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MYELOID NEOPLASIA

Stem cell exhaustion due to Runx1 deficiency is prevented by Evi5 activation in

leukemogenesis

Bindya Jacob,!2 Motomi Osato, 2 Namiko Yamashita,' Chelsia Qiuxia Wang," Ichiro Taniuchi,® Dan R. Littman,* Norio Asou,®

and Yoshiaki lto*2

‘institute of Molecular and Cell Biology, Singapore; 2Cancer Science Institute of Singapore, National University of Singapore, Singapore; *RIKEN, Research
Center for Allergy and Immunology, Yokohama, Kanagawa, Japan; “Howard Hughes Medical Institute, Skirball Institute of Biomolecular Medicine, New York
University, NY; and SDepartment of Hematology, Kumamoto University School of Medicine, Kumamoto, Japan

The RUNX1/AML1 gene is the most fre-
quently mutated gene in human leukemia.
Conditional deletion of Runx1 in aduit
mice results in an increase of hematopoi-
etic stem cells (HSCs), which serve as
target cells for leukemia; however,
Runx1-'~ mice do not develop spontane-
ous leukemia. Here we show that mainte-

nance of Runx1-/- HSCs is compro-
mised, progressively resulting in HSC
exhaustion. In leukemia development, the
stem cell exhaustion was rescued by ad-
ditional genetic changes. Retroviral inser-
tional mutagenesis revealed Evi5 activa-
tion as a cooperating genetic alteration
and EVI5 overexpression indeed pre-

vented Runx1~/~ HSC exhaustion in mice.
Moreover, EVI5 was frequently overex-
pressed in human RUNX1-related leuke-
mias. These results provide insights into
the mechanism for maintenance of pre-
leukemic stem cells and may provide a
novel direction for therapeutic applica-
tions. (Blood. 2010;115:1610-1620)

Introduction

The RUNXI/AMLI gene encodes the DNA binding o subunit of
heterodimeric Runt domain transcription factor, PEBP2/CBE!
RUNXT1 and its partner protein, the non-DNA binding B subunit
(PEBP2B/CBFR), are essential for definitive hematopoiesis and are
frequently targeted in human leukemia.>* RUNXI and CBFB are
involved in chromosomal translocations, generating fusion proteins
that inhibit the activity of wild-type RUNX1 in a dominant-
negative manner.>° Biallelic point mutations of RUNX! are fre-
quently found in the acute myeloid leukemia (AML) MO subtype
and familial platelet disorder with predisposition to AML. Monoal-
lelic mutations are found in sporadic myelodysplastic syndrome
and AML."" These point mutations make the RUNX1 protein
nonfunctional. Hence, loss-of-function of RUNX1 is considered to
be the common underlying mechanism for RUNXI-related
leukemias.

Despite the prevalence of RUNXI loss-of-function muta-
tions or dominant-negative fusion proteins, the RUNXI alter-
ation per se does not cause leukemia. Rather, cells with
loss-of-function of RUNX1 remain leukemia-prone and only
with acquisition of additional hits do they become fully
leukemic.!""* Conditional deletion of Runx! in adult mice
results in an expansion of immunophenotypically defined hema-
topoietic stem cell (HSC) compartment and an accumulation of
megakaryoblasts and lymphoid progenitors.’>"!” The expansion
of Runxl-deficient HSC/progenitor compartment is due to
higher self-renewal and antiapoptotic properties and results in
predisposition to leukemia.'®* However, surprisingly, despite the
increased number of stem cells, Growney et al'® reported that
conditional Runxl knockout bone marrow (BM) cells are
outcompeted by simultaneously transplanted wild-type BM cells
in competitive repopulation assay, indicating that Runxl-
deficient cells are compromised in reconstituting hematopoiesis

in the recipient mice. Also, except for one group describing that
RunxI conditional knockout mice developed lymphoma at later
stages of life,’” other groups reported that leukemia/lymphoma
did not develop spontaneously. The above studies indicate
increased leukemia susceptibility in RunxI-deficient conditions,
and at the same time clearly suggest that Runx1-deficient cells
require additional genetic changes for leukemic transformation.

Retroviral insertional mutagenesis (RIM) is a powerful tool to
identify oncogenes and tumor suppressor genes.!? Injection of
replication-competent retrovirus into newborn mice leads to integra-
tion of virus into the host genome and activation of oncogenes or
disruption of tumor suppressor genes, resulting in leukemia or
lymphoma. Retrovirus usually hits multiple genes to induce
leukemia or lymphoma.2-2* RIM on conditional Runx/ knockout
mice provides an excellent system to identify genes that cooperate
with loss-of-function of Runx! to promote leukemogenesis. Previ-
ous RIM studies on heterozygous Runx] knockout mice have
revealed the alterations of the Ras gene family and its upstream
factors such as c¢-Kit and Fir-3 as candidate “second hits” in
leukemogenesis. These genes are in fact frequently mutated in
human RUNX I-related leukemias.'$22:24

In this study, we show that Runx1 deficiency in HSCs leads to
the phenomenon called “stem cell exhaustion” after the initial
expansion. Runxl-deficient stem cell maintenance was compro-
mised, probably due to defective niche interaction, resulting in
decline of stem/progenitor cell numbers and decreasing contribu-
tion of these stem cells to blood cell production. We employed RIM
on conditional Runx] knockout mice and identified overexpression
of Evi5 as an additional genetic alteration that prevents the stem
cell exhaustion caused by Runxl deficiency. Together, these
2 genetic alterations maintain an expanded pool of aberrant
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Figure 1. Runx1~/- status leads to stem cell exhaustion. (A) Absolute number of KSL CD34~Fit3~ cells, Lin~ SP cells, KSL CD34*FIt3+ cells and KSL CD34*Ft3~ cells per
0.5 million BM cells from Runx1+/+ and Aunx1~/~ mice of 2 distinct ages (10 and 40 weeks old). Each group comprises 3 to 4 mice. (B) Limiting dilution analysis using varying
numbers of BM cells from 40-week-old CD45.2+ Runx1** (A), or Runx1~/~ () mice. Mice were considered negative when the percent chimerism was less than 1%. Left
panel: estimated frequencies of the repopulating cells are indicated as vertical dashed lines (1 repopulating cell per indicated numbers of BM cells) for each genotype. Right
panel: for each indicated number of transplanted cells from CD45.2+ Runx1+/+ or Runx1~/~ mice, the proportion of mice that are positive for test CD45.2+ cells is given as
(number of positive mice)/(number of analyzed mice). Frequencies of HSCs were calculated using Poisson statistics. (C) GFP chimerism in PB of recipients of Runx1+/+
(n = 6) and Aunx1~/~ (n = 6) cells at 6 and 40 weeks after transplantation. Each open circle represents data from an individual mouse and each closed circle is the average of
a cohort. Statistical difference using unpaired Student ttest is given at the bottom. NS indicates not significant. (D) Kaplan-Meier survival curves of secondary recipients of
mock MIG vector-transfected Runx1*/+ (dashed line; n = 10) and Runx1-/~ (solid fine; n = 10) BM cells. Circles represent end point of analysis.

stem/progenitor cells, which may act as targets for further onco- 3 generations, and then intercrossed to obtain RunxI™ mice. They were
genic hits. crossed with interferon-inducible Mx-Cre transgenic mice,2 a gift from
Dr K. Rajewsky, to generate RunxI™*—Tg(MxI-Cre) mice. For further
details, see supplemental Methods (available on the Blood website; click

on the Supplemental Materials link at the top of the online article). All
Methods mice were maintained in the Biological Resource Center (BRC),
Biopolis, Singapore, and all animal experiments followed the strict
guidelines set by the National Advisory Committee for Laboratory
The mice harboring Runx/ allele with exon 4 flanked by loxP sites  Animal Research (NACLAR) and were approved by the BRC Institu-
(RunxI¥'*) were generated,?® backcrossed against C57BL/6 mice for tional Animal Care and Use Committee.

Mice
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Retroviral insertional mutagenesis

RunxIFF_Tg(Mxi-Cre) and Runx]™" mice were mated, and progenies were
injected with MoMuLV virus 3 days after birth and with polyinosinic-
polyeytidylic acid at | month of age. Retrovirus-injected Runx/~/" mice
and Runx]™/* littermates were monitored by examining their health
condition and by weekly checking of complete blood cell count using an
automatic hematology analyzer (Celltac alpha MEK-6358; Nihon Kohden).
Necropsy of diseased mice, hematology analysis, and identification of RIS
using inverse polymerase chain reaction (PCR) were carried out as
previously described.?%?3

Fiow cytometric analysis

Flow cytometric analysis was performed using a fluorescence-activated cell
sorter (FACS) Vantage instrument as previousty described.®2?2 Monoclonal
antibodies were usually purchased from BD Biosciences (supplemental
Methods).

Patient samples

Thirty-five human patients with leukemia belonging to the following
categories were screened for expression level of EVIS: AML with ¢(8;21)
(n = 9); inv(16) (n = 7); other AML (n = 10); chronic myeloid leukemia
(CML) blast crisis (n = 6); and complete remission from AML (n = 3).
Each patient gave informed consent to this study based on the tenets of the
revised Helsinki protocol produced by the Institutional Committees for the
Protection of Human Subjects and Analysis of the Human Genome. All
studies of human samples were approved by the institutional review board
of Kumamoto University Hospital.

Additional procedures

For complete information on bone marrow transplantation (BMT) proce-
dures; plasmid construction, retroviral transduction, and in vitro cell culture
assays; quantitative real-time PCR (gRT-PCR); luciferase assay; in vivo
homing assay; and the BrdU incorporation assay, see the supplemental
Methods.

Results

Runx1-~ stem/progenitor cell population declines after the
initial expansion

Runx! knockout (RunxI™/~) BM cells, generated by Cre-
recombinase—mediated knockout of Runxl, show an increase in
hematopoietic stem/progenitor cell fraction compared with control
wild-type (RunxI*/*) mice. However, we found that RunxI™/"~
HSC expansion is followed by exhaustion, resulting in a progres-
sive decline of stem/progenitor cell numbers. At 10 weeks of age,
Runx1~/~ mice showed a significant increase in long-term HSCs
(c-Kit*Scal*Lineage™ [KSL]CD34 Flt3™), short-term HSCs (KSL
CD34*FIt3~), and multipotential progenitors (KSL CD34*Flt3+).
However, at 40 weeks of age, Runxl™/~ stem/progenitor cell
numbers declined significantly and were equivalent to or lesser
than corresponding Runx1%/" cell numbers (Figure 1 A, supplemen-
tal Figure 1). Side population analysis of lineage-negative cells
(lineage-SP) also showed a similar trend of expansion of Runx] "~
HSCs at 10 weeks, followed by decline at 40 weeks (Figure 1A).
To analyze the number of functional competitive repopulating units
(CRUs) in aged (40 weeks old) RunxI~"~ and Runx!*/* mice, we
carried out limiting dilution BMT. The frequency of CRUs in BM
of aged RunxI ™/~ mice was 1 in 53 964, lower than the frequency,
1 in 20083, in RunxI*/* littermate controls (Figure 1B). These results
suggest that stem cell exhaustion may occur in Runx] ™~ mice.
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Figure 2. Aged Runx1~/~ stem/progenitor cells maintain proliferative ability.
(A} Graphs showing percentage of GFP* cells in PB and number of GFP*¢-Kit*Lin~
cells in BM of recipients of Runx1+/* (n = 3) and Runx1-/~ (n = 3) BM cells, 2 years
after transplantation. (B) Colony assay of GFP*c-Kit*Lin~ cells from recipients of
Runx1*~ (n = 3) and Runx1~/~ (n = 3) BM cells, 2 years after transplantation.
(C) Colony assay of KSL celis from 40-week-old mice, after 30 days of long-term
culture on OP9 stromal celis. Statistical differences using the unpaired Student ¢ test
are given at the bottom.

The decline of RunxI~/~ HSCs is further observed in another
BMT experiment. In the recipient mice that underwent transplanta-
tion with BM cells from Runx! /= and Runx1** mice transfected
with MIG (MSCV-IRES-GFP) retroviral vector expressing en-
hanced green fluorescent protein (EGFP) as a surrogate marker,
contribution of donor cells to hematopoiesis was monitored
periodically by the percentage of GFP* cells in the peripheral
blood (PB). At 6 weeks after transplantation, the GFP chimerism in
PB of the recipients (n = 6) of RunxI*/* and RunxI~'~ cells was
comparable, with a mean value of 32.1% and 23.6% respectively.
After 40 weeks, the mean GFP chimerism in the recipients of
Runx1*'* remained the same at 32.5%, whereas it was significantly
lower (P < .01) at 13.1% in the recipients of Runxl™/~ cells
(Figure 1C). By 2 years after transplantation, the GFP chimerism in
PB of recipients of Runx1/" cells dropped even further. There was
also a concomitant decrease in absolute number of immature
Runx17/~ (c-Kit*Lineage ~GFP™) cells in the BM of the recipients,
again suggesting stem cell exhaustion (Figure 2A).

To ascertain the phenomenon of Runx1~/~ stem cell exhaustion,
a secondary transplantation experiment was carried out. Two to
3 primary recipients with similar GFP chimerism were killed at an
average of 4 months after transplantation and BM cells were
transplanted into 10 lethally irradiated (8 Gy) secondary recipients.
Six of 10 recipients of Runxl~'~ cells died within 3 months of
secondary transplantation due to pancytopenia arising from graft
failure, while all the recipients of control RunxI*'* cells survived
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Figure 3. Runx1~/~ mice show early onset and high frequency of leukemia with myeloid features in RIM. (A) Kaplan-Meier survival curves of Aunx1+* (blue line;
n = 17) and Runx1~/~ (red line; n = 16) mice injected with MoMuLV retrovirus. Kaplan-Meier method showed significant difference between the 2 genotypes (P < .001,
Mantel-Cox test). Open circles represent censored cases. (B) Necropsy of diseased mice; leukemic mice usually show enlarged spleen (bottom arrow) and liver (top arrow)
while T-cell lymphoma mice show enlarged thymus (arrow). (C) Graphs showing frequency of different types of leukemia/lymphoma, groups 1to 4, in early-onset (= 24 weeks)
cancers of Runx7** (n = 19) and Runx1~/~ (n = 34) mice; and frequency of leukemia or lymphoma cases in late-onset cancers of Runx1** (n = 33) and Runx1—/- (n = 20)
mice. In total, n = 82 for Runx1*/* mice and n = 54 for Runx1~/~ mice. (D) Morphology of cells from PB of representative leukemic case from group 1 showing granulocyte
(arrow) and monobtast (arrowhead); group 2 showing immature blasts; and group 3 showing T cells and ghost cells (arrows) which are frequently seen in T-celi malignancy.

beyond that (Figure 1D). Taken together, the above results prove
that Runx]~/~ status results in progressive stem cell exhaustion.

Surprisingly, colony assay of immature RunxI =/~ cells (GFP*
c-Kit*Lineage™) from BM of recipient mice showed an increased
number of precursors even 2 years after transplantation, similar to
the observations made soon after the conditional deletion of the
Runx! gene'® (Figure 2B). Furthermore, long-term culture initiat-
ing cell (LTC-IC) assay of KSL cells from BM of aged 40-week-old
RunxI~~ mice showed an increased number of progenitor cells
after 28 days of culture on OP9 stromal cells (Figure 2C). These
results suggest that immature Runx] ™/~ cells maintain their inher-
ent properties of increased proliferation even after long periods of
time. Hence, stem cell exhaustion may not be due to cell intrinsic
defects of Runx!™/~ stem/progenitor cells.

Runx1-/- status results in increased susceptibility to myeloid
leukemia development

It is conceivable that for Runx/~/~ mice to develop leukemia,
RunxI™'~ stem cells would have to acquire an ability to survive
long, possibly through additional genetic hits. Therefore, RIM was

employed to induce leukemia in Runx!™/~ mice and to identify
genes that prevent stem cell exhaustion and aid in leukemia
development. Runx!~/~ mice showed a significantly shorter la-
tency of leukemia development than wild-type littermates (Figure
3A), thus confirming that the Runxl-deficient status accelerates
leukemia development.

When the mice became moribund, necropsy was carried out and
the disease was divided into leukemia or lymphoma cases.
Leukemia cases showed elevated leukocyte counts and hepato-
splenomegaly with normal thymus, whereas lymphoma cases
showed normal or elevated leukocyte counts and enlarged thymus/
lymph node (Figure 3B). Based on combination of leukocyte
counts, necropsy, and further immunophenotype and morphologic
analyses, tumors were classified into the following 4 groups: group
1, myeloid leukemia (supplemental Figure 2A); group 2, bipheno-
typic (myeloid and T-cell) leukemia; group 3, T-cell leukemia; and
group 4, T-cell lymphoma (supplemental Tables 1-2). Most of the
biphenotypic leukemia cases belonging to group 2 were considered
to be mixtures of myeloid and lymphoid leukemia originating from
different clones, with a certain subset of the leukemic cells

- 64 -



