant but variable 
reduction in colony count and total number of live cells in Vav1-cre; Moff/f BM cells compared 
to Vav1-cre; Moff/+ or Moff/f BM cells. The type of colonies generated by Vav1-cre; Moff/f BM 
cells did not differ significantly (Figure 2B). Next, we performed non-competitive transplant 
experiments where 633,000 Vav1-cre; Moff/f, Vav1-cre; Moff/+ or Moff/f CD45.2+ BM cells were 

Figure 1. Vav1-cre induced homozygous Mof loss leads to lethal hematopoietic failure in pups
(A) Survival curve of Vav1-cre-Moff/f and Vav1-cre-Moff/+ mice represented as days after birth (x-axis).
(B) Representative photographs of 9-day-old Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f pups.
(C) Representative photographs of spleen, thymus and liver of 9-day-old Vav1-cre-Moff/f, Vav1-cre-Moff/+ 

and Moff/f pups. Colors of arrows correlate to mouse genotype (Vav1-cre-Moff/f orange, Vav1-cre-Moff/+ 
mustard green, Moff/f blue).
(D) White blood cell (WBC) count, hemoglobin (Hb) and platelet count at time of sacrifice.
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(E) Bone marrow (BM) cell count after CD45.2 selection.
(F) Bar graphs representing the total number of mature B-cells (B220+), myeloid cells (GR1+/MAC1+), and 
T-cells (CD3+) in BM (harvested from femurs, pelvic bones, tibias and spine) and spleen as measured 
by FACS.
(G) Bar graph representing the total number of myeloid progenitor (MP) and Lin-SCA1+cKIT+ LSKs in BM 
as measured by FACS.
* p < 0.05, ** p < 0.01. Error bars show SD of mean. Significance compared to Moff/f.
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injected into lethally irradiated B6.SJL (CD45.1+) mice (Figure 2C). Two out of four Vav1-cre; 
Moff/f recipients had to be sacrificed within 12 days post transplant (Figure 2D) due to failure 
of donor cells to give rise to the minimally required hematopoiesis to survive lethal irradiation 
(data not shown). Figure 2E illustrates the low percentage of donor cells (CD45.2+) present 
in the recipient BM of the Vav1-cre; Moff/f recipient mice that failed to engraft, compared 
to a properly engrafted Vav1-cre; Moff/+ recipient mouse (8.8% versus 96.5%). CD45.2 
percentages of all surviving recipients were monitored every 4 weeks (Figure 2F) and mice 
were sacrificed 16 weeks post transplant, at which time BM engraftment was around 90% in 
all groups (data not shown). PCR analysis of Mof excision demonstrated incomplete excision 
in CD45.2+ BM cells derived from Vav1-cre; Moff/f recipients whereas the floxed allele was 
completely excised in CD45.2+ BM cells from heterozygous recipients (Figure 2G), indicating 
that complete homozygous deletion of Mof is not compatible with engraftment. Overall these 
functional experiments showed a variable phenotype of hematopoietic Vav1-cre; Moff/f cells. 
However, excision PCR data (Figure 2G) suggest that this variability is due to a high selection 
pressure against complete excision of Mof, indicating that complete homozygous excision 
is not compatible with functional engraftment of post-natal hematopoietic cells in a non-
competitive transplant setting.

Mx1-cre induced homozygous Mof loss in adult mice results in dramatic hematopoietic 
failure
Since Vav1-cre; Moff/f mice did not live past the first 2 weeks of life, we utilized the Mx1-cre 
system to assess the effect of Mof loss on adult hematopoiesis. In Mx1-cre mice, the Mx1 
promoter drives expression of Cre and can be induced by synthetic double-stranded RNA 
such as poly I:C (pIpC). In adult Mx1-cre; Moff/f and Mx1-cre; Moff/+ mice, induction of Cre 
by pIpC injections resulted in a rapid and lethal pancytopenia in Mx1-cre; Moff/f mice (data 
not shown). While Mx1 is not only expressed in hematopoietic tissue, but in various organs, 
we used a competitive transplant model to better assess the fate of adult hematopoietic 

Figure 2. Vav1-cre-Moff/f P9 hematopoietic bone marrow cells are functionally impaired
(A) Day 10 of CFU assay of fresh, CD45.2+ Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f P9 bone marrow 
(BM) cells. Bar graphs indicate mean number of colonies after 10 days (left) and number of live cells 
(right) per plating. 20,000 cells were plated per dish. Data are representative of 3 experiments with 
multiple donor mice per experiment.
(B) Mean percentage of the various colony types relative to all colonies counted per dish per genotype.
(C) Schematic for transplant experiment with CD45.2+ Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f P9 BM 
cells. B6.SJL recipient mice were injected with BM cells shortly after lethal irradiation (2 x 5Gy). The 
experiment was repeated three times with multiple donor mice per genotype, per experiment.
(D) Survival curve of recipient mice. Mice were all sacrificed 16 weeks (wks) post transplant. Vav1-cre-
Moff/f n=4, Vav1-cre-Moff/+ n=8, Moff/f n=9.
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(E) Bar graph illustrating the percentage of donor cells (CD45.2+) present in recipient BM comparing the 
failed Vav1-cre; Moff/f recipient mice to a properly engrafted Vav1-cre; Moff/+ recipient mouse.
(F) CD45.2% of live cells in peripheral blood (PB) over the time-course of the transplant experiments.
(G) PCR analysis illustrating Mof excision in CD45.2+ BM cells at time of sacrifi ce. A representative 
image is shown.
* p < 0.05. Error bars show SD of mean. Signifi cance compared to Moff/f.
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cells upon MOF loss. Whole BM cells derived from an Mx1-cre; Moff/f, Mx1-cre or Moff/f 

mouse were mixed at a 1:1 ratio with whole BM cells from a wild type (WT) B6.SJL mouse 
and injected into lethally irradiated B6.SJL recipients (Figure 3A). After 16 weeks the mean 
CD45.2 percentage in the peripheral blood (PB) was 26% in Mx1-cre; Moff/f recipients, 37% 
in Mx1-cre recipients and 44% in Moff/f recipients (data not shown). Per genotype, mice were 
split in two even groups with a similar mean CD45.2 percentage and Cre expression was 
induced in one group each, by pIpC injections. Two weeks after the last dose, mice were 
euthanized and processed. Figure 3B, C and D show the CD45.2 percentage of live cells in 
PB, BM and spleen respectively, illustrating that homozygous Mof loss leads to a rapid and 
nearly complete loss of adult hematopoietic cells. While mature myeloid cells are relatively 
more depleted in Mx1-cre; Moff/f pIpC+ CD45.2+ BM cells than mature lymphoid cells 
(Figure 3E), it becomes evident from the absolute cell counts (Figure 3F) that all lineages 
within the CD45.2+ compartment are dramatically depleted. A similar pattern was observed 
for the few residual CD45.2+ cells that remained in PB and spleen (Figure S3A and S3B). 
FACS analysis for progenitors and HSCs showed a significant depletion of MPs, LSKs and 
LT-HSCs relative to the total number of CD45.2+ cells in Mof-deficient BM cells (Figure 3G, 
S3C and S3D). Our findings indicate that Mof is not only required to maintain postnatal, 
but also adult hematopoiesis. Similar to what was found in postnatal hematopoiesis, cell 
numbers in all lineages are strongly affected by Mof loss in an adult transplant setting, but 
HSCs and progenitors suffer the greatest losses. 

Figure 3. Mx1-cre induced homozygous Mof loss in adult mice results in dramatic hematopoietic 
failure
(A) Schematic for competitive transplant experiment with whole bone marrow (BM) cells derived from 
adult Mx1-cre-Moff/f, Mx1-cre and Moff/f mice and BM cells from a B6.SJL mouse. B6.SJL recipient mice 
were injected with fresh BM cells shortly after lethal irradiation. After 16 weeks, half of the mice per 
genotype were injected with pIpC and 2 weeks after the 5th dose of pIpC, mice were euthanized and 
processed. The experiment was performed with 2 donors per genotype and 16-18 recipients per group.
(B) CD45.2% of live cells in peripheral blood (PB) of mice at time of sacrifice, post pIpC treatment. Each 
dot represents a single mouse in the experiment.
(C) CD45.2% of live cells in bone marrow (BM) of mice at time of sacrifice, post pIpC treatment.
(D) CD45.2% of live cells in spleen of mice at time of sacrifice, post pIpC treatment.
(E) Percentages of mature B-cells (B220+), myeloid cells (GR1+/MAC1+), and T-cells (CD3+) in live, 
CD45.2+ BM cells as measured by FACS at time of sacrifice.
(F) The total number of CD45.2+ mature B-cells, myeloid cells, and T-cells as measured by FACS at time 
of sacrifice.
(G) Percentages of LT-HSCs (CD150+/CD48-) within the live, CD45.2+, LSK BM population as measured 
by FACS at time of sacrifice.
* p = 0.0006, ** p = 0.0001, **** p < 0.000006. Error bars show SD of mean.
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Homozygous Mof loss does not affect fetal hematopoiesis at E14.5
Essentially all definitive blood cells and a significant proportion of yolk sac derived primitive 
blood cells express Vav1.27 In the embryo, Vav1 expression appears first in the liver, where 
it becomes just detectable at E9.5 and stronger at E12.5. At that stage, the liver has begun 
to replace the yolk sac and Aorta-Gonad-Mesonephros system as the major hematopoietic 
organ.28 At E14.5, fetal hematopoiesis is at its peak in the liver after which it starts to divert to 
the BM. At E18 most of the hematopoietic progenitors are still located in the liver, but gradually 
decrease through postnatal day 14 (P14) and already at P4, the majority of hematopoietic 
progenitors are found in the BM compartment.29 

Since Vav1-cre; Moff/f pups were delivered to term but displayed lethal hematopoietic 
defects about a week after birth, we set out to study the effects of Mof loss on hematopoiesis 
in murine embryos at E14.5 when fetal liver (FL) hematopoiesis is at its peak. The appearance 
of Vav1-cre; Moff/f embryos did not differ from their heterozygous and WT siblings (Figure 4A) 
and FL cellularity was consistent over all three genotypes (Figure 4B). PCR analysis on fresh, 
CD45.2+ FL cells illustrated complete Mof excision of the floxed alleles in Vav1-cre; Moff/f 
and Vav1-cre; Moff/+ (Figure 4C) and RT-qPCR data show substantial downregulation of Mof 
in the homozygous knockout cells (Figure S4A). Consistent with homozygous Mof deletion, 
Western blot analysis showed loss of global H4K16ac in CD45.2+ Vav1-cre; Moff/f FL cells 
(Figure 4D). Despite this significant loss of H4K16ac in Mof-deficient FL cells, FACS analysis 
showed no change in lymphoid, myeloid and erythroid lineages (Figure 4E and 4F), and also 
MP, LSK and HSC populations were preserved (Figure 4G). These data indicate that Mof and 
subsequent H4K16ac loss does not affect steady state fetal hematopoiesis at E14.5. 

Figure 4. Vav1-cre induced homozygous Mof loss does not affect fetal hematopoiesis at E14.5
(A) Representative photographs of Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f embryos at E14.5.
(B) Total live fetal liver (FL) cell count.
(C) PCR analysis illustrating Mof excision in fresh CD45.2+ FL cells. A representative image is shown.
(D) Western blot showing global H4K16ac, H4 and Actin in fresh CD45.2+ FL cells.
(E) Percentages of mature B-cells (B220+), myeloid cells (GR1+), and T-cells (CD3+) in live FL cells as 
measured by FACS.
(F) Percentages of cells at various stages of differentiation within the erythroid lineage in live FL cells as 
measured by FACS.
(G) Percentages of MPs and LSKs in live, Lin- FL cells, and HSCs (CD150+/CD48-) as a percentage of 
LSKs, all measured by FACS.
Error bars show SD of mean.
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Vav1-cre-Moff/f hematopoietic E14.5 fetal liver cells are functionally impaired
CFU assays were performed to assess the functional capacity of E14.5 Vav1-cre; Moff/f FL 
HSCs and myeloid progenitors. The colony-forming capacity of Vav1-cre; Moff/f FL cells was 
greatly diminished (Figure 5A). The few colonies that formed were more mature (CFU-M 
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and CFU-G, Figure 5B), suggesting that HSCs or early progenitors may be affected by Mof 
loss to a greater extent than the more mature populations. Next, we performed two non-
competitive transplant experiments where 2,000,000 Vav1-cre; Moff/f, Vav1-cre; Moff/+ or Moff/f 

unselected FL cells were injected into lethally irradiated B6.SJL mice (Figure 5C). All six 
Vav1-cre; Moff/f recipients had to be sacrifi ced within 12 days post transplant (Figure 5D) 
due to failure of donor cells to give rise to the minimally required hematopoiesis to survive 
lethal irradiation (CBC data not shown). Figure 5E shows the percentage of donor cells 
(CD45.2+) present in the recipient PB. This shows that Mof-defi cient E14.5 FL cells were 
unable to reconstitute hematopoiesis in adult mice, whereas heterozygous Mof loss did not 
affect reconstitution. These fi ndings are suggestive of a possible homing defect of FL cells 
to the BM and indeed, we found Vav1-cre; Moff/f cells to exhibit impaired homing capacity in 
a transplant setting (Figure S4B and S4C).
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Figure 5. Vav1-cre-Moff/f hematopoietic E14.5 fetal liver cells are functionally impaired
(A) Day 10 of CFU assay of fresh fetal liver (FL) cells derived from E14.5 Vav1-cre-Moff/f, Vav1-cre-Moff/+ 

and Moff/f embryos. Bar graph indicates mean number of colonies per dish after 10 days. 20,000 cells 
were plated per dish. Data are representative of 3 experiments with multiple embryos per experiment.
(B) Mean percentage of the various colony types relative to all colonies counted per dish per genotype.
(C) Schematic for transplant experiment with FL cells derived from E14.5 Vav1-cre-Moff/f, Vav1-cre-Moff/+ 

and Moff/f embryos. B6.SJL recipient mice were injected with FL cells shortly after lethal irradiation (2 x 
5Gy). The experiment was repeated 2 times with multiple donor embryos per genotype, per experiment.
(D) Survival curve of recipient mice. Mice were all sacrifi ced 16 weeks post transplant. Vav1-cre-Moff/f 
n=6, Vav1-cre-Moff/+ n=6, Moff/f n=7.
(E) CD45.2% of live cells in peripheral blood (PB) over the time-course of the transplant experiments.
(F) Schematic for transplant experiment with FL cells derived from E14.5 Vav1-cre-Moff/f, Vav1-cre-Moff/+ 

and Moff/f embryos and 250,000 whole BM helper cells. B6.SJL recipient mice were injected with cells 
shortly after lethal irradiation. The experiment was repeated two times with multiple donor embryos per 
genotype, per experiment.
(G) CD45.2% of live cells in the peripheral blood over the time-course of the transplant experiments. 
Vav1-cre-Moff/f n=6, Vav1-cre-Moff/+ n=5, Moff/f n=5.
(H) CD45.2% of live cells in BM of recipient mice at week 16.
(I) PCR analysis illustrating Mof excision in CD45.2+ BM cells at time of sacrifi ce. 
** p < 0.01. Error bars show SD of mean. Signifi cance compared to Moff/f.
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To determine short- and long-term engraftment potential of Mof-deficient E14.5 FL 
cells, the rapid death of recipient mice due to lethal irradiation had to be circumvented. 
Therefore, we repeated the FL transplants, but now co-injected 250,000 whole BM, CD45.1+ 
WT helper cells (Figure 5F). These helper cells were capable of rescuing Vav1-cre; Moff/f 
recipient mice from lethal irradiation death. Over the entire time course of the experiment, 
CD45.2 percentages did not rise above 2% in the PB of Vav1-cre; Moff/f FL recipients 
while Vav1-cre; Moff/+ and Moff/f recipients demonstrated stable engraftment with CD45.2 
percentages around 75% (Figure 5G). At time of sacrifice (week 16 post transplant), the 
mean CD45.2 percentage in BM of Mof-deficient FL recipients was 1.8%; significantly lower 
than the CD45.2 percentage in Vav1-cre; Moff/+ (69.2%) or Moff/f (93.2%) FL recipients (Figure 
5H). The few FL cells that did engraft in the Vav1-cre; Moff/f group were only partially excised, 
unlike the engrafted Vav1-cre; Moff/+ FL cells in which the one allele was completely excised 
(Figure 5I). FACS analysis of the CD45.2+ BM cells revealed no significant differences 
between the three groups with regard to the percentage of mature lymphocytes, myeloid 
cells (Figure S4D), LSKs and LT-HSCs (Figure S4E). 

In contrast to the presumably normal hematopoiesis in Vav1-cre; Moff/f embryos, 
these experiments demonstrated significant functional impairment of Mof-deficient E14.5 
FL cells. However, these experiments address fetal HSC functionality outside of the fetal 
microenvironment and therefore suggest an important role of the fetal microenvironment in 
maintaining normal hematopoiesis in Vav1-cre; Moff/f embryos.

Mof-deficient embryos start manifesting hematopoietic defects at E17.5
We wished to further narrow down the time frame in which murine hematopoiesis starts 
to derail due to Mof deficiency. Given the lack of phenotype in Mof-deficient E14.5 
hematopoiesis, we chose to assess FL hematopoiesis at E17.5, a late gestational age, only 
a day or two before birth. Gross morphology of Vav1-cre; Moff/f embryos appeared normal 
(Figure 6A) and the Mof allele was largely excised in hematopoietic Vav1-cre; Moff/f FL 
cells (Figure 6B), consistent with a loss of global H4K16ac (Figure 6C). Total FL cell counts 
were comparable between all three groups (Figure 6D) and erythroid populations did not 
appear affected by loss of Mof (Figure 6E), fitting with the normal appearance of Mof-null 
embryos. However, the CD45.2+ cell number was significantly decreased in E17.5 Vav1-cre; 
Moff/f livers (Figure 6F). FACS analysis of these Mof-deficient CD45.2+ FL cells indicated that 
the absolute number of mature myeloid and lymphoid cells (Figure 6G), and the number of 
MPs, LSKs and HSCs (Figure 6H), was significantly reduced in Vav1-cre; Moff/f embryos. 
These Mof-deficient FL cells were also functionally impaired, whereas they formed fewer 
colonies than the heterozygous and WT control (Figure 6I). The type of colonies did not differ 
significantly (Figure 6J). Together these findings suggest that the hematopoietic defects 
resulting from Mof and subsequent H4K16ac loss start manifesting in late gestation, though 
at E17.5 the phenotype is still quite modest compared to the phenotype in pups and adult 
mice. Interestingly, at E17.5 the erythroid lineage seems intact, which could explain why Mof-
deficient embryos are born at normal ratios. 
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Figure 6. Mof-deficient embryos start manifesting hematopoietic defects at E17.5
(A) Representative photographs of Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f embryos at E17.5. 
(B) PCR analysis illustrating Mof excision in fresh CD45.2+ FL cells. A representative image is shown.
(C) Western blot showing global H4K16ac, H4 and Actin in fresh CD45.2+ FL cells.
(D) Total live fetal liver (FL) cell count.
(E) The absolute number of cells at various stages of differentiation within the erythroid lineage in E17.5 
FLs as measured by FACS.
(F) Total number of live, CD45.2+ FL cells.
(G) The absolute number of mature B-cells (B220+), myeloid cells (GR1+), and T-cells (CD3+) in E17.5 
FLs as measured by FACS.
(H) The absolute number of MPs, LSKs and HSCs (CD150+/CD48-) as measured by FACS.
(I) Day 10 of CFU assay of fresh FL cells derived from E17.5 Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f 

embryos. Bar graph indicates mean number of colonies per dish after 10 days. 20,000 cells were plated 
per dish. Each groups contains three biological replicates.
(J) Mean percentage of the various colony types relative to all colonies counted per dish per genotype.
* p < 0.05, ** p < 0.01. Error bars show SD of mean. Significance compared to Moff/f.

Mof histone acetyltransferase activity is required for adult hematopoietic cell survival
MOF has been identified as the major H4K16 acetyltransferase in humans, mice and 
Drosophila.11-14,20 MOF contains a MYST family HAT domain with a CoA binding site (Figure 7A) 
that was shown to be crucial for its acetyltransferase activity.10,12 While MOF possesses 
acetyltransferase activity on various histones and nucleosomes, depletion of MOF in HeLa 
cells was shown to lead to a dramatic decrease in H4K16ac, whereas other acetylation sites 
appeared to be unaffected.20 

Since our data indicate a pivotal role for Mof in adult hematopoiesis, we set out to 
establish the specificity of our model for Mof loss and determine whether MOF HAT activity 
is dispensable. We designed a full-length, Human influenza hemagglutinin (HA)-tagged Mof 
and two HAT inactivated Mof retroviral constructs (Figure 7A) in which either the Coenzyme 
A (CoA) binding site was deleted (Mof-CoAdel) or a HAT inactivating point mutation (G327E) 
was introduced (Mof-G327E). The HAT inactivating point mutation in the MOF CoA binding 
domain was first described in Drosophila12 and later used in a human MOF construct where 
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Figure 7. Mof histone acetyltransferase activity is required for adult hematopoietic cell survival
(A) Schematic of full-length Mof, CoA binding domain deleted Mof or G327E mutant Mof.
(B) Schematic for in vitro rescue experiment. BM LSKs derived from four Moff/f or four WT mice were 
pooled by genotype and retrovirally transduced with full-length Mof (miCD2-Mof), a Mof mutant (miCD2-
CoAdel or miCD2-G327E) or empty vector (miCD2) and hCD2+ cells were sorted after 48 hours. These 
cells were then infected with dTomato-Cre, sorted another 48 hour (hr) later and used for CFU assays.
(C) Western blot showing global H4K16ac, H4 and Actin in Moff/f and wild type (WT) miCD2, miCD2-Mof, 
miCD2-Mof-CoAdel and miCD2-Mof-G327E cells at 48 hours post Cre transduction.
(D) Day 10 of CFU assay. 7000 cells were plated per dish. Representative petri dishes are shown.
(E) Day 10 of CFU assay. Bar graph indicates mean number of colonies per dish after 10 days (left) or 
mean number of live cells (right) per dish. Data are representative of two individual experiments.
(F) Mean percentage of the various colony types relative to all colonies counted per dish per genotype.
(G) PCR analysis illustrating Mof excision in hCD2+, dTomato+ LSKs, 48 hours post Cre infection and at 
day 10 of the colony-forming assay. A representative image is shown.
** p < 0.01. Error bars show SD of mean.

it was also found to diminish H4K16ac30. Alignment of Drosophila, murine and human MOF 
illustrates that the point mutation involves replacement of glycine by glutamic acid on position 
327 (G327E) in murine, as well as human MOF (Figure S5A). The constructs were packaged 
in an miCD2-MSCV retroviral vector with the hCD2 selection marker (miCD2-Mof, miCD2-
Mof-CoAdel and miCD2-Mof-G327E). Our data on Mof loss in the postnatal stage indicate 
variability in the phenotype, most likely due to leakage of the Cre system and high selection 
pressure against excised cells (Figure 2G). We therefore set-up an in vitro Cre transduction 
experiment using adult Moff/f or WT BM-derived LSKs. In order to assess expression of 
the exogenous Mof constructs we performed Western blot analysis for HA-tagged MOF in 
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transformed mouse BM LSKs. Figure S5B illustrates that exogenous Mof was consistently 
expressed by miCD2-Mof, miCD2-Mof-G327E and miCD2-Mof-CoAdel.

For the adult BM-derived LSK rescue experiment we transduced Moff/f or WT LSKs 
with miCD2, miCD2-Mof, miCD2-Mof-G327E or miCD2-Mof-CoAdel. After 48 hours, cells 
were sorted and then infected with dTomato-Cre. After another 48 hours of culture, dTomato 
positive cells were sorted, harvested for extraction of gDNA and protein and plated in 
methylcellulose for CFU assays (Figure 7B). Western blot analysis confirmed that exogenous 
full-length Mof was capable of restoring H4K16ac levels upon genetic Mof loss, while both 
HAT domain mutant Mof constructs were not (Figure 7C). CFU assays showed that exogenous 
expression of full-length Mof could indeed rescue hematopoietic Cre positive Moff/f cells from 
their detrimental fate, indicating the specificity of Mof loss in the observed phenotype (Figure 
7D and 7E). However, HAT-deficient Mof was incapable of rescuing Cre+ Moff/f cells (Figure 
7D and 7E). The one or two colonies that did form in Mof-deficient or Mof HAT-deficient 
cells were differentiated (CFU-G or CFU-M, Figure 7F). These colony-forming capacity and 
proliferation findings are supported by Mof excision PCR data where consistent and strong 
excision was observed in Cre+ Moff/f miCD2-Mof cells throughout the experiment, while the 
few cells that did grow in the Cre+ Moff/f miCD2, miCD2-Mof-CoAdel and miCD2-Mof-G327E 
setting lost Mof excision and were largely unexcised by day 10 of the CFU assay (Figure 7G). 

Interestingly, we found that Mof-deficient LSKs had significantly more yH2AX foci per 
cell nucleus compared to the WT control (p < 0.0001; Figure S5C and S5D), indicative of more 
DNA damage. All together these data indicate that the observed phenotype of homozygous 
Mof deletion in hematopoietic adult cells is specific to the loss of Mof. In addition, we have 
demonstrated that the HAT activity of Mof is crucial for survival of adult hematopoietic cells 
and that it may be required for genomic stability or adequate DNA damage response in adult 
HSCs.

DISCUSSION

The discovery that Mof is required for adult, but not early fetal hematopoiesis sheds new 
light on our understanding of regulation of hematopoietic development. We demonstrate that 
Mof is critical for hematopoietic cell maintenance and reconstitution in adult hematopoiesis. 
Rescue experiments with Mof HAT domain mutants illustrated the requirement for Mof 
acetyltransferase activity in the clonogenic capacity of HSCs and progenitors. In stark contrast, 
fetal steady-state hematopoiesis at E14.5 did not seem to be affected by homozygous Mof 
deletion despite dramatic loss of global H4K16ac. Given that previously published work 
using the Vav1-cre system has generated defects in fetal HSCs at E14.531, we conclude that 
Mof plays a critical role in adult, but not early fetal HSC maintenance.

HSCs undergo discrete developmental changes throughout life, the biggest being 
the transition from fetal to adult hematopoiesis.32 Early and mid- gestational hematopoiesis 
is characterized by rapid proliferation of undifferentiated HSCs to supply the developing 
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hematopoietic system.33 In adult hematopoiesis, lifelong blood cell production depends 
on the delicate balance between HSC self-renewal and differentiation34, so in contrast to 
fetal hematopoiesis, most adult HSCs turn quiescent35 to ensure HSC pool maintenance. 
This switch sets in at E16.5 and is complete at around 3 weeks after birth.32 As fetal HSCs 
markedly differ from adult HSCs with respect to cell cycle status35, proliferative capacity33 
and differentiation potential36, it is not surprising that they also differ in gene expression31,37 
and regulation31,38. While some genes39-44 regulate HSC maintenance throughout fetal 
and adult life, the transcription factor Sox1731 was found to be essential for fetal but not 
adult hematopoiesis. Similar to the observed phenotype in hematopoietic Mof loss, the 
transcriptional regulator Bmi1 has been shown to maintain adult, but not early fetal HSCs.38 
While pluripotency and lineage differentiation depend on establishing and maintaining 
gene expression programs that are largely regulated by chromatin organization45, it seems 
likely that multiple chromatin regulators are crucial for hematopoiesis at varying stages of 
development. Consistent with this notion is the finding that the chromatin regulator Ezh2 is 
required for fetal but not adult hematopoiesis.46 Our findings also support this concept that 
chromatin regulators are differentially involved in hematopoietic development, whereas we 
have shown that MOF HAT activity is a crucial regulator of post-natal and adult hematopoiesis, 
but not of the highly proliferative early and mid- gestational hematopoietic compartment. The 
fact that we can isolate fetal, phenotypically defined HSCs that are completely devoid of 
H4K16ac is quite remarkable and suggests a dramatic difference in chromatin structure 
between fetal and adult HSCs.

Further highlighting the importance of H4K16 acetylation, we have shown that the 
enzymatic activity of MOF is crucial for adult HSC maintenance and functionality (Figure 
7E). In addition we found an increase in DNA damage in Mof-deficient adult HSCs (Figure 
S5C and S5D). Further studies will be required to test why fetal hematopoietic cells can exist 
despite the dramatic, MOF-loss-induced H4K16ac deficiency (Figure 4D). H4K16 acetylation 
was found to have a limited role in transcriptional regulation of HEK293 cells47, as opposed 
to its activity in mouse embryonic stem cells21. While most studies on Mof depletion report 
adverse outcomes in various cell types, a recent study found that Mof deficiency in quiescent 
glomerular podocytes had no effect on kidney function in mice.48 These findings suggest 
that H4K16ac requirement may indeed be cell type specific, though it remains surprising 
that a highly proliferative hematopoietic system such as found in an E14.5 embryo, can be 
maintained, despite lack of H4K16ac. This is particularly interesting, as H4K16ac is believed 
to be one of the most important histone modifications to maintain euchromatin in mammalian 
cells.49 Previous data from murine embryonic fibroblasts (MEFs) suggest that a MOF-induced 
increase of H4K16ac is essential for an appropriate DNA damage response.17 Our finding 
of an increase in DNA damage in Mof-deficient LSKs, leads us to speculate that the MOF-
loss induced global H4K16ac depletion in adult HSCs potentially reduces accessibility of 
nucleosomes to repair proteins, by increasing chromatin compaction at the DNA damage 
foci, leading to gross genomic instability. Possibly other chromatin marks compensate for this 
lack of H4K16ac in fetal HSCs. Another possibility is that the regulation of chromatin structure 

Thesis_DG.Valerio_v3_homecomputer.indb   166 10/17/16   12:08 AM



167MOF in Normal Hematopoiesis

C
H

AP
TE

R 
5

is dramatically different between fetal and adult HSCs. Future studies using quantitative mass 
spectrometry to define global epigenomic changes50 could yield significant mechanistic 
insight into the role of altered epigenomic states throughout hematopoietic development.

The observed hematopoietic defects found in the liver of E17.5 Mof-deficient 
embryos (Figure 6), though more moderate than in pups and adults, make it unlikely 
that the phenotype in post-natal and adult Mof-null mice is solely caused by an impaired 
seeding capacity or engraftment of FL cells to the BM niche. Previous work has shown that 
distinct microenvironmental regulatory mechanisms exist between the fetal and adult HSC 
niche.32,33,51,52 It is, however, conceivable that the FL microenvironment itself is also modified 
during fetal development in order to meet the changing needs of lineage differentiation and 
HSC expansion.32 Our data suggest that earlier embryonic, Mof-deficient HSCs (<E15.5) are 
capable of proliferation and differentiation (Figure 4). However, over the next few days of 
gestation, intrinsic cellular requirements and microenvironmental stimuli change and it may 
be that Mof-null, H4K16ac-deficient HSCs are incapable of adapting to these changes due 
to significant abnormalities in chromatin structure. 

As previously mentioned, MOF and MLL1 complexes interact and this interaction was 
shown to be important for the chromatin regulatory function of both enzymes.22 Apart from 
its role in normal hematopoiesis, wild type MLL1 has been shown to play a role in MLL-
rearranged leukemogenesis.53,54 However, in both normal and malignant hematopoiesis, the 
H3K4 methyltransferase activity of MLL1 is dispensable.25 Given the interaction of MLL1 and 
MOF, and the necessity of MOFs HAT activity in adult hematopoiesis, it will be interesting 
to determine leukemia dependence on the enzymatic activity of MOF. It may be that in the 
setting of MLL-rearranged leukemia, it is in fact the HAT activity of MOF that is required for 
leukemogenesis. Future experiments assessing the role of MOF HAT activity in MLL1 fusion 
leukemogenesis should shed light on this hypothesis.

In conclusion, our study shows that Mof is a critical regulator of adult, but not early fetal 
hematopoiesis, thereby supporting the notion that chromatin regulation of hematopoiesis 
changes over time. We have identified MOF-controlled chromatin regulation as a 
developmental-stage-specific mechanism for adult hematopoietic maintenance. 
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EXPERIMENTAL PROCEDURES

Mice
The generation of Mof conditional knockout mouse in a C57Bl/6 (CD45.2+) background has 
been described previously.14 Moff/f mice were crossed to Vav1-cre or Mx1-cre mice and 
Cre was maintained as a heterozygous allele to generate Vav1-cre; Moff/f or Mx1-cre; Moff/f 
mice. Genotyping strategies were described previously.14 WT B6.SJL (CD45.1+) mice were 
purchased from Taconic, Hudson, NY. All animal experiments in this study were approved 
by and adhered to guidelines of the Memorial Sloan-Kettering Cancer Center Animal Care 
and Use Committee.

Isolation of murine hematopoietic cells
Vav1-cre; Moff/f, Vav1-cre; Moff/+, Moff/f, Mx1-cre; Moff/f, Mx1-cre and WT adult mice or 8-9 
day-old pups were sacrificed and peripheral blood, spleen, thymus, liver and bones (femurs, 
tibias, fibulas, pelvis and spine) were extracted. BM cell suspensions were prepared by 
crushing bones after removal of muscle and connective tissue. Spleen and thymus cell 
suspensions were prepared by crushing the tissue through a 0.45 μm nylon mesh filter. 

Vav1-cre; Moff/f, Vav1-cre; Moff/+ and Moff/f FL cells were obtained by timed breeding 
of a Vav1-cre; Moff/+and Moff/f couple during the course of 3 days and daily checking the 
females for a vaginal plug. Fourteen or seventeen days after a vaginal plug was observed, 
pregnant females were euthanized (E14.5 or E17.5 respectively). Fetuses were extracted 
from the euthanized mother and kept in PBS (Thermo Fisher Scientific, Waltham, MA) for 
further processing. FL cell suspensions were prepared by extracting the liver from the 
embryo and flushing it through a 23G needle in a tube containing PBS supplemented with 
2.5% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA).

Transplant experiments
All transplant experiments were performed by retro-orbitally injecting freshly isolated BM 
or FL cells into lethally irradiated (2 x 5Gy), 6-8 week-old B6.SJL female recipient mice. 
Mice were euthanized at or after 16 weeks or sacrificed sooner when severely anemic. Mice 
were bled every 4 weeks to monitor complete blood count (CBC), CD45.2% and mature 
hematopoietic populations. Further details on transplant experiments can be found in the 
Supplemental data.

Obtaining CD45.2+, Lineage depleted or LSKs
CD45.2+ cells were obtained by labeling BM or FL cells with a CD45.2 APC antibody 
(Biolegend, San Diego, CA) and sorting positive cells on an ARIA cell sorter (BD, San Jose, 
CA). Lineage depletion was performed by labeling BM or FL cells with purified, biotinylated 
monoclonal antibodies to CD3e, CD11b (MAC1), CD45R (B220), Ly-6G (GR1) and TER119 
(Biotin mouse lineage panel, BD). Lin+ cells were in majority removed by magnetic bead 
depletion with streptavidin conjugated MicroBeads over an LD column (both Miltenyi Biotech, 
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San Diego, CA). If required, Lin-, SCA1+, cKIT+ (LSK) cells were then obtained by staining 
lineage depleted cells with Streptavidin APC/Cy7, (Biolegend, San Diego, CA), CD117 (cKIT) 
APC and Ly-6A/E (SCA1) PE/Cy7 (both eBioscience, San Diego, CA), and sorting the LSK 
population.

In vitro colony-forming assays
To study the impact of Mof deletion on colony-forming capacity, fresh CD45.2+ sorted BM 
cells or whole FL cells (both 20,000 cells per dish) were plated in methylcellulose M3434 
(Stemcell Technologies, Vancouver, BC, Canada) in 35mm culture dishes. Colonies were 
scored after 10 days, using the Eclipse TS100 inverted microscope (Nikon, Tokyo, Japan). 
Cells from pooled colony aggregates were then assessed for Mof excision. 

In case of the Mof LSK rescue experiments, fresh LSKs from four Moff/f and four WT 
mice were pooled by genotype, split into four and infected with retrovirus containing miCD2, 
miCD2-Mof, miCD2-Mof-CoAdel or miCD2-Mof-G327E. After 48 hours of liquid culture, cells 
were sorted for hCD2 positivity and immediately infected with dTomato-Cre. Another 48 
hours later, dTomato positive cells were sorted, counted and plated (7000 cells per dish) in 
M3434 methylcellulose as described. 

Data Analysis and Statistical Methods
GraphPad Prism software was used for statistical analysis. Statistical significance between 2 
groups was determined by unpaired 2-tailed Student’s t-test. The Kaplan-Meier method was 
used to plot survival curves for murine leukemic transplant data.

See Supplemental Experimental Procedures for more details. 
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Figure S1, related to Figure 1. Vav1-cre induced homozygous Mof loss leads to lethal                       
hematopoietic failure in mouse pups
(A) Spleen and thymus cell count of 9-day-old Vav1-cre-Moff/f, Vav1-cre-Moff/+ and Moff/f pups.
(B) FACS gating strategy for measuring differentiation within the erythrocyte lineage in bone marrow 
(BM) and spleen. Live cells were selected prior to CD71/TER119 gating. P1 through P4 defines erythroid 
cell maturity where P1 consists of erythroid progenitors and P4 of mature erythrocytes. Representative 
images of a Moff/f mouse are shown.
(C) Total number of cells at various stages of differentiation within the erythroid lineage in BM (harvested 
from femurs, pelvic bones, tibias and spine) and spleen as measured by FACS.
(D) FACS gating strategy for measuring various stages of differentiation within the T-cell lineage in the 
thymus. Live cells were selected prior to CD4/CD8 gating. CD4+ or CD8+ cells are most mature and 
CD4-/CD8- (double negative or DN) cells most immature. Within DN cells, maturity is defined by CD44 
and CD25 cell surface markers where P1 is most immature and P4 most mature. Representative images 
of a Moff/f mouse are shown. DP = double positive.
(E) Total number of cells at various stages of differentiation within the T-cell lineage in the thymus as 
measured by FACS.
(F) Percentages of mature B-cells (B220+), myeloid cells (GR1+/MAC1+), and T-cells (CD3+) out of live, 
CD45.2+ PB, BM and spleen cells as measured by FACS.
* p < 0.05, ** p < 0.01. Error bars represent SD of mean. Significance compared to Moff/f.
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Figure S2, related to Figure 1. Vav1-cre induced homozygous Mof loss leads to depletion of 
myeloid progenitors and LSKs in mouse pups
(A) FACS gating strategy for measuring MP and LSK percentages in bone marrow (BM) derived from 
9-day-old Vav1-cre-Moff/f and Moff/f pups. After CD45.2+ live cell selection, Lin- cells are gated and the 
Lin- population is divided into MPs and the HSC enriched LSK population by cKIT and SCA1 staining. 
Representative images are shown. 
(B) Percentages of MP and LSK cells in Lin- BM as measured by FACS.
** p < 0.01. Error bars represent SD of mean. Significance compared to Moff/f.
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Figure S3, related to Figure 3. Mx1-cre induced homozygous Mof loss in adult mice results in 
dramatic hematopoietic failure
(A) A competitive transplant was performed with 1,000,000 whole bone marrow (BM) cells derived from 
adult Mx1-cre-Moff/f, Mx1-cre and Moff/f mice and 1,000,000 BM cells from a B6.SJL mouse. B6.SJL 
recipient mice were injected with the fresh BM cells shortly after lethal irradiation. After 16 weeks, half of 
the mice per genotype were injected with pIpC and 2 weeks after the 5th dose of pIpC, mice were 
euthanized and processed. Shown is the percentage of mature B-cells (B220+), myeloid cells           
(GR1+/MAC1+), and T-cells (CD3+) in live, CD45.2+ PB cells as measured by FACS at time of sacrifice.
(B) Percentages of mature B-, myeloid and T-cells in live, CD45.2+ spleen cells as measured by FACS 
at time of sacrifice.
(C) Percentages of MPs in live, CD45.2+, Lin- BM cells as measured by FACS at time of sacrifice.
(D) Percentages of LSKs in live, CD45.2+, Lin- BM cells as measured by FACS at time of sacrifice.
** p < 0.01. Error bars represent SD of mean.

Thesis_DG.Valerio_v3_homecomputer.indb   178 10/17/16   12:08 AM



179MOF in Normal Hematopoiesis

C
H

AP
TE

R 
5

A

Vav1-cre; Mof f/f
Vav1-cre; Mof f/+
Mof f/f

Vav1-cre; Mof f/f
Vav1-cre; Mof f/+
Mof f/f

**

0

0.5

1.0

1.5

Lo
g 

fo
ld

 c
ha

ng
e

Mof

D E
Lineage: BM

0

20

40

60

80

100

CD3GR1/MAC1B220

%
 o

ut
 o

f t
ot

al
 C

D
45

.2
+ 

ce
ll

0.0

0.1

0.2

0.3

0.4

0.5

%
 o

ut
 o

f t
ot

al
 C

D
45

.2
+ 

ce
ll

LSK CD150+/CD48-

HSC: BM

FL cells
B

0.0

5.0x103

1.0x104

1.5x104

2.0x104

Ab
so

lu
te

 n
um

be
r o

f C
D

45
.2

+ 
ce

lls

**
CD45.2: BM

C

Vav1-cre; Mof f/f

Vav1-cre; Mof f/+

Mof f/f

CD45.2+
1,500,000 cells

B6.SJL (CD45.1)

<18 hr

4 donors 3 recipients

24
 h

r

Figure S4, related to Figure 4 and 5. Vav1-cre-Moff/f hematopoietic E14.5 fetal liver cells have 
reduced Mof expression and are functionally impaired
(A) Bar graph illustrates relative expression levels (RT-qPCR) as mean log fold change in E14.5 
Vav1-cre-Moff/f  FL cells compared to Moff/f control cells.  
(B) Schematic for homing experiment. CD45.2+ FL cells derived from E14.5 Vav1-cre-Moff/f, 
Vav1-cre-Moff/+ or Moff/f embryos (n=5 per genotype) were pooled per genotype and 1,500,000 cells 
injected per lethally irradiated B6.SJL recipient mouse. Mice were euthanized 24 hours after transplant 
to assess donor cell homing to the BM.
(C) Graph represents the absolute number of CD45.2+ cells detected in the BM of recipient mice, 24 
hours post transplant. Each dot represents a single recipient mouse in the experiment.
(D) Transplant experiment with 2,000,000 FL cells derived from E14.5 Vav1-cre-Moff/f, Vav1-cre-Moff/+ 
and Moff/f embryos and 250,000 whole bone marrow (BM) helper cells. B6.SJL recipient mice were 
injected with cells shortly after lethal irradiation. Percentages of mature B-cells (B220+), myeloid cells 
(GR1+/MAC1+), and T-cells (CD3+) in live, CD45.2+ BM cells are shown as measured by FACS at time of 
sacrifice (week 16).
(E) Percentages of LSKs and LT-HSCs (CD150+/CD48-) out of live, CD45.2+ BM cells as measured by 
FACS at time of sacrifice.
** p < 0.01. Error bars represent SD of mean.
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A
Drosophila      KYIDKLQFGNYEIDTWYFSPFPEEYGKARTLYVCEYCLKYMRFRASYAYHLHECGRRRPP
Human           KYVDKIHIGNYEIDAWYFSPFPEDYGKQPKLWLCEYCLKYMKYEKSYRFHLGQCQWRQPP
Mouse           KYVDKIHIGNYEIDAWYFSPFPEDYGKQPKLWLCEYCLKYMKFEKSYRFHLGQCQWRQPP

**:**:::******:********:***  .*::********::. ** :** :*  *:**

Drosophila      GREIYRKGNISIYEVNGKEESLYCQLLCLMAKLFLDHKVLYFDMDPFLFYILCETDKEGS
Human           GKEIYRKSNISVYEVDGKDHKIYCQNLCLLAKLFLDHKTLYFDVEPFVFYILTEVDRQGA
Mouse           GKEIYRKSNISVYEVDGKDHKIYCQNLCLLAKLFLDHKTLYFDVEPFVFYILTEVDRQGA

*:*****.***:***:**:..:*** ***:********.****::**:**** *.*::*:

Drosophila      HIVGYFSKEKKSLENYNVACILVLPPHQRKGFGKLLIAFSYELSRKEGVIGSPEKPLSDL
Human           HIVGYFSKEKESPDGNNVACILTLPPYQRRGYGKFLIAFSYELSKLESTVGSPEKPLSDL
Mouse           HIVGYFSKEKESPDGNNVACILTLPPYQRRGYGKFLIAFSYELSKLESTVGSPEKPLSDL

**********:* :  ******.***:**:*:**:*********: *..:**********

Drosophila GRLSYRSYWAYTLLELMKTRCAPEQITIKELSEMSGITHDDIIYTLQSMKMIKYWKGQNV
Human           GKLSYRSYWSWVLLEILRDF--RGTLSIKDLSQMTSITQNDIISTLQSLNMVKYWKGQHV
Mouse           GKLSYRSYWSWVLLEILRDF--RGTLSIKDFSQMTSITQNDIISTLQSLNMVKYWKGQHV
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Figure S5, related to Figure 7. Mof loss in LSKs leads to DNA damage
(A) Aligned HAT domains (underlined residues) from Drosophila, human and murine MOF. The 
Acetyl-CoA binding pocket is highlighted in purple and the position of the G327E point mutation is 
marked in green.
(B) While Mof deficient cells in pups were not fully Mof deficient and Mof deficient FL cells quickly died 
after putting them in culture, the functionality of these constructs had to be tested in a different murine 
cell type. Murine MLL-AF9 leukemia cells in a Moff/f background were infected with HA-tagged 
full-length Mof (miCD2-Mof), CoA deleted Mof (miCD2-CoAdel), G327E mutated Mof (miCD2-G327E) or 
empty vector control (miCD2) in an MSCV-miCD2 retroviral vector, and selected by sorting hCD2+ cells. 
Western blotting for HA confirms presence of these exogenous constructs.
(C) Moff/f or wild type (WT) LSKs were harvested from adult mice, in vitro transduced with Cre, sorted 48 
hours post Cre infection and fixed. DNA damage was assesed by immunofluorescence of yH2AX. 
Representative images are shown.
(D) Graph illustrates the number of large yH2AX foci per cell nucleus, where a dot represents a single 
cell. Shown are two biological replicates per genotype. There is no significant difference between 
biological replicates.
** p < 0.01. Error bars represent SD of mean.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Plasmids and constructs
NH3-terminal HA-tagged WT Mof was amplified by PCR and subcloned into the HpaI site of 
the retroviral vector MSCV-IRES-miCD2 (MSCV-HA-Mof-IRES-miCD2). To generate the two 
Mof HAT domain mutants MSCV-HA-Mof-G327E-IRES-miCD2 and MSCV-HA-Mof-CoAdel-
IRES-miCD2, HA-tagged Mof-G327E (327 glycine to glutamic acid mutation, a point mutation 
in the highly conserved CoA binding pocket of the MOF HAT domain), and HA-tagged Mof-
CoAdel (deletion of the CoA binding pocket of the MOF HAT domain, 314-333 residues) were 
generated using the Q5® Site-Directed Mutagenesis Kit (New England BioLabs, Ipswich, 
MA). The mutant and WT Mof constructs were verified by sequencing. The MSCV-MLL-AF9-
IRES-GFP and MSCV-Cre-IRES-dTomato plasmid have been previously described.1,2 The 
pCL-Eco plasmid was used for retroviral packaging. 

Liquid cell culture
293T cells used for ecotropic retroviral production were cultured in DMEM, supplemented 
with heat inactivated 10% fetal bovine serum (FBS) and 50 U/mL penicillin/streptomycin (all 
Thermo Fisher Scientific, Waltham, MA).

In vitro transformed MA9  mouse LSKs and fresh FL cells were cultured in IMDM, 
supplemented with heat inactivated 10% FBS, 50 U/mL penicillin/streptomycin (all Thermo 
Fisher Scientific) and murine IL3 (10 ng/mL), IL6 (10 ng/mL) and SCF (20 ng/mL)(all 
PeproTech, Rocky Hill, NJ). 

Fresh BM LSKs or hematopoietic progenitors were cultured in Stemspan (Stemcell 
Technologies, Vancouver, BC, Canada), supplemented with 100ng/mL SCF, 100ng/mL TPO, 
50ng/mL FLT3, 10ng/mL IL3 and 10ng/mL IL6 (all PeproTech).

Transplant experiments
Transplant experiments with P9 Vav1-cre; Moff/f, Vav1-cre; Moff/+ and Moff/f BM cells 
were performed by isolating CD45.2+ BM cells and injecting 633,000 cells per recipient. 
Depending on the donor cell number, 2-3 recipients per donor were used. Transplant 
experiments with Vav1-cre; Moff/f, Vav1-cre; Moff/+ and Moff/f E14.5 FL cells were performed 
by injecting 2,000,000 unselected FL cells per recipient (2-3 recipients per donor). For the 
FL co-transplant experiments, 2,000,000 unselected FL cells and 250,000 whole BM helper 
cells from a B6.SJL mouse were injected per recipient. FL and P9 transplant experiments 
were repeated at least two times with multiple donors per genotype per experiment.

Mx1-cre; Moff/f, Mx1-cre and Moff/f BM transplant experiments were conducted by 
isolating whole BM cells from two 20-week-old donor mice per genotype and from one B6.SJL 
mouse. Per recipient, 1,000,000 unselected BM cells from both the Mx1-cre; Moff/f, Mx1-cre 
or Moff/f mouse and from the B6.SJL WT mouse were injected. 16 weeks post transplant, 
mice were split in even groups with a similar mean CD45.2 percentage after which one of 
the groups received five poly I:C (pIpC, Invivogen, San Diego, CA) injections every other 
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day (12.5 μg per gram of mouse body weight). Two weeks after the last dose, mice were 
euthanized and processed. We observed some depletion of CD45.2+ cells in the BM of Moff/f 
recipients though this difference was much more dramatic in the Mx1-cre; Moff/f recipients. 

Homing experiments
Homing experiments were performed by venous injection of CD45.2+ E14.5 Vav1-cre; Moff/f, 
Vav1-cre; Moff/+ or Moff/f FL cells into lethally (5 x Gy) irradiated B6.SJL recipients. Five 
mice were pooled per genotype and 1,500,000 cells injected per recipient mouse. Mice 
were euthanized exactly 24 hours after transplant and bones harvested to assess CD45.2 
frequency by FACS. 

FACS analysis
Mof-loss induced changes in hematopoietic populations were identified by staining cells for 
various surface markers and subsequent FACS analysis on a CANTO II (BD, San Jose, CA). 
The following FACS antibodies were used in various combinations: CD44 APC, CD25 PE, 
SCA1 PE-Cy7, SCA1 PerCP-Cy5.5, CD48 FITC and CD45.2 PerCP-Cy5.5 (all eBioscience, 
San Diego, CA), CD4 PerCP-Cy5.5, TER119 APC, B220 APC-Cy7, CD3 PB, MAC1 APC, 
MAC1 PerCP-Cy5.5, GR1 PE, GR1 PECy7, cKIT APC, cKIT PE-Cy7, streptavidin APC-Cy7, 
CD150 PE, CD45.2 APC and CD45.1 PE (all Biolegend, San Diego, CA), CD8a PB, CD71 PE 
and CD45.2 FITC (all BD). 

Western blot
Murine, in vitro transformed LSKs with stable expression of the MA9 fusion and miCD2, miCD2-
Mof, miCD2-Mof-CoAdel or miCD2-Mof-G327E were lysed in 1X cell lysis buffer (#9803, Cell 
Signaling, Danvers, MA). Samples were heated at 75 °C for 10 minutes, sonicated for 10 
times 30 seconds and analyzed by SDS-PAGE by loading a total of 2 million cells per lane. All 
H4K16ac and H4 Western blots were performed using either murine E14.5 or E17.5 CD45.2+ 
FL cells or Cre-transduced LSKs that were lysed in an LDS lysis buffer (4X LDS sample buffer 
from NuPage, H2O and 0.5M DTT, all Thermo Fisher Scientific). Samples were heated at 95 
°C for 10 minutes, sonicated for 10 times 30 seconds and analyzed by SDS-PAGE by loading 
100,000 cells per lane.

Western blotting was done following standard procedures using a 10% Bis-Tris Gel 
(Nupage, Invitrogen, Carlsbad, CA) and transferred onto PVDF membranes using the iBlot dry 
transfer system (Invitrogen). For assessment of HA-tagged proteins, global H4K16ac, global 
H4, Actin and GAPDH, anti-HA antibody (HA.11, Covance, Dedham, MA), anti-H4K16ac 
antibody (07-329, EMD Millipore, Billerica, MA), anti-H4 antibody (07-108, EMD Millipore, 
Billerica, MA), anti-Actin antibody (MAB1501R, EMD Millipore) and anti-GAPDH antibody 
(FL-335, Santa Cruz) were used. Secondary antibodies were either sheep anti-mouse IgG 
(NA931V) or anti-rabbit IgG (NA934V) ECL horseradish peroxidase linked antibody from GE 
Healthcare (Little Chalfont Buckinghamshire, UK). 
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yH2AX immunofluorescence staining
Cytospins were generated using the Shandon Cytospin 4 cytofuge (Thermo Fisher Scientific, 
Waltham, MA) by spinning 70,000-90,000 cells onto glass slides (500 rpm for 10 minutes). 
Cytospins were fixed using a 4% PFA/PBS mix and cells perforated with 50ug/mL Digitonin 
in PBS. Cells were incubated at 4 °C overnight with yH2A.X p-S139 (Abcam, Cambridge, 
MA) and 30 minutes at room temperature with the secondary anti-rabbit Alexa488 antibody 
(Molecular Probes, Thermo Fisher Scientific, Waltham, MA). Then cells were stained with 
DAPI and mounted using Prolong Gold Antifade Reagent (both Thermo Fisher Scientific, 
Waltham, MA). Nuclear immunofluorescence microscopy was done using a Leica SP5 
upright confocal microscope (Leica, Wetzlar, Germany). The number of yH2AX foci was 
determined using ImageJ software on representative microscopy images.
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In this thesis we have explored chromatin regulation in acute leukemia and normal 
hematopoiesis. In doing so, we have focused on the H3K4 methyltransferase MLL1 and the 
H4K16 acetyltransferase MOF. Here we will summarize the major findings of our experimental 
studies reported in Chapters 3, 4 and 5 and discuss their relevance for our understanding of 
the biology of leukemia as well as their potential therapeutic implications.

NUP98 FUSION PROTEINS INTERACT WITH THE NSL AND MLL1 

COMPLEXES TO DRIVE LEUKEMOGENESIS

In Chapter 3 we showed that NUP98 fusion proteins encoded by NUP98 fusion genes such as 
NUP98-HOXA9, NUP98-HOXD13, NUP98-TOP1 and NUP98-NSD1, physically interact with 
MLL1 and the NSL histone modifying complexes. Using ChIP-seq, we identified significant 
overlap in binding targets between NUP98 fusions and MLL1 (Figure 1, top panel). Further 
functional assays illustrated that Mll1 is required for the colony formation of various NUP98-
fusion driven leukemias in vitro and for maintenance of NUP98-HOXA9 (NHA9) leukemia 
in vivo. Mll1 loss leads to terminal differentiation of leukemic blasts through decreased 
expression of genes where NUP98 fusions and MLL1 colocalize, such as Meis1 and Hox 
cluster genes (Figure 1, bottom panel). This relation between MLL1 and NUP98 fusion target 
gene expression was confirmed by rescue experiments with exogenous expression of these 
shared target genes, which leads to rescue of the Mll1-loss-induced phenotype. Thus these 
findings indicate that MLL1 is crucial for NUP98 fusion leukemogenesis, likely by recruiting 
the NUP98 fusion protein to its target gene loci.

One of the next questions is: which are the critical protein(s) that interact with the 
NUP98 fusion and the MLL1 and NSL complexes? Based on previous Drosophila data1 it is 
likely that the interaction is through PHF20, which is a component of both the MLL1 and NSL 
complex. It is also possible that the NUP98 fusion protein interacts with the MLL1 complex 
through menin, similar to what has been found for the MLL-AF9 fusion protein2, and that MOF 
directly binds to MLL1 as was described by Dou et al3. Knockdown experiments followed by 
IP of the various proteins involved, could shed light on this question.

With regard to the specific domain of interaction, our data demonstrate that MLL1 and 
NSL protein complexes interact with the NUP98 N-terminus, but only in case of a truncated 
NUP98 as found in the fusion protein; wild type NUP98 does not interact. As was previously 
shown in Drosophila4, our findings confirm that, while wild type NUP98 is localized in the 
nuclear membrane as part of the nuclear pore complexes, the NUP98 N-terminus only 
localizes in the nucleoplasm. We found that the same nucleoplasmic localization holds true for 
NUP98 fusion proteins. Therefore we hypothesize that, due to this nucleoplasmic localization, 
MLL1 and NSL complexes can interact with the NUP98 fusion protein and that this interaction 
allows for the NUP98 fusion to be recruited to the DNA target loci. Based on our findings, this 
mechanism of oncogenicity may apply to all various NUP98 translocations.
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Figure 1. NUP98 fusion proteins interact with the NSL and MLL1 complexes to drive leukemogenesis 
The top panel illustrates that NUP98 fusion proteins were found to physically interact with the MLL1 
(turquoise colored) and NSL (yellow/orange colored) complexes. The dark blue proteins are shared 
between both the MLL1 and NSL complex. Based on Drosophila data, this interaction may be through 
PHF20, a protein present in both complexes. NUP98 fusion proteins bind DNA at various target genes 
such as Meis1 and Hoxa and b cluster loci where they upregulate expression of these genes. The 
bottom panel indicates that upon MLL1 loss, expression of the target genes diminishes, possibly while 
NUP98 fusions are no longer able to bind the DNA loci. The decreased expression of these target genes 
leads to terminal differentiation of the leukemic blasts.
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HISTONE ACETYLTRANSFERASE ACTIVITY OF MOF IS REQUIRED 

FOR MLL-AF9 LEUKEMOGENESIS

In Chapter 4 we identified Mof knockdown as one of the most potent suppressors of MLL-AF9 
(MA9) leukemic cell growth in a chromatin regulator focused RNAi screen. Further experiments 
using a murine conditional Mof knockout (KO) model illustrated that homozygous Mof deletion 
in MA9 leukemic cells leads to reduced tumor burden and prolonged survival in mice. RNA 
sequencing and immunofluorescence experiments indicate defective DNA damage repair 
as one of the mechanisms of cell death in Mof-deficient MA9 cells. In addition, we uncovered 
a loss of global H4K16ac upon Mof KO. Rescue experiments with histone acetyltransferase 
(HAT) domain mutated MOF illustrated that MOF HAT activity is indispensable for MA9 
leukemia maintenance (Figure 2).

Though we have established the importance of MOF HAT activity for MA9 
leukemogenesis, we have not yet elucidated the mechanism by which H4K16ac loss leads 
to cell death. Based on our data and previous studies in murine embryonic fibroblasts 
(MEFs), impaired DNA damage and possibly chromosomal instability are involved. Li et 
al. showed that radiation induced DNA damage in wild type MEFs leads to an increase of 
global H4K16ac5, suggesting that a MOF-induced increase of H4K16ac may be essential 
for an appropriate DNA damage response. Unacetylated H4K16 is required to achieve the 
maximum tendency of in vitro nucleosome arrays to fold into secondary or tertiary chromatin 
structures.6 In contrast, 30% H4K16 acetylation alleviates compaction of the chromatin fiber.7 
Therefore it may be that global H4K16ac depletion upon loss of MOF reduces accessibility 
of nucleosomes to repair proteins, by increasing chromatin compaction at the DNA 
damage foci. Future experiments assessing chromatin accessibility in MA9 Mof-null cells 
by assay for  transposase-accessible  chromatin with high throughput  sequencing (ATAC-
seq) and micrococcal nuclease digestion assays should provide data on general chromatin 
compaction and may help elucidate the connection between H4K16ac and accessibility of 
genes involved in DNA damage repair.

HISTONE ACETYLTRANSFERASE ACTIVITY OF MOF IS REQUIRED 

FOR ADULT, BUT NOT EARLY FETAL HEMATOPOIESIS IN MICE

In Chapter 5 we have demonstrated that Mof expression is critical for hematopoietic cell 
maintenance and hematopoietic reconstitution in adult hematopoiesis. Rescue experiments 
with Mof HAT domain mutants illustrated the requirement for MOF acetyltransferase activity 
in HSC and progenitor maintenance and colony-forming capacity. In contrast, E14.5 fetal 
hematopoiesis did not seem affected by homozygous Mof deletion despite dramatic loss of 
global H4K16ac. Hematopoietic defects start manifesting late gestation at E17.5 (Figure 3).
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Figure 2. Histone acetyltransferase activity of MOF is required for MLL-AF9 leukemogenesis
The physical interaction between wild type MLL1 and the MLL-AF9 fusion protein through menin has 
previously been established. In addition, it was shown that MOF and MLL1 not only share several 
proteins in their respective complexes, but also directly interact. MLL1 is an H3K4 methyltransferase, 
but this enzymatic function is not required for MLL-AF9 leukemogenesis. We found that MOF and it’s 
histone acetyltransferase (HAT) activity are required for MLL-AF9 leukemia maintenance and that loss of 
MOF HAT activity leads to global loss of H4K16ac and thereby leukemic blast cell death.

It has been well established that the hematopoietic system undergoes discrete 
developmental changes in the transition from fetal to adult hematopoiesis. Where earlier fetal 
hematopoiesis demands rapid expansion of undifferentiated HSCs to supply the developing 
hematopoietic system8, lifelong blood cell production in adult hematopoiesis depends on 
the delicate balance between HSC self-renewal and differentiation9. While pluripotency 
and lineage differentiation require the establishment and maintenance of gene expression 
programs that are largely regulated by chromatin organization10, it seems likely that multiple 
chromatin regulators are crucial for hematopoiesis at varying stages of development. 
Consistent with this notion is the fi nding that the chromatin regulator Ezh2 is required for fetal 
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but not adult hematopoiesis.11 Our findings also support this idea of chromatin regulators 
being differentially involved in hematopoietic development, since we have shown that MOF 
HAT activity is a crucial regulator of post-natal and adult hematopoiesis, but not of the highly 
proliferative early and mid- gestational hematopoietic compartment. 

Although many common signals may be present in both the fetal and adult HSC niche, 
distinct regulatory mechanisms exist to promote de novo generation or expansion of HSCs 
in the fetus, as compared to the mechanisms governing the balance of HSC differentiation 
and quiescence in the adult.8 Significant progress has been made in understanding the adult 
hematopoietic microenvironment, but only little is known about the fetal niche. Hackney et al. 
have made a first step in defining key components of the fetal liver (FL) microenvironment that 
support HSC expansion.12,13 By generating and comparing FL derived stromal cell lines with 
varying abilities to support HSC expansion, they identified multiple differentially expressed 
genes that play an important role in the in vivo FL HSC niche. It is, however, conceivable that 
the FL microenvironment itself is also modified during fetal development in order to meet 
the changing needs of lineage differentiation and HSC expansion in the embryo.12 Our data 
suggest that earlier embryonic, Mof-deficient HSCs (<E15.5) are capable of proliferation and 
differentiation. However, over the next few days of gestation, intrinsic cellular requirements 
and microenvironmental stimuli change and it may be that Mof-null, H4K16ac-deficient HSCs 
are incapable of adapting to these changes due to significant abnormalities in chromatin 
structure.

Another interesting question that remains to be addressed is why E14.5 fetal 
hematopoietic cells can exist despite the dramatic, MOF-loss-induced H4K16ac deficiency. 
Most studies on Mof depletion report adverse outcomes in a wide array of cell types 
and H4K16ac has been shown to play a critical role in regulating transcription in mouse 
embryonic stem cells.14 However, a recent study found that Mof deficiency and concurrent 
H4K16ac loss in quiescent glomerular podocytes had no effect on kidney function in mice.15 
These findings suggest that H4K16ac requirement may indeed be cell type or tissue specific, 
though it remains surprising that highly proliferative and immature fetal HSCs can function 
despite lack of H4K16ac. It may be that, in the earlier fetal HSC, other chromatin marks such 
as H3K27ac compensate for this lack of H4K16ac and thereby can maintain accessible 
chromatin. Future studies using quantitative mass spectrometry to define global epigenomic 
changes16 could yield significant mechanistic insight into the role of altered epigenomic 
states throughout hematopoietic development.

ARE MOF AND MLL1 GOOD SMALL MOLECULE INHIBITOR 

TARGETS IN ACUTE LEUKEMIA?

In Chapter 4 we have shown that MOF HAT activity is required for MA9 leukemogenesis and 
that loss inhibits leukemic cell maintenance. These findings suggest that inhibiting MOF HAT 
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activity with a small molecule might offer an effective approach in treating patients with MLL-
rearranged leukemia. As a matter of fact, there already is a compound available (MG149) 
that effectively targets MOF HAT activity, implying that developing a more potent MOF HAT 
inhibitor would be technically feasible. However, our data and previous fi ndings suggest 
that MOF loss rapidly kills cells, including normal adult hematopoietic cells, and, though 
we have identifi ed E14.5 fetal HSCs not to be affected by MOF loss (Chapter 5), in general 
the effect of MOF HAT loss may not be suffi ciently selective. On the other hand, this does 
not automatically mean that there is no therapeutic window in which a MOF HAT inhibitor 
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Figure 3. Histone acetyltransferase activity of MOF is required for adult, but not E14.5 fetal 
hematopoiesis
MOF and MLL1 physically interact. MLL1 H3K4 methyltransferase activity is not required for normal 
murine hematopoiesis. However, loss of MOF histone acetyltransferase (HAT) activity in murine, adult 
hematopoietic cells leads to global loss of H4K16ac and rapid hematopoietic cell death. The same 
global loss of H4K16ac is observed in fetal hematopoietic Mof-null cells, but despite this dramatic 
change, early and mid- gestational hematopoiesis does not appear to be affected.
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would kill leukemic cells very effectively without too much toxicity for normal cells. Evidence 
suggests that cancer cells are more sensitive to inhibition of enzymatic activity of certain 
proteins than normal tissue, in those instances indeed allowing for a therapeutic window. 
Examples of epigenetic modifiers that would fall in this category are DOT1L, BRD4 and 
LSD1. DOT1L loss has been shown to severely impair normal hematopoiesis17, sustained 
BRD4 inhibition demonstrates dramatic toxicity in most tissues18 and LSD1 inhibition leads 
to severe hematopoietic toxicity19. However, small molecule inhibitors targeting enzymatic 
activity for all three of these proteins are currently in clinical trials.20 We therefore believe it 
is worth further exploring MOF HAT activity as a candidate drug target in MLL-rearranged 
acute leukemia and we feel that developing potent small molecules targeting MOF activity 
is warranted. 

In this thesis we have demonstrated that the MLL1 core complex physically interacts with 
oncogenic NUP98 fusion proteins and that MLL1 is required for the leukemogenic potential of 
NUP98 translocations (Chapter 3). Unlike Mof KO, Mll1 deficiency does not cause rapid cell 
death, but leads to differentiation of leukemic blasts, suggesting that, much like in Dot1l KO 
models17, the leukemic cell resumes a more normal hematopoietic maturation program and 
eventually dies. However, it is as of yet unclear what part of MLL1 to target. The MLL1 SET 
domain has histone methyltransferase activity, methylating H3K4. We considered that it may 
be this histone methyltransferase activity that is required for NUP98 fusion leukemogenesis. 
Yet, our unpublished data suggest that MLL1 loss in NHA9 leukemic cells does not change 
global H3K4me3. In addition, we found that MLL1 SET-domain deleted hematopoietic stem- 
and progenitor cells are still capable of leukemic transformation upon introduction of the 
NHA9 fusion (unpublished data), much like what was previously found for MA9 21. These data 
point toward the dispensability of MLL1 histone methyltransferase activity in NUP98 fusion 
leukemogenesis. We have, however, shown the colocalization of NUP98 fusion proteins and 
MLL1 at NUP98 fusion target loci by ChIP-seq. This finding indicates that NUP98 fusions may 
utilize their interaction with the MLL1 complex to be recruited to chromatin, specifically at 
NUP98 fusion target loci such as Hox cluster genes and Meis1. In MLL-rearranged leukemia, 
genetic deletion of Menin reverses aberrant Hox gene expression, mediated by MLL1-
menin promoter-associated complexes.22 Following the latter gene expression reversal, the 
differentiation arrest and oncogenic properties of MLL1 fusion transformed leukemic blasts 
are abrogated. Inhibitors blocking the interaction between MLL1 and menin were shown to 
reverse aberrant Hoxa9, Flt3 and Meis1 expression and prolong survival of MA9 leukemic 
mice.23 It might be that, similar to what has been observed in MLL-rearranged leukemia, 
NUP98 fusion proteins require not only MLL1, but also the interaction between MLL1 and 
menin in order to bind target gene loci. This hypothesis requires further investigation, but if 
correct, would offer an interesting therapeutic opportunity for leukemia patients carrying a 
NUP98 translocation.

Thesis_DG.Valerio_v3_homecomputer.indb   195 10/17/16   12:08 AM



196 Chapter 6

REFERENCES

1.	 Pascual-Garcia P, Jeong J, Capelson M. Nucleoporin Nup98 associates with Trx/MLL and NSL 
histone-modifying complexes and regulates Hox gene expression. Cell Rep. 2014;9(2):433-442.

2.	 Thiel AT, Blessington P, Zou T, et al. MLL-AF9-induced leukemogenesis requires coexpression of 
the wild type Mll allele. Cancer Cell. 2010;17(2):148-159.

3.	 Dou Y, Milne TA, Tackett AJ, et al. Physical association and coordinate function of the H3 K4 
methyltransferase MLL1 and the H4 K16 acetyltransferase MOF. Cell. 2005;121(6):873-885.

4.	 Kalverda B, Pickersgill H, Shloma VV, Fornerod M. Nucleoporins directly stimulate expression of 
developmental and cell-cycle genes inside the nucleoplasm. Cell. 2010;140(3):360-371.

5.	 Li X, Corsa CA, Pan PW, et al. MOF and H4 K16 acetylation play important roles in DNA damage repair 
by modulating recruitment of DNA damage repair protein Mdc1. Mol Cell Biol. 2010;30(22):5335-47

6.	 Shogren-Knaak M, Ishii H, Sun JM, Pazin MJ, Davie JR, Peterson CL. Histone H4-K16 acetylation 
controls chromatin structure and protein interactions. Science. 2006;311(5762):844-847.

7.	 Robinson PJ, An W, Routh A, et al. 30 nm chromatin fibre decompaction requires both H4-K16 
acetylation and linker histone eviction. J Mol Biol. 2008;381(4):816-825.

8.	 Lessard J, Faubert A, Sauvageau G. Genetic programs regulating HSC specification, maintenance 
and expansion. Oncogene. 2004;23(43):7199-7209.

9.	 Cheshier SH, Morrison SJ, Liao X, Weissman IL. In vivo proliferation and cell cycle kinetics of long-
term self-renewing hematopoietic stem cells. Proc Natl Acad Sci U S A. 1999;96(6):3120-3125.

10.	 Teitell MA, Mikkola HK. Transcriptional activators, repressors, and epigenetic modifiers controlling 
hematopoietic stem cell development. Pediatr Res. 2006;59(4 Pt 2):33r-39r.

11.	 Mochizuki-Kashio M, Mishima Y, Miyagi S, et al. Dependency on the polycomb gene Ezh2 
distinguishes fetal from adult hematopoietic stem cells. Blood. 2011;118(25):6553-6561.

12.	 Mikkola HK, Orkin SH. The journey of developing hematopoietic stem cells. Development. 
2006;133(19):3733-3744.

13.	 Hackney JA, Charbord P, Brunk BP, Stoeckert CJ, Lemischka IR, Moore KA. A molecular profile of 
a hematopoietic stem cell niche. Proc Natl Acad Sci U S A. 2002;99(20):13061-13066.

14.	 Li X, Li L, Pandey R, et al. The histone acetyltransferase MOF is a key regulator of the embryonic 
stem cell core transcriptional network. Cell Stem Cell. 2012;11(2):163-178.

15.	 Sheikh BN, Bechtel-Walz W, Lucci J, et al. MOF maintains transcriptional programs regulating 
cellular stress response. Oncogene. 2015.

16.	 Britton LM, Gonzales-Cope M, Zee BM, Garcia BA. Breaking the histone code with quantitative 
mass spectrometry. Expert Rev Proteomics. 2011;8(5):631-643.

17.	 Bernt KM, Zhu N, Sinha AU, et al. MLL-rearranged leukemia is dependent on aberrant H3K79 
methylation by DOT1L. Cancer Cell. 2011;20(1):66-78.

18.	 Bolden JE, Tasdemir N, Dow LE, et al. Inducible in vivo silencing of Brd4 identifies potential toxicities 
of sustained BET protein inhibition. Cell Reports. 2014;8(6):1919-1929.

19.	 Sprussel A, Schulte JH, Weber S, et al. Lysine-specific demethylase 1 restricts hematopoietic 
progenitor proliferation and is essential for terminal differentiation. Leukemia.2012;26(9):2039-2051.

20.	 Brien Gerard L, Valerio Daria G, Armstrong Scott A. Exploiting the Epigenome to Control Cancer-
Promoting Gene-Expression Programs. Cancer Cell. 2016;29(4):464-476.

21.	 Mishra BP, Zaffuto KM, Artinger EL, et al. The histone methyltransferase activity of MLL1 is 
dispensable for hematopoiesis and leukemogenesis. Cell Reports. 2014;7(4):1239-1247.

22.	 Yokoyama A, Somervaille TC, Smith KS, Rozenblatt-Rosen O, Meyerson M, Cleary ML. The menin 
tumor suppressor protein is an essential oncogenic cofactor for MLL-associated leukemogenesis. 
Cell. 2005;123(2):207-218.

23.	 Borkin D, He S, Miao H, et al. Pharmacologic inhibition of the Menin-MLL interaction blocks 
progression of MLL leukemia in vivo. Cancer Cell. 2015;27(4):589-602.

Thesis_DG.Valerio_v3_homecomputer.indb   196 10/17/16   12:08 AM



197Summary and General Discussion

C
H

AP
TE

R 
6

Thesis_DG.Valerio_v3_homecomputer.indb   197 10/17/16   12:08 AM



Thesis_DG.Valerio_v3_homecomputer.indb   198 10/17/16   12:08 AM



7
NEDERLANDSE SAMENVATTING
(DUTCH SUMMARY)

Thesis_DG.Valerio_v3_homecomputer.indb   199 10/17/16   12:08 AM



200 Chapter 7

Thesis_DG.Valerio_v3_homecomputer.indb   200 10/17/16   12:08 AM



201Nederlandse Samenvatting

C
H

AP
TE

R 
7

BLOEDFUNCTIE EN -PRODUCTIE

Bloed bestaat uit meerdere type cellen die allen essentieel zijn voor ons bestaan. Het grootste 
volume van bloed wordt ingenomen door bloedplasma. In dat plasma bevinden zich rode 
bloedcellen (erytrocyten) die zorgen voor zuurstoftransport, witte bloedcellen (leukocyten) 
die dienen als afweer tegen infecties en bloedplaatjes (trombocyten) die belangrijk zijn voor 
de bloedstolling. Omdat de meeste bloedcellen een beperkte levensduur hebben, vindt er 
continu nieuwe aanmaak plaats. De productie van bloedcellen (hematopoëse) speelt zich 
af in het beenmerg. Aan de basis van dit systeem staan hematopoietische stamcellen. Deze 
stamcellen hebben de unieke eigenschap dat ze bij de celdeling zowel een nieuwe stamcel 
als een dochtercel kunnen produceren. De dochtercel van een stamcel noemt men een 
voorlopercel en deze kunnen via een stapsgewijs en complex proces uitrijpen (differentiëren) 
tot een van de drie verschillende soorten bloedcellen (Figuur 1 van Introductie). “Volwassen” 
of uitgerijpte bloedcellen komen terecht in het perifere bloed en worden dan door het hart 
via de circulatie rondgepompt naar de verschillende organen en weefsels om hun eerder 
genoemde functies uit te oefenen. In het perifere bloed zijn normaal gesproken geen 
hematopoietische stamcellen of voorlopercellen aanwezig. 

ACUTE LEUKEMIE

Acute leukemie is bloedkanker, een ziekte waarbij onrijpe hematopoietische cellen (stamcellen 
of voorlopercellen) ontsporen, met een woekering (ongeremde celdeling, oftewel proliferatie) 
van deze cellen tot gevolg. Deze cellen (leukemische blasten) hebben tevens het vermogen 
tot normale differentiatie verloren. In het geval van acute leukemie ontstaat hierdoor een 
ophoping van leukemische blasten in het beenmerg. Zij verdringen het normale, gezonde 
bloedsysteem waardoor er te weinig nieuwe erytrocyten, leukocyten en trombocyten worden 
aangemaakt. Dit geeft klachten zoals vermoeidheid, een bleke huid, verhoogde kans op 
infecties en een verhoogde bloedingsneiging. Tevens lekken leukemische blasten op enig 
moment uit het beenmerg naar het perifere bloed, waardoor er een sterk verhoogd aantal in 
het perifere bloed en soms ook in andere organen te vinden kan zijn. 

In algemene zin wordt in het hematopoietisch systeem onderscheid gemaakt tussen 
myeloïde cellen (myeloïde leukocyten, erytrocyten, trombocyten en hun voorlopercellen) en 
lymfoïde cellen (lymfoïde leukocyten en hun voorlopercellen). Bij acute myeloïde leukemie 
(AML) is sprake van afwijkingen in myeloïde voorlopercellen en bij acute lymfoïde leukemie 
(ALL) ontstaat de fout in lymfoïde voorlopercellen.

Hematopoietische stam- of voorlopercellen worden leukemische cellen doordat er 
fouten optreden in het DNA. Het DNA in onze cellen bestaat uit een zeer lange streng aan 
code die is opgedeeld in genen. Eén gen kan een gen-specifiek eiwit produceren. Al deze 
diverse eiwitten reguleren de biologische functies binnen het menselijk lichaam. Er zijn 
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grofweg twee soorten genetische fouten die ten grondslag kunnen liggen aan het ontstaan 
van leukemie doordat er geen of verkeerde eiwitten worden geproduceerd:  relatief kleine 
fouten in de DNA-code genaamd mutaties en grotere chromosomale afwijkingen zoals 
translocaties waarbij een deel van het ene chromosoom wordt verwisseld met een deel van 
een ander chromosoom waardoor er een nieuw fusie-gen ontstaat.

Er zijn een groot aantal verschillende translocaties die leukemie kunnen veroorzaken. 
In dit proefschrift hebben we ons gericht op translocaties van het MLL1-gen en van het 
NUP98-gen. Deze translocaties, waarbij een stuk van MLL1 of NUP98 naar een ander 
chromosoom verhuist en daar fuseert met een stuk van een ander gen (bijvoorbeeld AF9 
of HOXA9), produceren een fusie-eiwit. Deze fusie-eiwitten verstoren belangrijke functies 
van de hematopoietische cellen en veranderen een normale hematopoietische cel in een 
leukemische cel. Hoe deze fusie-eiwitten de cellen in hun groei ontregelen en daarmee 
leukemie veroorzaken is echter nog grotendeels onopgehelderd. Door deze ziekte-
mechanismen te doorgronden kunnen er nieuwe medicijnen worden ontwikkeld die zich 
specifiek richten op de kankercel. Op dit moment bestaat de behandeling van patiënten met 
acute leukemie overwegend uit de toepassing van chemotherapie, hetgeen succesvol is bij 
een gedeelte van de patiënten. Een substantieel aantal patiënten reageert uiteindelijk echter 
onvoldoende op chemotherapie of ervaart dusdanige bijwerkingen dat zij vroeger of later 
komen te overlijden. Er is dan ook dringend behoefte aan nieuwe behandelingen voor deze 
patiëntengroep. Door kennis te vergaren over de biologie van leukemie kunnen er specifieke 
medicijnen ontwikkeld worden die de leukemie gerichter aanvallen op hun kwetsbare plek. 
Dergelijke gerichte behandeling (targeted therapy) zou in theorie kunnen zorgen voor een 
groter effect en minder bijwerkingen.

EPIGENETICA; MEER DAN DNA

De code van al het DNA in onze cellen is exact hetzelfde. Zelfs tussen mens en muis is 
92% van de DNA-code gelijk. Er moeten dus mechanismen bestaan die er voor zorgen 
dat huidcellen, spiercellen, bloedcellen, etc. allemaal andere functies uitoefenen. Deze 
mechanismen scharen we onder het kopje “epigenetica”. “Epi” komt van het Griekse woord 
“έπι” wat “bovenop” betekent; dat wat zich bovenop de genetica afspeelt. Omdat er veel 
DNA is en dat allemaal in een zeer kleine celkern wordt opgeborgen moet het DNA slim 
worden opgerold. Zoals al eerder genoemd zit DNA opgerold in chromosomen. Deze 
chromosomen bestaan uit DNA wat rondom een eiwitcomplex gerold zit en daarmee een 
soort kralenkoord vormt. Dit “kralenkoord” kan strak of wat losser opgevouwen zijn en alleen 
als het losser gevouwen is kunnen de genen worden afgelezen en daarmee eiwitten worden 
geproduceerd. Zodoende worden er dus grote stukken DNA nooit of minder vaak afgelezen 
terwijl ander delen continu open en daarmee “aan” zijn. Dit proces wordt gereguleerd door 
chemische verbindingen die zich koppelen aan DNA of de eiwitten waarom het DNA zich 
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wikkelt (Figuur 3 van Introductie). Sommige van deze verbindingen zorgen voor gesloten en 
andere juist voor geopend DNA. De eiwitten die deze processen regelen en de chemische 
verbinding plaatsen of juist verwijderen noemen we epigenetische regulator-eiwitten.

EPIGENETISCHE DISREGULATIE IN LEUKEMIE

Epigenetische regulatie is van groot belang voor ons bestaan. Als hier fouten optreden kan 
dat drastische gevolgen hebben voor het functioneren van een cel. De afgelopen jaren is 
duidelijk geworden dat epigenetische disregulatie een belangrijke rol speelt bij het ontstaan 
van kanker. Veel onderzoekers hebben zich gericht op het bestuderen van epigenetische 
disregulatie in kankercellen, in de hoop daarmee nieuwe therapeutische aangrijpingspunten 
te vinden. Dat werk vordert gestaag en er zijn inmiddels diverse medicijnen op de markt 
of in ontwikkeling (Hoofdstuk 2). Er kan echter resistentie optreden tegen deze nieuwe 
medicijnen waardoor het medicijn zijn werkzaamheid verliest; uit kankercellen die resistent 
worden en daarmee ontsnappen aan de werking van het geneesmiddel kunnen zich weer 
nieuwe kankercellen ontwikkelen. De gedachte is daarom dat je meer ziekte-mechanismen 
tegelijk moet aanpakken om de verschillende ontsnappingsroutes te blokkeren en zodoende 
alle kankercellen uit te roeien. Het doel van ons onderzoek was om een deel van het 
epigenetische regulator-mechanisme bij acute leukemie op te helderen en daarmee een 
basis te leggen voor de ontwikkeling van een dergelijk nieuw medicijn. 

In dit proefschrift hebben we onderzoek gedaan naar twee eiwitten die beide 
epigenetische regulator-eiwitten zijn: MOF en MLL1. In eerste instantie vonden we dat deze 
eiwitten beide binden aan het NUP98-fusie-eiwit (Hoofdstuk 3). In muismodellen bleek dat 
acute leukemie die aangedreven wordt door deze NUP98-translocaties niet kan bestaan 
zonder MLL1; de leukemische blasten die geblokkeerd zijn in hun uitrijping gaan weer 
differentiëren doordat de door NUP98-fusie-eiwit gedreven genexpressie programma’s 
worden uitgezet. Binnen circa twee weken zijn alle leukemische blasten dood. Van MLL1 
was reeds bekend dat het een rol speelt bij leukemie die wordt aangedreven door MLL-
AF9 translocaties. Wij vroegen ons vervolgens af of ook MOF belangrijk is voor het ontstaan 
en het in stand houden van MLL-AF9 leukemie (Hoofdstuk 4). Wederom met behulp van 
muismodellen bleek dat MOF een cruciaal eiwit is voor MLL-AF9 leukemie en dat muizen 
geen leukemie ontwikkelen als de pre-leukemische cellen MOF verliezen. Eiwitten hebben 
meestal meerdere functies, maar uit ons onderzoek blijkt dat specifiek de epigenetische 
regulator functie van MOF essentieel is voor MLL-AF9 leukemie. 

Bij het onderzoek naar de rol van bepaalde eiwitten in het ontstaan van ziekten is het ook 
belangrijk om te weten wat de rol van deze eiwitten is in het normale weefsel. Het was reeds 
bekend dat de normale hematopoëse in muizen onmogelijk is zonder MLL1. Muis-embryo’s 
sterven vroeg in de zwangerschap doordat de vorming van hematopoietische stamcellen 
en voorlopercellen ontbreekt. De rol van MOF bij de normale hematopoëse was echter nog 
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onbekend. Wij hebben dit onderzocht door gebruik te maken van genetisch gemodificeerde 
muismodellen waarbij MOF al gedurende de embryonale ontwikkeling afwezig is in alle 
hematopoietische cellen (Hoofdstuk 5). Het blijkt dat MOF expressie essentieel is voor de 
aanmaak en overleving van volwassen hematopoietische cellen. Bovendien blijkt wederom 
de epigenetische regulator functie van MOF onmisbaar te zijn. Uit ons onderzoek blijkt echter 
ook dat muizen-embryo’s zonder MOF expressie een normaal functionerend hematopoietisch 
systeem hebben, ondanks de afwezigheid van de epigenetische regulator activiteit van MOF. 
MOF is daarmee momenteel een van de weinige epigenetische regulator-eiwitten waarvan 
bekend is dat de expressie en activiteit essentieel zijn voor de volwassen hematopoëse, 
maar overbodig voor vroege foetale hematopoëse. Deze bevindingen benadrukken het 
belang van epigenetische regulatie bij de ontwikkeling van het hematopoietisch systeem in 
zoogdieren.

De resultaten in dit proefschrift bieden een aanzet tot het doorontwikkelen van 
reeds bestaande moleculen die de epigenetische activiteit van MLL1 en MOF remmen. 
De ontwikkeling van op deze inzichten gebaseerde medicijnen biedt perspectief voor het 
doelgericht behandelen van patiënten met acute leukemie. 
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LIST OF ABBREVIATIONS

4-OHT		  4-Hydroxytamoxifen
AGM		  Aorta-Gonad-Mesonephros
ALL		  Acute Lymphoid Leukemia
AML		  Acute Myeloid Leukemia
AR		  Androgen Receptor 
ATAC-seq	 Assay for Transposase-Accessible Chromatin with high-throughput	          
		  sequencing
B6.SJL		  C57 black 6 mice, but hematopoietic cells express CD45.1 rather than 		
  		  CD45.2
BET		  Bromodomain and Extra Terminal 
BM		  Bone Marrow
C-terminal	 COOH-terminal
C57Bl/6		  C57 black 6 mice with hematopoietic cells expressing CD45.2
CBC		  Complete Blood Count
CFU		  Colony-forming Unit
ChIP		  Chromatin Immunoprecipitation 
ChIP-seq	 Chromatin Immunoprecipitation with high throughput sequencing
CML		  Chronic Myeloid Leukemia
Co-IP		  Co-Immunopreciptation
CoA		  Canonical acetyl coenzyme A
CoAdel		  CoA binding site deletion
Cryo-EM		 Cryogenic-electron microscopy
E14.5		  Embryonic age 14.5
ETOH		  Ethanol
FBS		  Fetal Bovine Serum
FDR		  False Discovery Rate
FG		  Phenylalanine, Leucine
FL		  Fetal Liver
G327E		  Point mutation: replacement of glycine by glutamic acid on position 327
gDNA		  Genomic DNA
GLEBS		  Gle2-Binding Sequence
GLFG		  Glycine, Leucine, Phenylalanine, Glycine
GSEA		  Gene Set Enrichment Analysis
GSI		  Gamma-Secretase Inhibitors
H3K27		  Histone 3, Lysine 27
H3K36		  Histone 3, Lysine 36
H3K4		  Histone 3, Lysine 4
H3K79		  Histone 3, Lysine 79
H3K9		  Histone 3, Lysine 9
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H4K16		  Histone 4, Lysine 16
HA		  Human influenza hemagglutinin
HAT		  Histone acetyltransferase
Hb		  Hemoglobin
HDAC		  Histone deacetylase 
HMT		  Histone methyltransferase
HSC		  Hematopoietic Stem Cell
IC50		  Half maximal inhibitory concentration 
KAT		  (K) Lysine acetyltransferase
KO		  Knockout
Lin		  Lineage (in hematopoiesis, refers to differentiated cells of all lineages)
lncRNAs		 Long non-coding RNAs  
LSK		  Lineage-negative (Lin-), SCA1+, cKIT+

LT-HSC		  Long-term Hematopoietic Stem Cell
MA9		  MLL-AF9
MDS		  Myelodysplastic Syndrome
MEF		  Murine Embryonic Fibroblast
MLL1		  Mixed-Lineage Leukemia 1, also known as KMT2A
Mll1-/-NHA9	 NHA9 transformed ERT2-cre;Mll1f/f

Mll1+/-NHA9	 NHA9 transformed ERT2-cre;Mll1f/+

Mll1+/+NHA9	 NHA9 transformed Mll1f/f 
MM		  Multiple Myeloma
MOF		  Ortholog of Drosophila Males absent on the First, also known as KAT8
MP		  Myeloid Progenitor
MPNST		  Malignant Peripheral Nerve Sheath Tumor
MYST		  Moz-Ybf2/Sas3-Sas2-Tip60
N-terminal	 NH3-terminal
NES		  Normalized Enrichment Score
NHA9		  NUP98-HOXA9
NHD13		  NUP98-HOXD13
NLS		  Nuclear Localization Signal 
NMC		  NUT Midline Carcinoma
NPC		  Nuclear Pore Complexes
NSC		  Non-Specific Lethal Complex
P9		  Postnatal day 9
PB 		  Peripheral blood
PHD-finger	 Plant Homeodomain finger
pIpC		  poly(I:C)
PTM		  Post-Translational Modification 
qRT-PCR	 Quantitative Real-Time PCR
RBD		  RNA Binding Domain 
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RNAi		  RNA interference
RNAPII		  RNA Polymerase II 
RNA-seq	 RNA high-throughput sequencing
RTK		  Receptor Tyrosine Kinase
SCLC		  Small Cell Lung Cancer
SD		  Stand Deviation
SET		  Su(var)3-9, Enhancer of zeste, Trithorax
shRNA		  short hairpin RNA
T-ALL		  T-cell Acute Lymphoid Leukemia
Trx		  Trithorax 
WBC		  White Blood Cell
WT		  Wild Type
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