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Article

Evil is essential for hematopoietic stem

cell self-renewal, and its expression marks
hematopoietic cells with long-term
multilineage repopulating activity

Keisuke Kataoka,! Tomohiko Sato,! Akihide Yoshimi,! Susumu Goyama,!
Takako Tsuruta,! Hiroshi Kobayashi,! Munetake Shimabe,! Shunya Arai,!

Masahiro Nakagawa,! Yoichi Imai,! Keiki Kumano,! Katsuyoshi Kumagai,?
Naoto Kubota,? Takashi Kadowaki,? and Mineo Kurokawal

"Department of Hematology and Oncology, 2Department of Diabetes and Metabalic Diseases, Graduate School of Medicine,
University of Tokyo, Bunkyo-ku, Tokyo, 113-8655, Japan

Ecotropic viral integration site 1 (Evi1), a transcription factor of the SET/PR domain pro-
tein family, is essential for the maintenance of hematopoietic stem cells (HSCs) in mice and
is overexpressed in several myeloid malignancies. Here, we generate reporter mice in which
an internal ribosome entry site (IRES)-GFP cassette is knocked-in to the Evi7 locus. Using
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Abbreviations used: AGM,
aorta-gonad-mesonephros;
AML, acute myeloid leukemia;
BFU-E, burst-forming unit-
erythrocyte; CFU-S, CFU-
spleen; CLP, common
Iymphoid progenitor; CMP,
common myeloid progenitor;
CRA, competitive repopulation
assay; EC, endothelial cell; ES,
embryonic stem; Evil, ecotropic
viral integration site 1; FL,

fetal liver; GEMM, granulo-
cyte/erythrocyte/ macrophage/
megakaryocyte; GM, granulo-
cyte/macrophage; GMP, GM
progenitor; HSC, hematopoietic
stem cell; HSPC, hematopoietic
stem/progenitor cell; IRES,
internal ribosome entry site;
Lin, lineage; LSK, Lin~ Sca-1*
c-kit*; LT-HSC, long-term
HSC; ME, Mds1-Evil; MEP,
megakaryocyte/erythrocyte
progenitor; MPP, multipotent
progenitor; MSC, mesenchymal
stem cell; MSL, Mac-1* Sca-1*
Lin~; OB, osteoblast; pA, poly-
adenylation; PB, peripheral
blood; RQ-PCR, real-time
quantitative PCR; SCF, stem
cell factor; ST-HSC, short-term
HSC; TPO, thrombopoietin.

these mice, we find that Evi1 is predominantly expressed in long-term HSCs (LT-HSCs) in
adult bone marrow, and in the hematopoietic stem/progenitor fraction in the aorta-
gonad-mesonephros, placenta, and fetal liver of embryos. In both fetal and adult hemato-
poietic systems, Evi1 expression marks cells with long-term multilineage repopulating
activity. When combined with conventional HSC surface markers, sorting according to Evil
expression markedly enhances purification of cells with HSC activity. Evi1 heterozygosity
leads to marked impairment of the self-renewal capacity of LT-HSCs, whereas overexpres-
sion of Evi1 suppresses differentiation and boosts self-renewal activity. Reintroduction of
Evi1, but not Mds1-Evi1, rescues the HSC defects caused by Evil heterozygosity. Thus, in
addition to documenting a specific relationship between Evi1 expression and HSC self-
renewal activity, these findings highlight the utility of Evi1-IRES-GFP reporter mice for the

identification and sorting of functional HSCs.

Hematopoietic stem cells (HSCs) are distin-
guished by their inherent capacity to perpetu-
ate themselves through self-renewal and to
generate multiple blood cell lineages through
differentiation. To maintain a steady-state pool
of self-renewing HSCs and prevent HSC ex-
haustion, these defining properties of HSCs
must be tightly regulated. Fine-tuning of stem
cell properties requires stem cell-specific ex-
pression of their regulatory genes. To elucidate
the stemness transcriptional profile, several gene
expression microarray analyses have identified
quite a few number of HSC-specific gene can-
didates (Ramalho-Santos et al., 2002; Akashi
et al., 2003; Forsberg et al., 2010). However,
most of the molecules established to be associ-
ated with the regulation of self-renewal capacity

K. Katacka and T. Sato contributed equally to this paper.

in HSCs are widely expressed in the hemato-
poietic system, and their mutations in genetic
models are exclusively accompanied with other
hematological abnormalities. Thus, a bona fide
stem cell-specific regulator of their function
has not been identified, and the functional
identification of HSCs based on their ability to
self-renew remains difficult.

Ecotropic viral integration site 1 (Evil) is an
oncogenic transcription factor that belongs to
the SET/PR. domain protein family (Goyama and
Kurokawa, 2009). We and others have reported
that Evil accomplishes an important regulatory
function in hematopoietic stem/progenitor
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cells (HSPCs) during fetal and adult development. Evil
expression is limited to HSPCs in the embryonic and adult
hematopoietic systems. HSCs in Evil™/~ embryos are
markedly decreased in numbers with defective repopulating
capacity (Yuasa et al., 2005). Moreover, conditional deletion
of Bvil in adult mice revealed that Evil is essential for the
maintenance of HSCs, but is dispensable for lineage com-
mitment (Goyama et al., 2008). Besides the importance of
Evil in normal hematopoiesis, dysregulation of Evil expres-
sion can have distinct oncogenic potential in various my-
eloid malignancies (Goyama and Kurokawa, 2009). Indeed,
aberrant EVI1 expression defines a unique subset of acute
myeloid leukemia (AML), and predicts adverse outcome in
patients (Lugthart et al., 2008; Gréschel et al., 2010). Fur-
thermore, Evil overexpression in hematopoietic cells leads to
myelodysplasia in a murine BM transplant model (Buonamici
et al., 2004).

In this study, using newly generated Evil-GFP reporter
mice, we demonstrate that Evil is preferentially expressed in
LT-HSCs, and its expression can mark in vivo long-term
multilineage repopulating HSCs and improve the conven-
tional HSC isolation strategy in both adult BM and embryo,

A Firstzinc Second zinc
finger domain finger domain

which suggests a distinctive relationship between Evil and
HSC function. Consistent with this, heterozygosity of Evil
causes a striking reduction in the number of LT-HSCs, with
a specific defect of self-renewal capacity caused by acceler-
ated differentiation. Our results point to a potential utility of
an Evil-GFP reporter mouse line for the functional identifi~
cation of HSCs based on their self-renewal activity, and a
central role of Evil in regulating the homeostasis of HSC:s.

RESULTS
Evi1 is predominantly expressed in LT-HSCs in aduit BM
To elucidate Evil expression within the hematopoietic system,
we have generated gene-targeted mice in which an internal
ribosome entry site (IRES)-GFP cassette is knocked-in to the
Evil locus by homologous recombination (Fig. 1 A). This
knock-in allele functions in a bicistronic manner in that ex~
pression of both Evil and GFP is under the endogenous tran~
scriptional regulatory elements of the Evil gene, thus enabling
us to track Evil expression on an individual cell basis. Appro-
priately targeted TT2 embryonic stem (ES) cell clones were
identified by Southern blotting (Fig. 1 B). Mice heterozygous
for the Evi1-IRES-GFP allele (Evi1*/CFF) were distinguished
from WT mice by genotyping PCR. (Fig. 1 C).
Western blot analysis showed the presence of
GFP protein and comparable expression of Evil

Murine Evi1 cDNA

(EIEEITET Qg

—AAA protein in embryonic fibroblast cells from

Evi1*/CfF mice compared with WT mice
(Fig. 1 D). Evi1*/CFP mice were phenotypi-

WT allele 1 . I'fxon 10l lEfon 1"

LAY

IRESGEPpA Neo'
Targeting vector y o

Evi1-IRES-GFP
knock-in allele

B 3'probe
Evi1** Evi1+/CFP
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Evi1*/* Evi1*/CFP

- @= WT band (9.1 kb)

! ¢ Knock-n band (4.1 kb) ..

C Evi1H* Evi1*/GFP D

¢~ Knock-in band (11 kb)
.= WT band (10 kb)

Evi1/* Evi1*/GFP

cally indistinguishable in survival, hematopoi-
etic cellularity, and lineage composition from
WT controls (unpublished data). Initial flow
cytometric analysis of adult Evi1*/GFP mice re-
vealed a small, but discrete, population of GFP*
cells (0.15 % 0.6%; Fig. 2 A), confirming the ex~
pression of the Evil-IRES-GFPallele. To exam-
ine whether GFP expression levels correlated
with those of endogenous Evil mRINA expres-
sion, Evil expression of sorted GFP™ and GFP™*
cells from BM of Evi1*/GFP mice was analyzed
by real-time quantitative PCR (RQ-PCR).
Evil mRNA was exclusively expressed in the
GFP* cells, and almost no expression was found
in the GFP~ cells (Fig. 2 B), indicating that
GFP expression in this mouse model faithfully
marks cells with active Evil expression.

Figure 1. Generation of Evi1-IRES-GFP knock-in

Primer Neo Evi1 Neo EVi1

< Knock-in band (667 bp)

mice. (A) The structure of murine £viT and the targeted

Evi1-IRES-GFP locus is shown. RV, EcoRV; X, Xbal.

(B) Southern blot analysis of genomic DNA isolated from
WT ES cells (EviT**) and two independent clones of tar-

<~ WT band (394 bp) GFP

geted ES cells (Evi1*/%%). DNA was digested with Xbal
(left) or EcoRV {right), and hybridized with the indicated
probes. (C) Genotyping of £viT*/5% mice by PCR.

== 27 kD
= 18 kD

B-Actin
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(D) Western blot analysis for GFP and Evi1 in embryonic
fibroblast cells from EviT+#* and EviT+¢% mice. B-Actin
was used as a loading control. ME, Mds1-Evil.
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Evil mRNA has been shown to be expressed at signifi-
cantly higher levels in HSPCs (Lin™ Sca-17 c-kit* [LSK])
and common lymphoid progenitors (CLPs) than in other
hematopoietic cells (Yuasa et al., 2005; Chen et al,
2008). To gain insight into the biological function of Evil
through its cell type—specific expression pattern, the distri-
bution of GFP* cells was examined in adult BM from Evi1*/
GF? mice. Beyond expectation, GFP expression was highly
restricted to the LSK fraction (Fig. 2 A). To confirm stem/
progenitor-specific expression of Evil, we analyzed the
GFP fluorescence of various hematopoietic cell popula-
tions from BM and spleen of Evi1*/GFP mice. We found a
heterogeneous expression of GFP in the LSK fraction, in
which about half of the cells were GFP* (Fig. 2, C and D).
Conversely, only 2.5% of common myeloid progenitors
(CMPs) expressed GFP, and almost no expression was
found in granulocyte/monocyte progenitors (GMPs) and
megakaryocyte/erythrocyte progenitors (MEPs; Fig. 2 C).
In contrast to the previous study (Chen et al., 2008), GFP
was not expressed in CLPs (Fig. 2 C). In addition, no GFP
expression was observed in mature hematopoietic lineages
or nonhematopoietic cells in BM (Fig. 2 C). Together,
these results suggest that Evil is uniquely expressed in
HSPCs, but its expression is sharply down-regulated along
with differentiation.
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Because LSK cells, a population which contains multi-
potent progenitors (MPPs), short-term HSCs (ST-HSCs),
and long-term HSCs (LT-HSCs), include both a GFP* frac-
tion and a GFP™ fraction, we next resolved GFP expression
within the LSK compartment for other markers characteristic
of LT-HSCs. When LSK cells were subdivided according to
CD34 and Flk-2 expression (Orford and Scadden, 2008), the
Flk-2~ CD34~ LSK fraction, which is considered to contain
most LT-HSC activity, had the highest expression of GFP,
and its expression decreased with differentiation to hemato-
poietic progenitors (Fig. 2 E). In addition, further enrichment
for LT-HSCs within the LSK fraction using SLAM family
receptors (CD48 and CD150; Kiel et al., 2005) revealed
that GFP* cells were found in greatest abundance within
CD48~ CD150* LSK cells, in which LT-HSCs are highly
enriched. In contrast, GFP expression was substantially down-
regulated in CD48% LSK cells, irrespective of CD150
expression (Fig. 2 F). When we examined how GFP* cells
were distributed within the LSK fraction, GFP expression
was highly enriched in the Flk-27 CD34~ LSK or CD48~
CD150* LSK fractions (Fig. 2, G and H). Therefore,
these results indi-
cate that Evil is dy-
namically regulated
within HSPCs; its

Figure 2. Evi1l is predominantly ex-
pressed in LT-HSCs in adult BM. (A) FACS
analysis of expression of lineage markers (Lin),
c-kit, and Sca-1 on GFP+ cells in adult BM
from Evi1+/67 mice. Data are representative of
three independent experiments. PI, propidium
jodide; FSC, forward scatter. (B) RQ-PCR analy-
sis of the expression of £vi1 mRNA in sorted
GFP~ or GFP+ cells from BM of £vi1#/6% mice,
presented relative to GAPDH expression (%, P <
0.0001; n = 2). (C) Frequency of GFP+ cells in
indicated BM subpopulation and in splenic

T cells from EviT#6% mice (n = 3-5). Meg,
megakaryocyte; EC, endothelial cell. (D) FACS
analysis of expression of GFP in LSK cells from
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EviT#* and Evi1*/5F° mice. Data are represen-
tative of at least twenty independent experi-
ments. (E and F) Frequency of GFP* cells in
subpopulations of LSK cells divided using Flk-2
and CD34 (E) or CD48 and CD150 {F) in
EviT#8 mice. (left) Representative plot is
shown. (right) Bar graph represents mean +
SD (n = 3-4). (G-H) FACS analysis of expres-
sion of Flk-2 and CD34 (G) or CD48 and
CD150 (H) on LSK GFP+ cells in BM from
Evi1#/5% mice. Data are representative of two
independent experiments. (I} Frequency of
Flk-2— CD34~ LSK or CD48~ CD150* LSK cells
in BM from FviT** and Evi1#/%% mice (n = 3-5).
(J) PB donor chimerism in CRAs, in which 2 x
105 BM cells from EviT#* and EviT*57 mice
(Ly5.1) were transplanted into lethally irradi-
ated recipients {Ly5.2) together with 2 x 108
competitor BM cells (Ly5.2). Percentages of
donor-derived cells {Ly5.1) in PB 16 wk after
transplantation are shown (P =0.12; n = 3).
Data represent mean + SD.
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expression is predominantly enriched in LT-HSCs and rapidly
extinguished during early stages of lineage commitment.

To reinforce Evil-IRES-GFP knock-in mice as a faithful
tool for investigating HSCs, we assessed the number and func-
tion of LT-HSCs in BM from Evi1*/GF? mice. Flow cytometric
analysis revealed that the frequencies of Flk-2~ CD34~
LSK or CD48~ CD150" LSK cells were comparable between
Evi1*/* and Evi1*/CFP mice (Fig. 2 I). In addition, a com-
petitive repopulation assay (CRA) showed that Evi1*/GFP BM
cells exhibited slightly less, but not significantly different, long-
term reconstitution capacity (Fig. 2 J), indicating that the
number and function of HSCs in Evi1*/CFP mice are similar to
WT controls.

Evi1 expression represents a functionally distinct

population that remains in an undifferentiated

and quiescent state within HSPCs

As only a subset of LSK cells expressed GFP in Evil*/GF?
mice, we hypothesized that Evil expression functionally di-
vides the LSK population and marks a more undifferentiated
and quiescent state with multipotent differentiation proper-
ties in this population. To test this idea, we separated the LSK
population into LSK GFP~ and LSK GFP* cells and com-
pared their biological functions. Initially, we confirmed that
LSK GFP* cells had a much higher level of Evi1 transcripts
than LSK. GFP~ cells by RQ-PCR analysis (Fig. 3 A). Inter-
estingly, despite the negative GFP expression, LSK GFP~
cells expressed Evil mRINA at a higher level compared with
CMPs and GMPs (Fig. 3 A), which also suggests that Evil
expression is inversely proportional to the differentiation status.
To achieve an estimate of the differentiation stage of these

two populations, LSK GFP~ and LSK GFP* cells were cul-
tured in serum-free medium containing stem cell factor (SCF)
and thrombopoietin (TPO). After 3 d of culture, the propor-
tion that remained in the LSK fraction was significantly
higher in LSK GFP* cells than in LSK GFP~ cells (Fig. 3 B),
suggesting that LSK GFP* cells are more primitive HSCs.
Next, to evaluate the differentiation potential of LSK GFP~
and LSK GFP* cells, we performed colony-forming assays
in vitro. Although both populations generated an equivalent
number of myeloid colonies CFU-granulocyte/macrophage
[CFU-GM]), LSK GFP* cells gave rise to greater numbers
of erythroid (burst-forming unit-erythrocyte [BFU-E]) and
multipotential (CFU-granulocyte/erythrocyte/macrophage/
megakaryocyte [CFU-GEMM)]) colonies than LSK GFP~
cells (Fig. 3 C). These data suggest that Evil expression cor-
relates with multipotent differentiation capacity. In addition,
to assess the colony-forming capacity at the clonal level,
single LSK GFP~ and LSK GFP* cells were cultured in
serum-free medium. LSK GFP™ cells formed detectable
colonies at a frequency comparable to LSK GFP* cells, but
generated smaller numbers of highly proliferative colonies
(>300 cells; Fig. 3 D), indicating that the LSK GFP™ fraction
comprises a higher proportion of HSPCs with enhanced pro-
liferative capacity.

Our observations suggested that Evil reporter activity is
down-regulated as HSCs differentiate. To examine this issue,
we forced LSK GFP* cells to differentiate in vitro in response to
SCF, TPO, IL-3, and IL-6. These LSK GFP* cells predomi-
nantly generated GFP~ cells (Fig. 3 E). After culture, the major-
ity of cells that had become GFP~ lost the LSK phenotype,
whereas most cells that remained in GFP* continued to express

A? 200 4 B2 * G100 OwskGrFP  Figure 3. Evil expression represents a
<3 150 4 80 BELsKGFP'  functionally distinct population that re-
zﬁ I 8 ﬁ 60 . diff . d d .
E3 100 < 5 . . mains in an undifferentiated and quies-
Se 9 4 8w cent state within HSPCs. (A} RQ-PCR
""';‘5; 501 1 20 analysis of the expression of £viT mRNA in
=0 PO S A PP - . 0 sorted GMPs, CMPs, LSK GFP~ cells, and LSK
100 - LSKGF’.; LSTO(ZFP CRUGM  CRU-GEMM - BFUE GFP* cells from Evi1*/5F mice, presented rela-
D w0 * EA L F 5 . tive to GAPDH expression (n = 2). (B) LSK
g . = GFP~ and LSK GFP* cells were cultured in
< 604 [J3o0-100 - £ 80 . .
8 - < serum-free medium with 20 ng/ml SCF and
£ 404 [H 100-300 % a0
3, B >0 = , 20 ng/ml TPO for 3 d, and the percentage of
z‘ = _ ) g the remaining LSK fraction was analyzed
N SK GFPLSK GFP* s i YT — {*, P <0.007; n = 3). (C) Numbers of CFU-GM,
G120 % H 80 ek sk CFU-GEMM, and BFU-E colonies derived from
[ILSK GFP- -
100 5 B LSK GFP* 100 sorted LSK GFP~ and LSK GFP+ cells
g o g (*, P < 0.05; n = 3). (D) Single LSK GFP~ and
3 zg' 3 40 * LSK GFP* cells from Evi1*/6% mice were clone-
204 20 ] sorted and cultured in serum-free medium.
04 04 After 14 d of culture, cell numbers in each
CFU-GM  CFU-GEMM  BFUE Go Gy SIG,M colony were analyzed. Their relative distribu-

tion is shown (* P < 0.05; n= 192 clones

from 2 independent experiments). (E) LSK GFP+ cells were cultured in medium containing 109% serum with 50 ng/m! SCF, 50 ng/m! TPO, 10 ng/m! IL-3, and
10 ng/ml IL-6 for 5 d, and the percentage of the remaining GFP* fraction were analyzed. Data are representative of four independent experiments. (F) The
percentages of the remaining LSK fraction in GFP~ and GFP+ cells after culture were analyzed (*, P < 0.0001; n = 4). (G) Numbers of CFU-GM, CFU-GEMM,
and BFU-E colonies derived from 200 GFP~ and GFP* cells were analyzed (*, P < 0.0001; n = 4). (H) Cell cycle status of LSK GFP~ and LSK GFP+ cells from
EviT+/6% mice, analyzed by Hoechst 33342 and pyronin Y staining (*, P < 0.05; **, P < 0.005; **, P < 0.0005, n = 3). Data represent mean + SD.
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