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MYELOID NEOPLASIA

GATAZ2 haploinsufficiency accelerates EVI1-driven leukemogenesis
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Chromosomal rearrangements between 3g21 and 3g26 induce inappropriate EVI1 ex-

pression by recruiting a GATA2-distal hematopoietic enhancer (G2DHE) to the proximity

e Leukemic cells in an
inv(3)(q21q926) EVI1
misexpression mouse model
are able to differentiate
toward myeloid lineage.

e (Gata2 heterozygous
deletion accelerates EVI1
misexpression leukemia by
inducing a proliferation and
differentiation defect in
leukemia cells.

of the EVI1 gene, leading to myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML). The acquisition of G2DHE by the EVI1 gene reciprocally deprives this
enhancer of 1 of the 2 GATA2 alleles, resulting in a loss-of-function genetic reduction
in GATA2 abundance. Because GATAZ2 haploinsufficiency is strongly associated with
MDS and AML, we asked whether EVIT misexpression and GATAZ2 haploinsufficiency
both contributed to the observed leukemogenesis by using a 3g21g26 mouse model that
recapitulates the G2DHE-driven EVI1 misexpression, but in this case, it was coupled to
a Gata2 heterozygous germ line deletion. Of note, the Gata2 heterozygous deletion
promoted the EVI1-provoked leukemic transformation, resulting in early onset of
leukemia. The 3q21g26 mice suffered from leukemia in which B220" cells and/or Gr1*
leukemic cells occupied their bone marrows. We found that the B220*Gr1 c-Kit*
population contained leukemia-initiating cells and supplied Gr1* leukemia cells in
the 3q21g26 leukemia. When Gata2expression levels in the B220" Gr1c-Kit™ cells were
decreased as aresult of Gata2heterozygous deletion or spontaneous phenomenon, myeloid differentiation of the B220" Gr1-c-Kit™
cells was suppressed, and the cells acquired induced proliferation as well as B-lymphoid—primed characteristics. Competitive
transplantation analysis revealed that Gata2 heterozygous deletion confers selective advantage to EVI1-expressing leukemia cell
expansion in recipient mice. These results demonstrate that both the inappropriate stimulation of EVI71 and the loss of 1 allele

equivalent of Gata2 expression contribute to the acceleration of leukemogenesis. (Blood. 2017;130(7):908-919)

Introduction

Chromosomal reciprocal translocation and inversion between 3q21
and 3q26 are well-known causes underlying myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML) referred to as
3q21q26 syndrome." In cells harboring the translocation or inversion,
the MDS1 and EVII complex locus (MECOM) gene located on 3q26 is
misexpressed in hematopoietic stem and progenitor cells (HSPCs).
The EVII gene (a short-form of the MECOM gene) encodes the
transcription factor EVI1, which is highly expressed in hematopoietic
stem cells and plays essential roles in the maintenance of stem cells. >
Forced EVI1 expression in bone marrow cells by retrovirus transduction
has been shown to cause leukemia in mice,”* leading to the conclusion
that EVII misexpression is a major cause of leukemogenesis. However,
the mechanisms underlying this form of leukemogenesis that is
provoked by these chromosomal rearrangements remain incompletely
understood.

We and others recently identified a GATA2 distal hematopoietic
enhancer (G2DHE) that induces elevated EVII gene expression
from the rearranged allele.>® G2DHE resides approximately 100 kb

upstream of the human GATA2 gene located at 3q21. Because the
breakpoint cluster of the chromosomal rearrangements between 3q21
and 3q26 resides between G2DHE and the GATA2 gene, after 3q21q26
rearrangement, the G2DHE becomes separated from GATAZ and is then
found in much closer proximity to the EVI/ gene, so that instead
of regulating GATA2 transcriptional activity, G2DHE now induces
EVII misexpression in HSPCs.> Of potentially critical importance,
acquisition of G2DHE by the EVII gene reciprocally deprives this
locus of 1 of the 2 active GATA?Z alleles as a direct consequence of the
rearrangement. Therefore, the abundance of GATA?2 should also be
diminished in leukemia cells with 3q21 rearrangements when
compared with autosomes lacking the 3q21 rearrangements.®”’
GATAZ2 is a transcription factor that is expressed abundantly in
HSPCs.3'2 Of interest, GATA?2 haploinsufficiency has been shown
to be associated with myeloid leukemogenesis. For example, germ
line mutations of GATA2 have been found in human hematologic
disorders associated with MDS and AML such as the syndrome of
dendritic cell, monocyte, B, and natural killer lymphoid deficiency'?;
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monocytopenia/Mycobacterium avium complex (MonoMAC) syn-
drome'#; Emberger’s sydrome15 : and familial MDS or AML.'® The
gene mutations found in these diseases seem to cause loss of GATA2
function and GATA2 haploinsufficiency.'” In addition, reduced GATA2
expression levels caused by mutations in presumptive regulatory re-
gions of the gene have also been observed in MonoMAC patients.'®
These observations led us to hypothesize that GATA2 haploinsufficient
loss of function (LOF) might be a cooperating determinant for
leukemogenesis in cells harboring translocation or inversion
between 3q21 and 3q26.

We recently generated a 3q21q26 model mouse line bearing a
transgene construct that recapitulates the human inv(3)(q21q26) allele.
The inv(3)(q21q26) allele was generated by linking 2 bacterial artificial
chromosome clones containing the G2DHE regulatory element placed
in close proximity to the EVI/ gene.’ We found that the human EVI]
transgene is expressed preferentially in HSPCs of the 3q21q26
mice, and that those mice develop leukemia after 24 weeks of age,
demonstrating that EVI] expression is a dominant cause of the 3q21q26
leukemia. Thus, the 3q21q26 mice emerged as an excellent model
system for studying leukemogenesis, but this mouse has 1 prominent
problem as a precise model for human pathophysiology: both of the
endogenous murine Gata2 genes retain G2DHE, and thus the ex-
pression of GATA?2 is not altered in the tissues and organs of the
3q21g26 mice as it is in their human disease counterpart.

To elucidate the detailed mechanisms connecting the possible
contribution of Gata2 haploinsufficiency to the disease phenotype, we
generated compound mutant mice bearing the 3q21q26 bacterial
artificial chromosome transgene and one Gata2 null mutant allele
(3q21q26::Gata2™'™) to recapitulate both the EVII misexpression
and Gata2 heterozygous LOF in human patients. Of note, the
3¢2126::Gata2 '~ compound mutant mice developed leukemia signi-
ficantly faster than did the 3q21q26 mice. These results unequivocally
demonstrate that the Gata2 haploinsufficiency critically contributes
to the progression of 3q21q26 leukemogenesis.

Methods
Mice

3921926 mice (line B)’ and Gata2™'~ mice'? have been described previously
and were maintained on a C57BL/6 background. 3q21q26 mice have been
deposited at the RIKEN BioResource Center (RBRC09508). All animal exper-
iments were approved by the Animal Care Committee at Tohoku University.
Mouse analysis methods are described in supplemental Data, available on the
Blood Web site.

Statistical analysis

Bar graphs in all figures are represented as mean * standard deviations. The
horizontal lines within the box plots indicate the median. Boundaries of the boxs
indicate the upper and lower quartile. The whiskers indicate 1.5 X interquartile
ranges. Student # test (two-tailed) was used to calculate statistical significance (P).
The log-rank statistic was used to test whether the survival distributions differed
between groups. Statistical significance is indicated by *P < .05 or **P<<.0l.

Results

Loss of 1 Gata2 allele in HSPCs promotes accelerated leukemia
development in 321926 mice

To analyze the influence of Gata2 heterozygous deletion on the
leukemogenesis associated with 3q chromosomal rearrangements,
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we crossed the 3q21q26 mice with Gara2 heterozygous knockout
(Gata2™'™) mice to generate compound mutant (3q21q26::
Gata2™'™) mice (Figure 1A). The 3q21q26::Gara2™'~ mice were
born in an expected Mendelian ratio and grew normally. To test the
hypothesis that Gata2 haploinsufficiency might affect the leukemia
transformation in the 3q21q26 mice, we next examined cohorts of
wild-type (WT), Gata2*'~, 3921926, and 3q21q26::Gara2™'~ mice
for the onset of leukemia. We examined hematologic indices of the
peripheral blood on a regular basis, and euthanized mice that
exhibited white blood cell counts greater than 5 X 10*/uL (our
approved humane animal welfare limit for definition of mice with
frank leukemia). Consistent with our previous study,’ postnatal
3921926 mice developed leukemia after approximately 200 days
(Figure 1B), and blast cells were observed in peripheral blood of
these mice (Figure 1C). The 3q21q26 mice exhibited several leuke-
mic phenotypes, including anemia, thrombocytopenia (Figure 1D),
splenomegaly (Figure 1E), and infiltration of leukocytes into the
liver and lung (Figure 1F). Although the phenotypes in the
3q21926::Gara2™’~ and the 3q21q26 mice were comparable
(Figure 1D-F), the 3q21q26::Gata2™'~ mice exhibited leukemia
onset significantly earlier than did the 3q21q26 mice (Figure 1B).
These results support the contention that Gata2 haploinsufficiency
promotes early transformation to leukemia in the 3q21q26 mice.

The 321926 and 3¢21q26::Gata2*’~ leukemic cells have
distinct differentiation patterns

To assess the phenotypic properties of the bone marrow populations
in the 3q21q26 and 3q21q26::Gara2*'~ mice, we first examined the
expression profiles of cell surface markers by using flow cytometry. We
found that in the leukemic 3q21q26 mice, both B220™ cells and Grl1™*
cells were independently expanded. In 54 of 60 leukemic 3q21q26
mice, B220 single-positive cells, Grl single-positive cells, and B220/
Grl double-positive cells accounted for more than 80.0% of total bone
marrow hematopoietic cells (Figure 2A, left panel, yellow area).
However, the proportions of these cells in individual leukemic bone
marrows were highly variable. We therefore classified the leukemia
in these mice into 4 types (Type L, I, I11, or Unclassified) on the basis
of the relative proportions of B220 ™" and/or Gr1™ cells. We defined
Type I leukemia as those in which more than 80.0% of the bone
marrow cells were B220 single-positive, whereas Type II leukemic
mice harbored both B220™ cells and Gr1 ™ cells, and the percentage
of B220 single-positive cells was between 40.0% and 80.0%. In
contrast, Grl™ cells were preferentially expanded in Type Il leukemic
mice, and the percentage of B220 single-positive cells was less than
40.0%. Using these classification criteria, 26.7%, 30.0%, and 33.3%
of all mice were categorized with either Type I, II, or III leuke-
mia, respectively, in the 3q21q26 cohort (Figure 2A, left panel).
The remaining mice (10.0%) were categorized as Unclassified.
Representative flow cytometry profiles of Type I, II, III, and
Unclassified 3q21q26 leukemic mice are shown in Figure 2B.

Similar analyses were conducted for the 3q21q26::Gata2+/7 mice
(Figure 2A, right panel). We found that 65.7% (21 of 32) of the
leukemic 3q21q26::Gata2™’~ mice were identifiable as Type I, II or
III leukemias and 34.3% as Unclassified (Figure 2A, right panel). Of
note, among the mice classified as having Type I to III leukemia, the
incidence of Type I leukemia was significantly increased, whereas
the incidences of Type II and III were significantly diminished in
the 3q21q26::Gara2*’~ mouse cohort when compared with the
3q21q26 cohort. This result suggests that the differentiation pattern
of 3q21q26::Gara2™’~ mouse leukemia cells differs qualitatively
from that of the 3q21q26 leukemia cells.
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Figure 1. Gata2 haploinsufficiency promotes leukemogenesis of 3q219q26 mice. (A) Schema of mating strategy. The numbers (percentages) of pups at weaning that
bear the 4 possible genotypes is depicted. (B) Kaplan-Meier survival curves of WT (n = 22; median, not determined), Gata2*'~ (n = 22; median, not determined), 321926
(n = 19; median, 345 days), and 3q21g26::Gata2"'~ (n = 15; median, 276 days) mice. (C) Representative smears of peripheral blood taken from leukemic 3q21g26 and
3921q26::Gata2™’~ mice and age-matched healthy WT and Gata2"'~ mice. (D) White blood cell, red blood cell, and platelet counts in the peripheral blood of WT (n = 13),
Gata2"'~ (n = 11), 3921926 (n = 15), and 3q21g26::Gata2™’~ (n = 14) mice. (E) Average spleen weights (left) from WT (bar 1 [n = 13]), Gata2"'~ (bar 2 [n = 11]), 3g21926
(bar 3 [n = 15]), and 3q21g26::Gata2*'~ (bar 4 [n = 14]) mice. Representative spleens from WT, Gata2*'~, leukemic 3q21q26, and 3q21g26::Gata2*'~ mice are shown in
right panel. Scale bar, 1 cm. (F) Hematoxylin and eosin staining of the liver and lung from WT, Gata2*'~, leukemic 3q21q26, and 3q21q26::Gata2™'~ mice. Parameters of the
box plot are defined within the Statistical analysis paragraph in “Methods.” *P < .05; **P < .01.

Type | leukemic bone marrow harbors robust
leukemia-inducing capacity

To better characterize the Type I to III leukemias, we next
examined cell morphologies. Wright-Giemsa staining of periph-
eral blood smears showed that Type I leukemia blast-like cells
were highly enriched in both 3q21q26 and 3q21q26::Gata2*’~
mice, whereas Type II and III leukemias contained abundant
differentiated cells with segmented nuclei (Figure 2C and data
not shown). Similar staining of peripheral blood smears from

Unclassified-type leukemia mice showed a variety of cell types
and stages of differentiation that varied from mouse to mouse; an
example of an Unclassified leukemia from a 3q21q26 mouse is
shown in Figure 2C. Furthermore, Type I leukemic cells from both
3q21q26 and 3q21q26::Gara2™’~ mice contained abundant c-Kit
cells (as did some Type II leukemic cells; Figure 2D), indicating
that immature blast cells abundantly accumulate in Type I (but only
marginally in Type II) leukemic mice.

To examine the leukemia-inducing ability of the bone marrow
cells after transfer from Type I, II, and III leukemic animals, we
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Figure 2. The 392126 and 3q21q26::Gata2™'~ leukemia cells exhibit 2 distinct differentiation patterns. (A) Percentages of B220" Gr1™ cells vs Gr1™" cells (B220"Gr1*
cells plus B220"Gr1™ cells) in bone marrows of the leukemic 3q21g26 (left panel [n = 60]) and 3921q26::Gata2*'~ (right panel [n = 32]) mice. We classified the leukemias into
4 types; Type |, II, 1ll, and Unclassified based on the percentages of B220*Gr1~ cells and Gr1™ (ie, B220"Gr1* and B220"Gr1*) cells. The yellow-shaded area in both graphs
indicates a range in which more than 80.0% of the leukemic bone marrow cells are both B220* and Gr1™. The numbers of mice categorized into each type and their
percentages are shown below the graphs. (B) Representative flow cytometric profiles of the bone marrows from Type |, II, lll, and Unclassified leukemic 3g21926 mice. (C)
Representative smears of peripheral blood taken from Type |, II, lll, and Unclassified leukemic 3q21g26 mice. (D) Percentages of c-Kit-positive cells in the bone marrow of the
3921026 Type | (n = 16), Il (n = 18), Il (n = 20), and Unclassified (n = 6) leukemia mice and the 3q21q26::Gata2™’~ Type | (n = 12), Il (n = 2), Il (n = 5), and Unclassified
(n = 10) leukemia mice. (E) Kaplan-Meier survival curves of WT mice transplanted with 3g21926 Type | (n = 20; median, 28.0 days), Il (n = 31; median, 38.5 days), and Il
(n = 28; median, 69.0 days) or 3q21g26::Gata2"’~ Type | (n = 36; median, 23.5 days) leukemic whole bone marrow cells (0.5 to 1 x 10° cells).
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performed transplantation analyses. When transplanted into sub-
lethally irradiated WT mice, whole bone marrow cells of Type |
leukemias induced leukemia onset in transplanted animals earlier
than in those transplanted with either Type II or III bone marrows
(Figure 2E), indicating that bone marrow cells of Type I leukemias
contain blast cells that can induce early onset of leukemia. The mice
receiving Type I leukemic whole bone marrow cells from the 3q21q26::
Gata2™'~ mice developed leukemia with shorter latency than the mice
receiving Type I whole bone marrow cells from 3q21q26 mice,
indicating that 3q21¢26::Gata2™*'~ leukemic bone marrow cells harbor
more robust leukemia reconstitution ability.

B220*Gr17c-Kit™ cells contain leukemia-initiating cells

Because the c-Kit" cell percentages were highly correlated with the
B220" percentages in both 3q21¢26 and 3q21q26::Gata2™~ leukemic
mice, we examined the expression of c-Kit in 3 different populations
(B220"Grl~, B220"Grl ", and B220"Grl *). We found that the B220 ™"
Grl~ population contained the most abundant c-Kit ™ cells compared with
B220*Gr1™ and B220°Grl1 " populations in 3q21q26 leukemic mice
(Figure 3A, left panel and B). We also observed abundant c-Kit™ cells in
the B220"Gr1~ population from 3q21q26::Gata2™’~ leukemic mice,
which were composed almost exclusively of the B220" Gr1~ phenotype
population (Figure 3A, right panel). Wright-Giemsa staining showed that
the B220*Grl c-Kit"™ populations in both 3q21q26 and 3q21q26::
Gata2 '™ leukemic mice contained blast-like cells, whereas the B220*
Grl1* and B220"Grl™ populations in the 3q21q26 leukemic mice bore
more mature cells harboring segmented nuclei and cytoplasmic granules
(Figure 3C).

We next performed colony assays on the sorted B220" Grl c-Kit"
blast-like cells as well as the other cell populations of the 3q21q26 Type
1I and 1II leukemias in the presence of stem cell factor, interleukin 3,
interleukin 6, and erythropoietin to examine their potential for replication.
We detected high colony numbers in both B220*Gr1 c-Kit " and B220™
Grl*c-Kit" populations (Figure 3D, left panel). Importantly, colonies
from the B220"Grl c-Kit™ population were significantly larger than
those from the other populations (Figure 3D, right panels), indicating that
higher numbers of colony-forming cells reside in the B220*Grl ¢c-Kit™"
population and that those cells also have the most potent potential
for replication.

To assess the leukemic potential of these cells in vivo, we
transplanted 5 X 10* B220"Grl ¢c-Kit", B220"Grl*c-Kit", or
B220°Grl *c-Kit" cells from the 3q21q26 Type IT and I1I leukemic mice
into sublethally (6 Gy) irradiated C57BL/6 mice. Significantly, mice
receiving the B220*Grl c-Kit" cells developed leukemia with latencies
of approximately 30 to 70 days after transplantation, whereas mice
receiving an equal number of B220"Grl "c-Kit™ or B220"Grl "c-Kit™"
cells failed to develop leukemia (Figure 3E), demonstrating that the
most abundant leukemia-initiating cells reside in the B220" Grl c-
Kit" population. Flow cytometry analysis of the bone marrow from
mice transplanted with B220*Gr1 c-Kit™ cells showed that leukemic
cells contained donor-derived B220"Gr1 ™" cells in addition to the B220™
Grl™ cells (Figure 3F, lower panel), supporting the contention that
B220*Grl c-Kit™ cells from 3q21q26 leukemic mice can differentiate
into Gr1 ™" leukemia cells in vivo.

The abundance of the human EVII messenger RNA as well as
total (human plus mouse) EVII expression in the B220*Grl c-Kit*
population were higher than in the other populations, and EVI1 expression
faded to very low levels in the Grl™ populations of Type II and III
leukemic 3q21q26 bone marrow cells (Figure 3G, left and middle
panels). We also found that the expression of endogenous Gata? closely
matched the levels of EVII (Figure 3G, right panel). These results show
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that the cell population expressing the most abundant EVII and Gata2
contain the leukemia-initiating cells.

Gata2 LOF changes the character of B220*Gr1 c-Kit* cells

Because the 3q21¢26::Gata2™'~ mice most often developed a Type
Ileukemia, we hypothesized that Gata2 abundance might vary from
mouse to mouse in the 3q21q26 genetic background and that this
might correlate with the leukemia types. To test this hypothesis, we
analyzed the Gata2 expression levels in individual 3q21q26
leukemic mice. Of note, we found that Gata2 abundance in the
B220"Grl c-Kit" population negatively correlated with the
percentage of B220 single-positive cells in the leukemic 3q21q26
bone marrow (Figure 4A). Gata?2 levels in Type I leukemia were
approximately half those in Type III leukemia; the former GATA?2
abundance in turn was close to that of the Type I leukemia
documented in the 3q21q26::Gata2™'~ mice (Figure 4A). In con-
trast, the EVII messenger RNA abundance in B220Grl c-Kit™ cells
was higher in Type I leukemic cells than in Type III leukemic cells
(Figure 4B). These results indicate that Gata2 abundance determines
the myeloid differentiation potential as well as EVII expression
levels, which result in the distinct leukemia phenotypes observed in
3921926 mice.

To further characterize the B220" Grl c-Kit™ population in
Type I and III leukemias of 3q21q26 and 3q21q26::Gata2™’'~
mice, we analyzed the expression of immature hematopoietic
cell surface markers. The B220 " Gr1 ¢c-Kit™ populations in Type
I and III leukemias were both CD48*CD1507, suggesting that
the population is progenitor-like rather than stem cell-like
(Figure 4C). 19

Closer examination revealed that the B220" Grl c-Kit* pop-
ulation in Type I leukemia was positive for some lymphoid
progenitor cell markers (IL7Ra and Flt3) but negative for the
committed B-cell marker CD19. We detected D-J rearrangements
of the immunoglobulin H (IgH) gene in the B220™ Grl c-Kit"
population in the Type I leukemias, but V-D-J rearrangements
were not observed (Figure 4D). Expression of Ebfl and Pax5,
master regulators of B-cell lineage development, were undetectable
(Figure 4E). These results indicate that the B220" Grl c-Kit"
population in Type I leukemic cells retains some characteristics
of both lymphoid-primed multipotent progenitor (c-Kit FIt3™"),
common lymphoid progenitor (c-Kit““IL7Ra"), and pre-pro
B cells.?%?!

In contrast to the Type I cells, the B220" Gr1 c-Kit"* population of
Type I leukemias expressed myeloid markers (FcyR /I Macl™)
(Figure 4C). In addition, we detected myeloperoxidase expression in
Type I leukemic B220" Grl1 c-Kit™ cells but not in Type I cells. The
expression of the key myeloid regulator Cebpa in Type III cells was
higher than in Type I cells and was comparable to the granulocyte-
macrophage progenitor cells of WT mice (Figure 4E).>*> These
results indicate that the Type III B220* Grl c-Kit" cells exhibit a
granulocyte-macrophage progenitor (c-Kit"FeyR TI/IIT")-like
phenotype. Of interest, the B220"Gr17c-Kit" populations from
both Gata2 heterozygous and WT 3q21q26 Type I leukemic mice
showed similar patterns of surface marker expression, suggest-
ing that GATA?2 abundance determines the character of B220™"
Grl c-Kit™ cells.

To examine the proliferation of the B220* Gr17c-Kit™ population
in the 3q21q26 Type Il and the 3q21q26::Gata2™’~ Type I leukemias,
we performed 5-bromo-2’-deoxyuridine (BrdU) incorporation assays.
We injected BrdU into leukemia cell-transplanted mice that had
reached circulating levels of leukemic cells >5 X 10%uL. We
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Figure 3. B220" Gr1~ c-Kit* cells contain leukemia-initiating cells. (A) Representative flow cytometric profiles of c-Kit in the B220"Gr1~, B220"Gr1*, and B220Gr1*
fractions of leukemic 3q21g26 (left) and 3q21g26::Gata2*/~ (right) mouse bone marrows. Note that the B220" Gr1~ fraction is predominant in the 3q21G26::Gata2*'~ mice in
right panel. (B) Percentages of c-Kit" cells in the B220"Gr1~, B220"Gr1*, and B220"Gr1™ fractions in the bone marrow of the leukemic 3g21g26 mice (n = 35) and the
B220" Gr1~ fraction in the leukemic 3q21g26::Gata2"’'~ mice (n = 15). Parameters for the box plots are defined in the Statistical analysis paragraph of “Methods.” (C) Wright-
Giemsa staining of leukemic cells in the B220*Gr1~, B220"Gr1*, and B220"Gr1" fractions from the leukemic 3q21926 and B220" Gr1™ fraction from the leukemic 3q21926::
Gata2"'~ mice (c-Kit" [top line] and c-Kit~ [bottom line]). (D) Colony-forming ability of B220* Gr1~c-Kit*, B220*Gr1 "c-Kit*, B220~Gr1 *c-Kit*, B220* Gr17c-Kit", B220*Gr1™*
c-Kit™ and B220"Gr1 " c-Kit™ populations from the leukemic 392126 mice (n = 6). Representative colony morphologies from the B220*Gr17c-Kit", B220*Gr1*c-Kit*, and
B220"Gr1"c-Kit* populations are shown in the right panels. (E) Kaplan-Meier survival curves of mice receiving B220" Gr17c-Kit" (n = 16; median, 56 days), B220*Gr1*c-
Kit" (n = 8; median, not determined), and B220"Gr1"c-Kit" (n = 6; median, not determined) cells. (F) Representative flow cytometric patterns of leukemic cells in donor mice
and donor-derived (CD45.1 homozygous or CD45.1/CD45.2 heterozygous) leukemic cells in recipient mice receiving B220*Gr1c-Kit" cells. (G) Relative expression levels of
human EVI1 messenger RNA (mRNA) (left panel), total (human + mouse) EVI7 mRNA (middle panel), and mouse endogenous Gata2 mRNA (right panel) in B220"Gr1c-
Kit* (n = 6), B220"Gr1"c-Kit" (n = 5), B220"Gr1 " c-Kit" (n = 4), B220" Gr17c-Kit™ (n = 4), B220" Gr1*c-Kit™ (n = 3), and B220~Gr1"¢-Kit™ (n = 3) populations. Bar graphs

represent mean =+ standard deviation (SD). *, P < .05; **, P < .01.
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detected BrdU incorporation by flow cytometry and found that
BrdU-positive cells were more abundant in the B220Grl c-Kit™
cells in 3q21q26::Gata2™'~ Type 1 leukemia (Figure 4F), indicating
increased proliferation of 3q21q26::Gata2*’~ B220" Grl c-Kit"
Type I leukemic cells when compared with the 3q21q26 Type III
leukemic cells.

Selective expansion of 3q21G26::Gata2*’~ leukemia cells in
transplanted mice

To probe the mechanism underlying the acceleration of leukemogen-
esis caused by inactivation of a Gata2 allele, we compared the
leukemia-initiating ability of B220" Grl c-Kit™ cells in the 3q21q26::
Gata2™'~ mice with that of the 3q21¢26 mice. To this end, we adopted
the strategy outlined in Figure 5A. We transplanted 5 X 10% B220*
Grl c-Kit" cells from CD45.1/CD45.2 leukemic 3q21q26 mice and
CD45.1 cells from 3¢21¢26::Gata2™*’~ mice or a mixture containing
2.5 X 10* B220"Grlc-Kit" cells of each genotype into sublethally
irradiated WT CD45.2 animals.

We first examined the 3q21g26 Type II and 3q21q26::Gata2™’~
Type Ileukemic cells as donors (Experiment 1). The mice that received
a mixture of 3q21¢26 and 3q21q26::Gara2™~ leukemic cells or the
mice that received cells from only the 3q21q26::Gata2™'~ mice
developed leukemia with shorter latency than the mice that received
B220"Grl c-Kit™" cells from the 32126 mice (Figure 5B, left panel).
We then analyzed expression profiles of CD45.1 and CD45.2
in leukemic recipient mice and found that a majority of the leukemic
cells were homozygous for CD45.1 and were therefore derived from
the 3q21q26::Gata2™'~ donors in all 4 recipients (Figure 5C, upper
panels).

We next performed a competitive transplantation experiment using
the 3q21q26 Type I and 3q21q26::Gata2™*'~ Type I leukemic B220™
Grl c-Kit" cells that exhibited comparable latencies when they were
independently transplanted into WT mice (Experiment 2; Figure 5B,
right panel). Consistent with our earlier results, the 3q21¢26::Gata2™’~
leukemic cells expanded advantageously in 3 of the 4 recipients
(Figure 5C, lower panels), whereas 3q21q26 leukemic cells expanded
more modestly in the mixed recipients. These results indicate that the
3q21q26::Gata2™'~ leukemia cells acquired a selective advantage for
leukemia induction when compared with the 3q21q26 leukemia cells.

Gata2 haploinsufficiency affects hematopoietic
gene expression

To examine the mechanisms underlying the leukemia enhancement
elicited by Gata2 haploinsufficiency, we analyzed gene expression
profiles in B220*Grlc-Kit" cells of the 3q21q26 Type II and
3q21q26::Gata2+/ ~ Type I leukemic mice by RNA-sequencing

GATA2 HAPLOINSUFFICIENCY IN 3g AML 915

(RNA-seq). Gene set enrichment analyses using hallmark gene
sets” identified 6 gene sets (ie, oxidative phosphorylation, MYC
targets, reactive oxygen species pathway, DNA repair, PI3K-AKT-
mTOR signaling, and p53 pathway) as significantly enriched in
genes upregulated in the 3q21q26::Gara2™'~ mice when compared
with the 3q21q26 mice, reflecting high proliferation rates and stress
responses (Figure 6A).

By RNA-seq, we found that the abundances of 151 and 226 genes
were significantly upregulated or downregulated, respectively, in the
3921926::Gata2™’~ compared with the 3q21q26 leukemic mice
(Figure 6B). To identify GATAZ2 target genes that could be responsible
for or correlated with leukemic malignancy, we identified GATA-
occupied binding sites within or near these genes by using the GATA2
chromatin immunoprecipitation-sequencing database from K562 cells**
(ENCODE; see supplemental Data). We then compared these with
genes that were expressed significantly differently in the cells expressing
GATAZ2 from 1 vs 2 alleles in our RNA-seq data. As a result, we found
98 and 110 GATA2-occupied genes in the upregulated and down-
regulated group of genes, respectively, in comparing data from
3q21¢26::Gara2™'~ mice with that from 3q21¢26 mice. We found
tumor-promoting genes such as PimI>>*® and Evi5>” in the upregulated
group and tumor-suppression genes such as Gfilb and KIf2*® in the
downregulated group in the 3q21q26::Gara2 ™'~ mice (Figure 6C). It is
interesting to note that Gfilb is reportedly a direct target of GATA2 and
is highly expressed in hematopoietic stem cells.”® In addition, Gfilb
deficiency has been shown to induce the expansion of hematopoietic
stem cells.”>*° These results suggest that the reduction of Gfilb may
contribute, at least in part, to the expansion of leukemic cells. Thus,
GATA?2 expression level-derived changes in the hematopoietic gene
expression network seem to contribute to a more robust leukemic
malignancy caused by 3q21q26 translocation.

Discussion

Reciprocal chromosomal translocation and inversion affect gene
expression related to the rearrangements at least at 2 genome sites. As
for the 3q21q26 chromosomal rearrangement, EVI/ becomes misex-
pressed by recruiting the Gata2 distal hematopoietic enhancer G2DHE
to close proximity,s’6 whereas Gata2 gene expression is decreased in
HSPCs by 50% because of the loss of G2DHE from the locus.® Here we
demonstrate in a mouse model that the Gata2 heterozygous deletion
induces early transformation and accelerates leukemia promotion
of EVII misexpressing HSPCs. We defined a B220 " Grl ¢c-Kit"
population as that which contains leukemia-initiating cells in
3q21q26 mice. Our results demonstrate that the B220* Grl c-Kit™

Figure 4. B220* Gr1~ c-Kit" leukemic populations differ in phenotypic characteristics as a consequence of Gata2 haploinsufficiency. (A-B) Correlation between the
percentage of B220"Gr1~ cell populations in the bone marrows and expression levels of mouse endogenous Gata2 (A) and total (human + mouse) EVI1 (B) mRNAs in the
B220"Gri7c-Kit" cells of 321926 (n = 10) or 3q21q26::Gata2*’~ (n = 6) mice. The abundance of Gata2 and total (human + mouse) EV/1 mRNAs was normalized to Gapdh
abundance. Average values for the 32126 Type I leukemic mice were set to 1. Linear approximations and R? values of the 3q21g26 leukemic mice are shown. (C)
Representative flow cytometric profiles of CD150, CD48, IL7Rq, FIt3, CD19, FcyR II/1ll, Mac1, and myeloperoxidase (MPO) in the B220" Gr17c-Kit* bone marrow cells from
leukemic 32126 Type | (upper panels) and Il (middle panels) and 3q21q26::Gata2*'~ Type | (lower panels) mice (red lines). Negative (unstained) control samples are
shown in gray. (D) D-J and V-D-J rearrangements in B220"Gr17c-Kit" cells of the 3q21g26 Type | and Il leukemia and the 3q2126::Gata2"’~ Type | leukemia. Arrows
indicate the position of amplified fragments of ~1033, ~716, or ~333 bp (D-J rearrangements) or ~1058, ~741, or ~358 bp (V-D-J rearrangements) using primer pairs J3-
V558, J3-V17183, and J3-VQ52 (see supplemental Data). M and P indicate lanes loaded with a DNA marker or a positive control (polymerase chain reaction products from
genomic DNA of WT mouse CD19™ cells). (E) Expression levels of Ebf1 (left panel), Pax5 (center panel) and Cebpa mRNA (right panel) in the B220* Gr17c-Kit" cells from
302126 Type | (n = 3), Type Il (n = 4), or the 3q21G26::Gata2™'~ Type | (n = 6) leukemic mice. CD19" B cells and granulocyte-macrophage progenitor (GMP) cells in WT
mice are used for positive controls of Ebf1 and Pax5 and as a positive control for Cebpa expression, respectively. The abundance of each mRNA was normalized to Gapdh.
Average values for the 3q21g26 Type | leukemic mice were set to 1. Arrows indicate undetectable or slight expression levels. (F) The percentages of BrdU™ cells in the B220™*
Gri7c-Kit" population of the 32126 Type IIl (n = 3) or 3q21g26::Gata2™'~ Type | (n = 6) leukemic bone marrows. B220*Gr1 c-Kit" cells were analyzed 2 hours after
intraperitoneal injection of BrdU. Bar graphs represent mean + SD. *P < .05; **P < .01.
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Figure 5. 3q21g26::Gata2*'~ leukemia cells expand advantageously compared with the 3q2126 leukemia cells. (A) Schema for the transplantation analysis. Either
5 X 10* B220*Gri c-Kit* cells from leukemic 3q21q26 mice (CD45.1/CD45.2 heterozygotes), and/or from 3q21q26::Gata2™'~ (CD45.1 homozygous) mice, or a mixture of
2.5 X 10* cells each from those same populations were independently transplanted into 3 sets of sublethally irradiated CD45.2 WT mice. (B) Kaplan-Meier survival curves of
mice that received B220*Gr1 c-Kit* cells from leukemic 392126 and 3g21q26::Gata2"’~ mice. In Experiment 1 (left panel), the B220" Gri7c-Kit" cells from leukemic
392126 Type Il mice (n = 4; median, 66.5 days), 3q21q26::Gata2"’~ mice Type | (n = 4; median, 28.0 days), and the mixture (n = 4; median, 28.0 days) were observed for
the given days survived. In Experiment 2 (right panel), B220*Gr1c-Kit™ cells from leukemic 3q21q26 Type | mice (n = 4; median, 49.0 days), 3q21¢26::Gata2"'~ Type | mice
(n = 4; median, 48.5 days), and the mixture (n = 4; median, 42.0 days) were observed for survival. (C) Flow cytometric patterns of CD45.1 and CD45.2 in the bone marrows of
WT mice receiving B220" Gr1c-Kit"* cells from 3921926 or 3021q26::Gata2"’~ mice alone or from the mixture. **P < .01. n.s., not significant.

cells differentiate into Gr1* myeloid leukemia cells when GATA2is  gene expression, myeloid differentiation is rather suppressed, and
highly expressed. In contrast, we also found that concomitant with  blast-like cell expansion is promoted. These results demonstrate that
the GATA2 heterozygous LOF and consequent reduction of GATA2  the chromosomal rearrangement between 3q21 and 3q26 provokes
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Figure 6. Gata2 haploinsufficiency affects gene expression related to energy production and stress responses. (A) Histograms from gene set enrichment analyses
using hallmark gene sets.?® Six gene sets (oxidative phosphorylation, MYC targets v1, reactive oxygen species pathway, DNA repair, PI3K-AKT-mTOR signaling, and p53 pathway)
were significantly enriched (nominal P value < .05 or false discovery rate [FDR] g value < 0.25) in genes upregulated in the 3q21g26::Gata2"'~ mice compared with the 3q2126
mice. As genes related to oxidative phosphorylation, PI3K-AKT-mTOR signaling, and MYC targets are enriched in the 3q21026:: Gata2™'~ mice, we assume that 3q21q26:: Gata2™~
leukemic cells promote cell expansion supported by high-energy production based on productive oxidative phosphorylation. In addition, we surmise that the 3q21q26::Gata2'~
leukemic cells acquire defenses to reactive oxygen species (ROS) after DNA damage as a consequence of oxidative phosphorylation and proliferation, because genes related
on the ROS, DNA repair, and p53 pathways are eniched. In contrast, there was no gene set that was significantly enriched in genes downregulated in the 3q21q26::Gata2*'~ mice.
The normalized enrichment scores (NES), the nominal P values and the FDR q values are indicated. (B) A scatter plot comparing transcript levels of the 321926 mice (x-axis) and
3q21q26::Gata2"'~ mice (y-axis). Shown are 151 and 226 genes significantly upregulated or downregulated, respectively, in the 3021026::Gata2"'~ compared with the 3q21q26
leukemic mice. (C) Expression levels of the Gfi1b, Kif2, Pim1, and Evi5 mRNAs as fragments per kb of exon per million fragments read (FPKM). Bar graphs represent mean + SD.

malignant leukemia as a consequence of both EVI1 misexpression
induction and GATA?2 haploinsufficiency. We show our present
model in Figure 7.

In addition to 3921 (GATA2), 3q26 (EVII) is also known to link to
other partners such as 12p13 and 21q22, in which ETV6 (TEL) and
RUNXI (AMLI), respectively, become mislocated by chromosomal
translocation.?!*> These translocations induce expression of ETV6-
EVII and RUNXI-EVII fusion proteins, and the amino acid sequence
derived from EVII1 protein occupies a majority in these fusion proteins,
whereas the portions from ETV6 and RUNX1 occupy only a small part
in the N-terminal end of the chimeric prote:ins.31’32 Therefore, EVI1
expression is known to be a predominant cause of these leukemias.
Because both ETV6 and RUNXI encode transcription factors that are
expressed in HSPCs,**** we surmise that in both cases EVII is
ectopically expressed in HSPCs driven by normal hematopoietic
regulatory elements of the ETV6 and RUNXI genes. In this regard,
it should be noted that 5-year overall survival rates of patients with
rearrangements between EVII and GATA2 (ie,, the 3q21q26 syn-
drome) are much lower than those with chimeric proteins elicited
by rearrangements between EVII and other partner proteins.’’
We surmise that the GATA2 haploinsufficiency accounts for,

albeit only in part, the poor prognosis of leukemia associated with
inv(3)(q21926) and t(3;3)(q21;926).

The chromosomal rearrangements between 3q21 and 3q26 are
mainly observed in myeloid leukemia but not lymphoid leukemia.>® In
this study, we observed that the B220*Grl c-Kit" population in the
3q21q26::Gata2™'~ mice have B-lymphocyte—primed characteristics.
However, these cells do not express the differentiated B-cell marker
CD19 or the B-cell master regulators EBF1 and PAXS. In addition, full
V-D-J rearrangement of the IgH loci is not observed in the cells. These
results suggest that the 3q21q26 leukemias retain early lymphoid
characteristics but have not been clinically diagnosed as lymphoid
leukemias. Consistent with this observation, previous mouse studies
showed that early B-cell progenitors retain myeloid differenti-
ation potential but commit to the B-cell lineage by repressing
myeloid genes.*®” Thus, an intriguing possibility is that GATA2 and
EVI1 determine the fate of an immature myeloid B-cell bipotential
progenitor.

To the best of our knowledge, this study provides the first evidence
that GATA?2 haploinsufficiency contributes to leukemia associated
with 321 and 3q26 chromosomal rearrangements. Patients who
have AML with 3q21 and 3q26 translocations or inversions have an
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Figure 7. The current model for the contribution
of EVI1 misexpression and Gata2 haploinsufficiency
to leukemogenesis. Although EVI1 misexpression
promotes expansion of the B220"Gr17c-Kit" leukemic
progenitors, GATA2 abundance contributes to fate
determination of the EVI1-expressing leukemic cells. The
B220"Gri17c-Kit" cells that express high GATA2 exhibit
a GMP-like phenotype and differentiate into Gri*
myeloid leukemic cells (upper arrow). In contrast, when
Gata2 expression levels in the B220"Gr17c-Kit™ pop-
ulation are diminished, because of either Gata2 hetero-
zygous deletion or spontaneous (unknown) mutations,
the B220"Gric-Kit" cells fail to differentiate into the
myeloid lineage and acquire B-lymphoid—primed (lymphoid-
primed multipotent progenitor [LMPP] to pre-pro B-like)
characteristics (lower arrow). Furthermore, Gata2 re-
duction enhances expansion of the leukemic cells, which
results in a more aggressive leukemia.

extremely poor prognosis, and one of the reasons is their low rates of
complete remission.” Our results indicate that GATA2 upregulation
induces myeloid differentiation in leukemic cells and delays progres-
sion. Therefore, we assume that activation of GATA?2 in those leukemias
may be an effective therapeutic approach for treatment. Further
development of therapeutic strategies targeting not only EVI1 but also
GATA?2 and associated factors is awaited to treat these leukemias.
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