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Key Points The histone acetyltransferase MOZ (MYST3, KAT6A) is the target of recurrent chromo-
somal translocations fusing the MOZ gene to CBP, p300, NCOAS3, or TIF2 in particularly

¢ Regulation of genes required
for B-cell progenitor proliferation
is exquisitely dependent on
Moz gene dosage.

¢ Loss of one Moz allele delays
the onset of MYC-driven
lymphoma by 3.9-fold.

aggressive cases of acute myeloid leukemia. In this study, we report the role of wild-type
MOZ in regulating B-cell progenitor proliferation and hematopoietic malignancy. In the
Ep-Myc model of aggressive pre-B/B-cell lymphoma, the loss of just one allele of Moz
increased the median survival of mice by 3.9-fold. MOZ was required to maintain the
proliferative capacity of B-cell progenitors, even in the presence of c-MYC overexpression,
by directly maintaining the transcriptional activity of genes required for normal B-cell
development. Hence, B-cell progenitor numbers were significantly reduced in Moz
haploinsufficient animals. Interestingly, we find a significant overlap in genes regulated

by MOZ, mixed lineage leukemia 1, and mixed lineage leukemia 1 cofactor menin. This includes Meis1, a TALE class homeobox
transcription factor required for B-cell development, characteristically upregulated as a result of MLL 1 translocations in leukemia. We
demonstrate that MOZ localizes to the Meis1 locus in pre-B-cells and maintains Meis1 expression. Our results suggest that even
partial inhibition of MOZ may reduce the proliferative capacity of MEIS1, and HOX-driven lymphoma and leukemia cells. (Blood. 2015;

125(12):1910-1921)

Introduction

During hematopoiesis, relatively quiescent stem cells differentiate in
a step-wise manner through progenitor stages to form mature blood
cells. Chromatin modifications, and the nuclear enzymes that produce
them, are intimately linked to gene transcription' and play a central role
in regulating hematopoiesis.”* Not surprisingly, given the importance
of chromatin in regulating hematopoietic stem and progenitor cells,
mutations in genes encoding epigenetic regulators are commonly found
in leukemia and lymphoma.

The monocytic leukemia zinc finger protein, MOZ (MYST3;
KATG6A), regulates chromatin conformation by acetylating histones.’
MOZ was first identified in a recurrent t(8;16)(p11;p13) chromo-
somal translocation leading to the fusion of MOZ with CBP in cases
of acute myeloid leukemia (AML).® Since its discovery, additional
translocation partners of MOZ including p300,” TIF2,® and NCOA3®
have been described. The MOZ-TIF2 chromosomal translocation has
been studied in detail. The MOZ-TIF2 fusion protein confers self-
renewing properties upon hematopoietic progenitors leading to
transplantable leukemia.'®'" AML arising from MOZ-chromosomal
translocations is particularly aggressive.'>'® The median survival of
patients with MOZ—translocation-driven leukemia is reported to be

between 2 and 10 months post-diagnosis.'>'* This shows that the
deregulation of MOZ has potent effects on the progression of
hematopoietic malignancies.

Consistent with its role in leukemia, the endogenous Moz gene is
essential for the establishment of hematopoietic stem cells (HSCs)
during murine development." This role of MOZ is dependent on its
histone acetyltransferase activity, as mice homozygous for a point
mutation that affects its catalytic domain show decreased HSC
activity.'® Furthermore, the same mice have decreased numbers of
immature B cells, suggesting that MOZ may regulate B-cell de-
velopment at the chromatin level.

Because the regulation of progenitor proliferation is critical for
producing normal numbers of blood cells, and also because MOZ
is a chromatin regulator intimately involved in hematopoiesis and
leukemia, we have examined the role of MOZ in B-cell progenitors in
healthy mice and in a mouse model of MYC-driven lymphoma. We
examined Eu-Myc transgenic mice,'” which model the genetic lesion
found in human Burkitt lymphoma, t(8;14)(q24:q32). This translocation
brings the Myc gene under the control of an immunoglobulin heavy
chain regulatory element. The lymphoid-specific immunoglobulin
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heavy chain enhancer (Eu) is first active at the pro—B-cell/pre—B-cell
stage and when used to direct the expression of Myc, leads to a
marked increase in the proliferation of pre-B-cell progenitors.
Ep-Myc transgenic mice remain free of overt disease until additional
cooperating oncogenic mutations arise that prevent apoptotic cell
death.'®"

In this study, we show that Moz haploinsufficiency leads to a
3.9-fold increase in the survival of Eu-Myc lymphoma prone mice. MOZ
was required to maintain B-cell progenitor numbers, both in the
presence and absence of MY C overexpression. We show that MOZ
is essential for maintaining normal transcriptional levels of Meisl,
Hoxa7, and Hoxa9, genes commonly overexpressed in leukemia.
Our data suggest that even partial inhibition of MOZ could significantly
reduce progression of MEISI- and HOX-gene driven leukemias.

Materials and methods
Mice

Experiments were approved by the Walter and Eliza Hall Animal Ethics Com-
mittee and conformed to the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes. Mice were C57BL/6 and kept in a 14-hour
light and 10-hour dark cycle at 22°C. The E[.L—MyCT/ * Moz, Inkda-Arf~, and
Trp53~ alleles have been previously described.'”?°*? Mice suffering from
Eu-Myc—induced lymphoma were euthanized as soon as palpable lymph nodes
or spleen, or breathing difficulties were evident. For transplantation assays,
2 million bone marrow (BM) cells from wild-type (WT) and Moz™~ mice
were injected into lethally irradiated recipients (2 doses: 5.5 Gy separated by
3 hours). Hematopoietic analyses were carried out on recipients 4 months after
transplantation.

Cell culture

Progenitor B-cell cultures were carried out as described by Lee et al.> Cell
viability was determined using propidium iodide and Annexin-V binding.

RNA sequencing

BM pre-B-cells (B220", CD19%, c-KIT™®, and sIgM"™%) were isolated by
fluorescence-activated cell sorter (FACS) from 3 WT and 3 Moz "~ adult mice.
RNA was isolated and sequenced on the Illumina HiSeq 2000 platform. The
single-end 50 bp reads were aligned using Subread®* and analyzed using limma
and voom.? Gene set enrichment analyses used Roast,% which correlates
differential expression results from different experiments taking into account
the direction and magnitude of expression changes in both experiments. More
details are provided in supplemental “Methods” on the Blood Web site.

Statistical analyses

All statistical analyses were carried out using Stata version 12 (Stata Corp.,
College Station, TX). Data were analyzed using one-factorial analysis of vari-
ance, with Moz genotype as the independent factor, followed by Bonferroni’s
posthoc test. Mutation frequencies in Moz "'~ ; Eu-Myc™ ™ vs Moz "',
Eu-Myc"™" lymphomas (Figure 1) were analyzed using Pearson’s x test.

Results

Loss of one allele of Moz increases survival by 3.9-fold in the
Ep-Myc lymphoma model

To determine the function of WT MOZ in hematopoietic malignancy,
we crossed Moz "~ mice® to Eu-Myc transgenic mice. 17 Because Moz
homozygous mutants are perinatal lethal,'> we confined our analysis to
Moz heterozygous mice (Moz ™). Similar to previous studies, "
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Ep-Myc transgenic mice (Ep-Myc™ ™) witha WT complement of two

Moz alleles developed lymphoma with a median survival age of 105 days
(Figure 1A-C). In contrast, Moz "'~ Eu-Myc™* mice showed a 3.9-fold
increase in survival time, with a median survival age of 411 days
(Figure 1B-C) (P < .0001). Moz messenger RNA (mRNA) was de-
creased 55% in pre-leukemic Moz ™~ Ep-Myc™* pre—B-cells (Figure 1D).
The expression of the Eu-Myc transgene in pre-leukemic Moz ™™ ;
Ep-Myc™™" vs Moz En-Myc™ " pre—B-cells was similar (Figure 1D).

In Ep-Myc™ mice, clonal lymphomas can represent neoplastic
counterparts of pre—B-cells, immature B cells, or in some cases, mixed
pre-B and immature B cells.”’” Similar frequencies of lymphomas
originating from pre-B-cells and immature B cells were observed
in Moz*"~; Eu-Myc™* mice compared with Moz*'"; Eu-Myc™*
controls (Figure 1E-F). No ¢-KIT expression was present on any of
the lymphomas analyzed, suggesting the absence of pro—B-cells in
lymphoma samples (n = 0/25).

In pre-leukemic Ew-Myc transgenic mice, high levels of apoptosis
counteract increased the proliferation in B-lymphoid progenitors.'*?
Lymphoma arises once additional oncogenic mutations, frequently
affecting the p53-MDM2-ARF axis, overcome the ability of c-MYC to
induce apoptosis.'®?® Mutations in Trp53, as indicated by high p53
and p19*RF expression, as well as deletion of p19**F (shown by the
absence of the p19”°R" protein), were both observed in lymphomas
isolated from Moz ; Eu-Myc™" and Moz™*; Eu-Myc™" mice
(Figure 1G). Some differences in the frequency of acquisition of 7rp53
and Arfmutations in Moz ™~ ; Eu-Myc™ ™ vs Moz **; En-Myc™ ™" mice
were observed. Although differences in the frequency of inactivating
mutations in p53 did not reach significance, the loss of p19*%F was
significantly less common in Moz ™™; Eu-Myc™ " mice. Nevertheless,
mutations in 77p53 and Arf could both lead to terminal lymphoma in
Moz™"™; Eu-Myc™ and Moz*"*; Ep-Myc™™ mice.

Moz haploinsufficiency results in reduced numbers of
B-cell progenitors

At 4-weeks of age, Moz~ spleens were 35% smaller than those of

WT animals (Figure 2A). Furthermore, the spleens of pre-leukemic
Moz Eu-Myc™" mice were half the weight of spleens isolated from
Moz ™" En-Myc™" mice (Figure 2A). In contrast, Moz haploinsuffi-
ciency did not affect overall BM cellularity (Figure 2B).

We enumerated B-cell progenitors in 4-week-old WT, Moz™",
Moz ™" Eu-Myc™ ™" and Moz ™™ ; Ep-Myc™" mice by flow cytometry
(Figure 2C; supplemental Table 8). There were no differences in the
numbers of BM common lymphoid progenitors (CLPs) or pro—B-cells
in WT, Moz™~, Moz ™"™"; Epu-Myc™" and Moz ™™ ; Eu-Myc™" mice
(Figure 2D). However, the numbers of pre—B-cells were reduced
by 37%, and the numbers of immature B cells by 50% in the BM
of Moz™"; Eu-Myc™" mice compared with Moz""*; Eu-Myc™™
controls (Figure 2D). Consistent with the reduced size of Moz ™~
spleens, the numbers of mature T1 and T2 B cells were significantly
decreased in Moz~ spleens compared with WT (Figure 2E).
Peripheral blood counts revealed a significant reduction in the over-
all numbers of lymphoid cells in pre-leukemic 4-week-old Moz ™™
Eu-Myc™™" mice compared with Moz™'*; Eu-Myc™™" controls
(supplemental Table 1). Consistently, a 64% reduction in the numbers
of pre-B-cells, and a 38% reduction in the numbers of surface IgM-
positive B cells was observed in the peripheral blood of Moz ;
E,u,-MycT/+ mice compared with Moz "' E/.L-MyCT/+ littermates
(Figure 2F). In addition, reduced numbers of mature B-cell populations
were observed in Peyer’s patches and peritoneal lavage of 5-week-old
Moz~ mice compared with WT (supplemental Figure 1). These results
revealed a substantial reduction in B lymphopoiesis in Moz~ mice,
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with the defect being much more prominent in Ep-Myc™ " mice com-

pared with those lacking the Eu-Myc transgene at 4-weeks of age.

The severity of B-cell-deficiency in Moz~ mice increases
with age

Because the deficiency in B-cell progenitors was more severe in Moz ™~
mice possessing the Eu-Myc transgene than in those without, we
investigated whether 18- to 20-week-old adult Moz ™~ mice, where
B-cell progenitors would have undergone greater rounds of rep-
lication, showed more severe defects compared with 4-week-old
mice. Moz "/~ mice displayed reduced spleen and thymus cellularity
and weight compared with WT controls (Figure 3A-B). Consistent
with the requirement of MOZ in HSCs,'” long-term HSCs (LT-HSCs)
were reduced by around 50% (Figure 3C). In comparison with
the mild defects observed in Moz~ animals vs WT controls at
4-weeks of age, the reduction in B-cell progenitors was much more
severe in 18- to 20-week-old Moz "/~ mice (Figure 3D-F). Although

. . . . Iy
a reduction in some T-cell progenitors was also evident in Moz’

mice relative to WT controls (Figure 3G-I), common myeloid
progenitors, megakaryocyte erythrocyte progenitors (MEP), gran-
ulocyte macrophage progenitors (GMP) (Figure 3J-K), erythrocyte
progenitors (Figure 3J,L), and myeloid, macrophage, and megakar-
yocyte (Figure 3J,M-N) numbers were unaffected.

Reduction of B-cell progenitors in Moz~ mice is due to
a hematopoietic-intrinsic defect

To investigate whether the reduction in B-cell progenitors in Moz ™~
mice was intrinsic to the hematopoietic system, we conducted trans-
plantation experiments. We confined our analyses to mice that do
not carry the Eu-Myc transgene, as secondary mutations in the Eu-Myc
model could lead to lymphoma and confound the effects of MOZ on
the hematopoietic system. We transplanted 2 million BM cells from
12-week-old WT and Moz ™~ donors into lethally irradiated W recipi-
ents (C57BL/6-Ly5 congenic, Figure 4A). The hematopoietic system of
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Figure 2. Pre-leukemic Moz*’~; Eu-Myc™* mice have reduced numbers of
B-cell progenitors compared with Moz*"*; Eu-Myc™* controls. (A) Spleen weights
in mice relative to overall body weight. (B) Femoral BM cellularity (nucleated cells
only). (C) Outline of B-cell development. HSCs differentiate via multipotent pro-
genitors to form CLPs. CLPs differentiate in a stepwise manner through pre-pro B
cells, pro—B-cells, pre—B-cells, immature B cells, and eventually into mature B cells.
The different cell types can be detected based on the expression of specific cell
surface markers (supplemental Table 8). (D) Numbers of B-cell progenitors in the BM.
(E) Numbers of B-cell progenitors and mature B cells in the spleen. (F) Quantification of
major peripheral blood lineages. Data above are presented as mean + SEM. Mice
were 3- to 4-weeks old. Asterisks indicate a statistically significant difference
between Moz"~ and WT, or between Moz""~; Eu-Myc”* and Moz™*; E-Myc™* mice
at *P < .05, **P < .01, and ***P < .001. T1/T2, transitory 1/2 B cells.

recipient mice was analyzed 4 months after transplantation. The
contribution of CD45.2* donor cells was over 95% in the spleen, BM,
thymus, and the peripheral blood of recipient mice (Figure 4B). Four
months after transplantation, mice receiving Moz ™~ cells displayed
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decreased spleen weight and cellularity compared with recipients of
WT BM (Figure 4C). The thymus and BM cellularity and numbers of
early progenitors in recipients of Moz~ BM were similar to controls
(Figure 4D-E).

Consistent with defects observed in adult Moz™" mice prior to
transplantation (Figure 3; supplemental Table 2), there was a > twofold
reduction in the numbers of B lymphoid cells from the pro-B-stage
onwards in the BM, spleen, and peripheral blood of recipients of Moz ™~
BM compared with controls (Figure 4F-H; supplemental Table 3).
In contrast, other hematopoietic lineages including the T-lymphoid,
erythroid, myeloid, and megakaryocytic lineages were normal in re-
cipients of Moz ™'~ BM (supplemental Figure 1). These data suggest
that hematopoietic defects in Moz /= and Moz’ ; Ep-Myc™™ mice
are confined primarily to the B-lymphoid lineage and are intrinsic to
the hematopoietic system.

+/—

Removal of one allele of Trp53 or Ink4a-Arf accelerates lymphoma
in Moz™'~; Ep-Myc™* mice to Moz*'*; Ep-Myc™* levels

The proteins p53, pl6™<**, and p19”*KF are important regulators of
cell proliferation, cellular senescence, and apoptosis.*® The deletion of
Trp53 or Arf substantially accelerates the development of malignant
lymphoma in Eu-Myc™" mice.'®*' To ascertain whether defects in
B cells caused by Moz haploinsufficiency were related to deregulation
of Ink4a-Arf or Trp53, we created compound Moz; Eu-Myc mice
lacking one copy of either Ink4a-Arf or Trp53.

Moz™"; Eu-Myc™"; Trp53™~ mice developed lymphoma with
a median survival of 33 days (Figure 5A). Moz™™; Eu-Myc"";
Trp53™~ mice displayed comparable survival kinetics, with a median
survival of 36 days. Similarly, the median survival of Moz+/_;
Ep-Myc™ ™" ; Inkda-Arf™'™ mice of 48 days was not significantly different
from the 45-day median survival of Moz ™"; Eu-Myc™"; Inkda-Arf™~
controls (Figure 5A). These data demonstrate that loss of one allele
of Trp53 or Arf can overcome the delay in MYC-driven lymphoma
development caused by Moz haploinsufficiency.
The reduction in B-lymphoid progenitors in Moz*'~; Ep-Myc"™*
mice is not rescued by the loss of one allele of Trp53 or Ink4a-Arf

We examined whether the deletion of one allele of Trp53 or Ink4a-Arf
also resulted in the restoration of B-lymphocyte cell numbers in Moz~
mice. In the BM, spleen, and peripheral blood, there was approximately
a50% reduction in the numbers of pre—B-cells in Moz""™; Ep-Myc™™;
Trp53™~ mice compared with Moz **; Eu-Myc™™; Trp53*~ con-
trols (Figure 5B). Similarly, Moz ™™ ; Eu-Myc™"; Ink4a-Arf™"~ mice
harbored significantly fewer pre-B-cells in hematopoietic tissues com-
pared with Moz™""; Eu-Myc™™"; Ink4a-Arf*’~ controls (Figure 5C).
Other B-cell progenitors, peripheral blood lymphocytes, and total
numbers of white blood cells were also reduced in Moz ™™ ; Eu-Myc™*
mice lacking a copy of Trp53 or Inkda-Arf compared with Moz™™";
Eu-Myc™™ controls (supplemental Tables 4 and 5; supplemental
Figure 3). These data show that the loss of one allele of Trp53 or
Ink4a-Arfdoes not rescue the B-cell development defects observed in
Moz ™~ mice.

MOZ regulates B-cell development by maintaining expression
of key B-cell genes

We performed a transcriptome analysis to identify MOZ target genes
in pre-B-cells. Because transgenic Myc potentiates the expression
of active genes rather than functioning as an on/off switch,*>** and
because defects in Moz "~ pre—B-cells are evident in both the presence
and absence of the Eu-Myc transgene, we confined our transcriptome
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analysis to Moz "~ and WT pre—B-cells without the Ep-Myc transgene. by qRT-PCR because of its importance in regulating B-cell de-

Pre-B-cells were isolated from adult 7- to 10-week-old mice by flow
cytometry, and RNA was isolated and submitted for RNA-sequencing
(Figure 6A). With a false discovery rate (FDR) cutoff of 5%, there
were 42 downregulated genes and 92 upregulated genes in Moz~
pre—B-cells compared with WT (Figure 6B; supplemental Table 6). Sig-
nificantly downregulated genes in Moz "'~ pre—B-cells included Meis1,
Hoxa7 (FDR < 0.05; P < .0001), and Pbx! (FDR = 0.05; P = .0006).
Reduced expression of Eyal, Meisi, Pbxl, and Hoxa7 in Moz~
pre—B-cells was confirmed in independent samples by quantitative
reverse-transcription polymerase chain reaction (QRT-PCR) (Figure 6C).
Although Hoxa9 was filtered from the sequencing analysis due to
its low expression, we nevertheless tested Hoxa9 expression levels

velopment,* and because MOZ regulates Hoxa9 expression dur-
ing embryogenesis and in cord blood cells.?**> Hoxa9 expression
was halved in Moz "'~ pre-B-cells compared with WT pre-B-cells
(Figure 6C).

We compared our Moz ™~ pre—B-cell transcriptional profile with
previously published data sets. Like MOZ, the trithorax group protein
mixed lineage leukemia (MLL) is also critical for maintaining HSCs,
body segment identity, and proper expression of Hox genes during
embryonic development.®*>37 Interestingly, MLL and its complex
member menin 1 (MEN1) also maintain B-cell progenitors.®® Li et al*®
analyzed genes misexpressed by the deletion of Mil or Menl in pro—
B-cells. We compared this study to our Moz pre-B-cell data set and
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identified 3 genes downregulated in the absence of MOZ, MLL, and
MENI1, being Meis1, Hoxa9, and Eyal (Figure 6D). Overall, we found
a strong and significant correlation between the Moz data set and genes
regulated by MLL and menin (Figure 6E-F).

Interestingly, MEIS1, along with HOXA7 or HOXA9, was also
found to be strongly upregulated in human MOZ and MLL translocation-
driven leukemia®**? (Figure 6D). Meis] mRNA was halved in Moz*";
Ep-Myc™" pre-B-cells isolated from pre-leukemic 4-week-old mice

compared with their Moz ™"; Eu-Myc™ " counterparts (Figure 6G). To
determine whether Meis! was indeed a direct target of MOZ, we
carried out chromatin immunoprecipitation (ChIP) analysis using an
antibody to MOZ. We found strong binding of MOZ to the tran-
scription start site of MeisI (Figure 6H). The binding of MOZ to the
transcription start site of Meis] was halved in Moz~ pre-B-cells,
further confirming that the MeisI locus is a direct target of MOZ
(P = .023). Consistent with a hierarchy of MOZ maintaining Meis!, and
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MEIS1 maintaining the expression of its target genes, genes identified
as direct targets of MEIS 1 by ChIP*’ were significantly downregulated
in Moz~ pre-B-cells compared with controls (Roast P < .001). In
contrast, PBX1 and PREP target genes identified in the same study were
not significantly decreased in Moz ™~ pre—B-cells compared with their
WT counterparts (Roast P = .08). Together, these data identify MOZ as
a direct regulator of Meisi.

Moz~ pro-B-cells and pre—B-cells display abnormally reduced
proliferative capacity

Overexpression of Meis! and Hoxa9 in myeloid progenitors has
previously been shown to confer extensive self-renewal ability and
inhibition of cellular differentiation in myeloid progenitors.***> We
therefore investigated whether Moz haploinsufficiency resulted in
decreased proliferative capacity of B-cell progenitors. We compared
the gene expression profile of Moz~ vs WT pre—B-cells with pre-
viously published data sets of proliferating large pre—B-cells and
resting small pre—B-cells.*® Interestingly, genes strongly expressed

Survival of Trp53+/~ Eu-Myc and Inkda-Arf+'~ Eu—Myc mice

— Trp53%- Moz~ (n = 17)

— Trp53*~ Moz+* (n = 14)

— Ink4a-Arf*/- Moz*/- (n =14)
— Inkd4a-Arft- Moz** (n = 38)

peripheral blood
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Figure 5. Loss of one allele of Trp53 or Ink4a-Arf
does not rescue defects in B-cell development
imposed by Moz haploinsufficiency. (A) Kaplan-
Mesier curves depicting lymphoma-free survival of Moz""~;
Eu-Myc™™; Trp53™~ and Moz™*; Eu-Myc"™; Tip53+/~
mice, as well as Moz™/~; Eu-Myc”*; Inkd4a-Arf"’/~
and Moz"*; Eu-Myc"*; Inkd4a-Arf”~ mice. (B) Quan-
tification of pre—B-cell progenitors in the BM, spleen,
and peripheral blood of Moz""~; Eu-Myc"™; Trp53™/~
and Moz""*; Eu-Myc"*; Trp53*/~ mice. (C) Enumera-
tion of pre-B-cells in the BM, spleen, and peripheral
blood of Moz"~; Eu-Myc""; Inkda-Arf™”~ and Moz,
Eu-Myc"™"; Ink4a-Arf’~ mice. Data are presented as
mean * SEM. Asterisks indicate a statistically significant
difference between genotypes as indicated at *P < .05,
**P < .01, and **P < .001. Cell surface markers used to
discriminate between cell populations are provided in
supplemental Table 8.
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in proliferating large pre—B-cells were downregulated in Moz~ pre—

B-cells (Roast P = .035), whereas genes that become activated when
pre—B-cells transition to resting small pre—B-cells were upregulated in
Moz*"~ pre-B-cells (Figure 61, Roast P = .023). The expression of
immunoglobulin chain genes was upregulated in Moz cells (sup-
plemental Table 7).

To formally test the proliferative capacity of Moz™~ B-cell
progenitors, we conducted colony formation and proliferation assays in
vitro. Plating of 50 000 WT BM cells in methylcellulose cultures in the
presence of the cytokine interleukin 7 (IL-7) resulted in 36 colonies
(Figure 7A). In contrast, only 8 colonies were present in cultures of
Moz~ BM cells, which also tended to be smaller in size. Similarly, the
numbers of colonies in Moz ™™; Eu-Myc™ " cultures were more than
halved compared with Moz ™"; Eu-Myc™* controls (Figure 7A). Thus,
the loss of a single Moz allele reduces the clonogenic potential of
B-lymphocyte progenitors.

To specifically examine whether the reduction of colony formation
in the presence of IL-7 was related to pro—B-cells, 3000 FACS-sorted

pro—B-cells were plated in a methylcellulose medium with IL-7. Moz **;
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Figure 6. Gene expression analysis comparing Moz~ and WT pre-B-cells. (A) Experimental design. (B) Number of differentially expressed genes in Moz*/~ vs WT
pre-B-cells with a FDR cutoff of 5%. A complete list of genes differentially expressed in Moz™~ vs WT pre-B-cells can be found in supplemental Table 6. (C) Confirmation of
reduced levels of Eya1, Meis1, Pbx1, Hoxa7, and Hoxa9 in independent samples of Moz"'~ pre-B-cells. (D) Comparison of the Moz™~ pre—B-cell expression profile with other
published data sets. The “B-cell data sets” schematic Venn diagram shows an overlap between genes differentially expressed in Moz"’~ vs WT pre-B-cells, and in Men1- and
Mikdeficient pro—B-cells. The “leukemia data sets” compare genes strongly overexpressed in human MLL-translocation ALL, MLL-translocation AML, and MOZ-translocation
AML. (E) Enrichment plot showing a positive correlation between the Men1-deficient pro—B-cell signature from Li et al®® and the Moz*'~ expression profile. The horizontal axis
shows t-statistics for all genes in the Moz"'~ data. Red and blue bars mark positions of genes that are up and down, respectively, in the Men1-knockout experiment. Worms show
relative enrichment of the Men1-knockout genes relative to uniform ordering. (F) Enrichment plot showing a positive correlation between the Moz*/~ expression profile and the
overlap genes from Men1 and Mil knockout pro-B-cells from Li et al.>® (G) Meis 7 mRNA expression levels in pre-B-cells from pre-leukemic (4-week-old) mice. (H) Binding of MOZ
to the Meis1 locus in Moz~ and WT pre-B-cells. (I) Comparison of the Moz data set with gene expression profiles of B-cell progenitors at different developmental stages.*®
Genes strongly expressed in large proliferative pre—B-cells are reduced in Moz"’~ pre-B-cells (red box, Roast P = .035), whereas genes enriched in small resting pre—B-
cells are upregulated in Moz™~ pre-B-cells (green box, Roast P = .023). Data are presented as mean + SEM. For gRT-PCR experiments, gene expression levels were
normalized to housekeeping genes Hsp90ab1 and Gapdh (C), or housekeeping genes and expression in WT samples (G). Asterisks shown in (C,G,H) indicate a statistically
significant difference between Moz"/~ and WT, or between Moz"’~; Eu-Myc"”" and Moz"’*; Eu-Myc"* mice at *P < .05, **P < .01, and **P < .001. ChIP, chromatin

immunoprecipitation; FITC, fluorescein isothiocyanate; FSC, forward scatter; HK, housekeeping genes; HT sequencing, high-throughput sequencing; PE, phycoerythrin.
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Ep-Myc™™ pro-B-cells generated 64 colonies, whereas Mozt~ ;

Eu-Myc™" pro-B-cells produced only 34 colonies (Figure 7A). In
the second round of plating, the numbers of colonies in Moz~ cultures
were more than halved compared with control Moz *'* cultures both in
the presence and absence of the Eu-Myc transgene (Figure 7A). These
data demonstrate that Moz haploinsufficiency causes a decrease in the
colony formation capacity of pro—B-cells in a cell intrinsic manner.

We then cultured FACS-purified pre-B-cells on OP9 stromal cells
in the presence of IL-7 and carried out serial passaging. Remarkably,
there was a 239-fold reduction in the accumulation of Moz™ o
Eu-Myc™* pre—B-cells compared with Moz™*; Eu-Myc™" con-
trols over 5 passages (Figure 7B). A similar effect was observed in
pre—B-cells in the absence of the Eu-Myc transgene. Compared with
WT pre-B-cells, there was a 400-fold reduction in the accumulation
of Moz*"~ pre-B-cells over the 25-day culture (Figure 7B).

To determine the effects of Moz haploinsufficiency on the cell cycle
during B-cell development, we stained BM and splenic B cells with
Ki-67 and DAPI, as well as for markers identifying pro—B-cells, pre—
B-cells, and immature B cells. Cycling cells stain positive for Ki-67 and
DNA content distinguishes G1, S, and G2/M phases of the cell cycle.*’
Cell-cycle phases were similar in Moz ™5 Eu-Myc™" and Moz™'*;
and Eu-Myc™" in the BM. In contrast, in the spleen, significantly more
Moz~ ; En-Myc™™" pre—B-cells were found in G2/M phases of the cell
cycle compared with Moz ™" ; Eu-Myc™* pre-B-cells (supplemental
Figure 4). This suggests that Moz "'~ ; Eu-Myc"™" pre-B-cells may pro-
gress more slowly through the G2/M phases of the cell cycle. Moz ™ ~;
Ep-Myc”* mice also display a reduced number of Ki-67 low splenic
pro—B-cells and pre-B-cells, consistent with a smaller number of small
pre-B-cells.

Moz haploinsufficiency does not affect cell viability

We then investigated whether Moz haploinsufficiency affected cell
viability. Pro-B, pre-B, and surface IgM/IgD-positive (designated sIg+)
B cells were collected by FACS and cultured in the absence of
cytokines. In pro-B-cell cultures, there was no significant difference
in the proportion of viable cells between Moz ™~ and WT cultures, or
between Moz™; Eu-Myc™™ and Moz**; Eu-Myc™™ pro-B-cells
(Figure 7C). Deregulated MYC expression does not only promote cell
growth and proliferation, but also increases the propensity of cells to
undergo apoptosis under conditions of stress.”**® Thus, there were
fewer viable pre-B and slg+ cells in cultures of Eu-Myc" " cells
(Figure 7D-E). However, in both pre-B and sIg+ cultures, there was no
difference in the viability of cells isolated from Moz ™~ and WT mice, or
between cells from Moz ™~ ; Eu-Myc™ " and Moz " ; Eu-Myc™ ™ mice
(Figure 7D-E). Furthermore, we did not detect increased caspase 3
activity in splenic extracts from Moz ™~ mice compared with controls
both in the presence and absence of the Ew-Myc transgene (sup-
plemental Figure 5). These results rule out the possibility that the large
decrease in cell numbers observed in Moz~ pro-B and pre-B cultures
was related to differences in cell survival.

Moz haploinsufficiency does not affect senescence levels in
B-cell progenitors

A recent study suggested that MOZ inhibits cellular senescence
by repressing the Ink4a-Arflocus.*® Therefore, we stained spleen
samples for the senescence marker 3-galactosidase. Both in the
presence and absence of the Eu-Myc transgene, only a very small
number of (3-galactosidase positive cells were observed (Figure 7F).
There was no evidence of increased senescence in Moz "~
spleens compared with Moz ™" controls. We examined the levels
of B-galactosidase activity in cultured pre—B-cells by flow cytometry
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using the (3-galactosidase substrate C,FDG. At passages 2, 3, and
4 of pre-B-cell cultures, there were no significant differences in
B-galactosidase activity between Moz ™/~ and WT pre—B-cells, or
between Moz "™ ; Eu-Myc™ ™" and Moz ™" ; Eu-Myc™ " pre-B-cells
(Figure 7G). Moreover, Moz haploinsufficiency had no consistent
effects on the expression of senescence markers and mediators
Ink4a, Arf, Ink4b, and p21 at passages 0, 2, and 4 in pre-B-cell
cultures (Figure 7H-J).

Discussion

MOZ is a critical transcriptional regulator of genes required for proper
embryonic development, and particularly for the development of HSC
populations.'>1%2%%% Although much effort has focused on under-
standing the biology of MOZ-translocation-driven leukemia, the role of
normal MOZ in supporting proliferation during oncogenesis has not
been examined. In the current study, we observed that the loss of just
one allele of Moz caused a 3.9-fold increase in lymphoma-free survival
in the Eu-Myc model of MYC-driven lymphoma. This delay in lym-
phoma development was related to a reduction in the number of
B-cell progenitors, which is the cell population from which lymphomas
arise in Eu-Myc mice after cooperating oncogenic lesions have been
acquired. Thus, reduced B-cell numbers in Moz’ mice presented
reduced targets for secondary cooperating mutations that are required
for lymphoma. The reduction in B-cell progenitors resulting from the
loss of one allele of Moz could not be restored by the loss of Trp53 or
Ink4a-Arf. Rather, using gene expression profiling, we identified Pbx 1,
Meisl, Hoxa7, and Hoxa9 as critical genes that require MOZ for
normal levels of expression. We found that MOZ binds directly to the
Meisl locus and is critical for maintaining Meis! expression. This
study establishes normal levels of MOZ as a key requirement for B-cell
progenitor population expansion in both healthy and MY C-driven pre-
leukemic states.

PBX1, MEIS1, and HOX proteins are important regulators of B-cell
development. PBXI, originally identified in translocations leading to
pre—B-cell leukemia, is a key regulator of HSCs and the B-lymphoid
cell lineage, although its importance diminishes after the CLP stage.”"
Mice lacking Hoxa9 were reported to have abnormally reduced num-
bers of B-cell progenitors from the pro-B-cell stage.’* Similarly,
specific loss of Meisl in the hematopoietic compartment results in
amarked reduction in all B-progenitor cells.> Interestingly, HOXA9
and MEISI1 can form heterodimers that bind DNA independently of
other proteins.>> Together with our results, these observations suggest
that the dependence of MeisI and Hoxa9 gene expression on MOZ is
important for the maintenance of B-cell progenitors.

Previous work has shown that MOZ is required for normal levels
of Hox gene expression during mouse embryogenesis in human cord
blood cells and in differentiating embryonic stem cells.?**>3* Similarly,
the trithorax group protein MLL maintains Hox gene expression.*®
Interestingly, MOZ complexes with MLL in 293T cells and the K562
leukemia-derived cell line, and reduction of MOZ or MLL expression
leads to reduced occupancy of the other protein at HOX loci in mouse
embryos and human cord blood cells.>** In this study, we identified
a strong correlation between genes co-regulated by MOZ, MLL, and
its complex member menin in B-cell progenitors. In particular,
expression levels of Meisl, Hoxa9, and Eyal were reduced in all 3 data
sets. Our results argue for a model where MOZ and MLL collaborate to
directly maintain the expression of Meisl, Hoxa9, and Eyal.

MLL chromosomal translocations underlie ~10% of all B-cell
lineage acute lymphoblastic leukemia (ALL) cases® and 80% of infant
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Figure 7. Moz B-cell progenitors display re-
duced proliferative capacity. (A) Enumeration of A Methylcellulose cultures B OF cultures
colony formation in methylcellulose culture after plating whole BM pro-B cells 1077 pre-B cells
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every 5 days. (C-E) Assessment of the survival of (C) 2 " g 107 4 5 S ]p< 001
pro-B, (D) pre-B, and (E) surface IgM/IgD-positive »; 204 304 5 107 4 - i
(slg+) B cells. At each time point, the proportions of & ’—‘ 20 g 105 J —-—MOZjﬁ_* (n=4)
viable cells were determined by staining with propidium £ 191 104 Z .l :_-mz;;.(['zg E”
iodide and Annexin-V. (F) B-galactosidase activity in = § wowe Moz (n=5) |~§
spleens from Moz*~ and control Moz*'* mice (n = 6 e — TPy ST % = & 5 = 3
to 8 per genotype). Scale bars = 100 um. (G) Quan- ' pro-E cells pro-B calla time (days)
tification of B-galactosidase activity in pre—B-cells of
the indicated genotypes cultured over 25 days. At C Cell viability D Cell viability E Cell viability
passages 2, 3, and 4, cells were stained for B-cell 100 pro-B cells 1007 pre-B cells 10gq Immature (sig+) B cells
markers (B220 and CD19), and incubated with a fluo- ——Moz*™* (n=3)
rescent substrate for the B-galactosidase enzyme E £ 80 -=-Moz*" (n=3) m
(C12FDG). B-galactosidase activity in pre-B-cells was g 2 —‘-MOZ:;f (=3} £
quantified using flow cytometry. (H-J) Levels of Ink4a, é é‘_ s ~w-Moz*" n=4) ﬁ_j
Arf, Ink4b, and p21 mRNA levels in pre—-B-cells, (H) ex iy % 40 *
vivo, (I) at passage 2, and (J) at passage 4. Insufficient g g
Moz*/~ and WT pre-B-cells were available at passage @ @ 20
4 for analysis. Data are presented as mean + SEM. [ (T | 7T
Asterisks shown in (A,H-J) indicate a statistically 2 T 3 ! S ! ! i 9 J ! 1
significant difference between Moz~ and WT mice, 0 Zm,e (hou,;)" &0 0 Qme (mu,i?) 0 0 mtime (hmf,g_) &0
or between Moz""~; Eu-Myc"* and Moz""*; Eu-Myc™"
mice at *P < .05, **P < .01, and ***P < .001. Gene : 5 e
expression levels of Inkda, Arf, Inkdb, and p21 in (H-J) F B-galactosidase - spleen G p-galactosidase activity - pre-B cells G
were standardized to housekeeping genes Hsp90ab1 Moz*+ Mozt~ ¢ 5 207 81 E M:;‘-(?;t; m
and Gapdh, and expression in WT samples was $ 5 164 151 IMoz*f’*(n:S) T§
designated 1. 4 Owmoz"" n=5) |5
G 41 o
=} 124 124 ¥
pliacky O X ad
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E 1 44 34
N
S i i
Ep-Myc™  ___  Ep-Myc”* passage 2 passage 3 passage 4
H Ex-vivo pre-B cells I Passage 2 pre-B cells J Passage 4 pre-B cells
* W Moz (n=4)
: 40 259 2517 OMoz"'~ (n=4) m
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Inkda Arf

ALL.*® One common feature of these types of leukemia is the strong
expression of MEIST and HOX-A cluster genes.**** In this context, it is
interesting that genes that drive leukemia development downstream
of MLL-translocations, in particular MEISI and HOXA9, are also
important regulators of B-cell development. Both MOZ and MLL
translocations are associated with poor prognosis.]2’]4’42 Survival rates
for ALL patients, particularly those presenting with chromosomal
translocations involving MLL, are poor in both adults and infants.>”->
Since upregulation of MEIS1 and HOX gene expression is characteristic
of aggressive forms of leukemia and MOZ is required to maintain
MeisI and Hox gene expression, we have performed a high throughput
small molecule screen to identify novel inhibitors of MOZ with the
aim of ameliorating deleterious gene expression in hematologic
malignancies.>

In conclusion, we have shown that the loss of one allele of Moz leads
to a significant increase in disease-free survival in the Eu-Myc lym-
phoma model. Our study identifies MOZ as a central regulator of gene
networks that is required to maintain the proliferative capacity of B-cell
progenitors in healthy and the MYC-driven pre-leukemic state. Based

0
inkdb p21 Inkda Arf Ink4b p21

on our work, we postulate that even partial inhibition of MOZ activity
might be able to inhibit progression of HOX- and MEISI-driven hema-
topoietic malignancies.
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