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et al., 1996; Okada et al., 1998). In addition, Runx1-deficient embryos
exhibit defects in vascular branching and remodeling, due to poor
release of angiopoietin-1 from hematopoietic stem cells (HSCs)
(Takakura et al., 2000). On the other hand, Runx1 has also been
implicated in the development of human leukemia. Runx1 is a target
of a number of leukemia-associated chromosomal translocations,
such as t(8;21)(q22;q22), t(3;21)(q26;g22), and t(12;21)(p12;922),
which generate Runx1/ETO, Runx1/Evil, and TEL/Runx1 fusion
proteins, respectively (Mikhail et al, 2006). In addition, point,
deletion, and insertion mutations of Runx1 have also been observed
in a significant fraction of acute leukemias (Osato, 2004). Further-

more, a haploinsufficiency of Runx1 was detected in a hereditary
familiar platelet disorder in which patients are predisposed to
leukemic development (Song et al., 1999). These results demonstrate
that structural and functional changes of Runx1 contribute to
leukemogenesis.

The expression of Runx1 is controlled by several different
mechanisms. Transcription of Runx1 is mediated by two distinct
promoters, designated as distal promoter (P1) and proximal promoter
(P2), which are located upstream of exon 1 and exon 3, respectively
(Ghozi et al, 1996) (see Fig. 1A). Although both promoters are
transcriptionally active in both hematopoietic and non-hematopoietic
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Fig. 1. Genomic organization of the Runx1 gene and generation of Runx1b knock-in (KI) mice deleted with the IRES element (Runx1 +/AIRES) (A Regulatory elements controlling
Runx1 expression and the resulting gene products. The localizations of exons 1 and 3 and the positions of the distal (P1) and proximal (P2) promoters and the IRES element are
shown. The non-coding and coding regions of the exons are indicated by white and black boxes, respectively, and the IRES within the 5" UTR of exon 3 is indicated by a gray box with
an asterisk. The P1-, P2-, and IRES-mediated Runx1 gene products are shown. (B) Strategy for generating Runx1*/~'*¥5 mice. The positions of primers and a probe for genotyping and
detecting mRNA expression are shown. In the Runx1/A/RES mice, expression of both the Runx1c and Runx1b transcripts is retained, but IRES-mediated translation of the Runx1b
transcript is eliminated. (C) Results of ES genotyping (left and middle panels) and removal of Neo resistance cassette (right panel). For ES genotyping, the KI allele-derived PCR
product is indicated by an arrowhead, and germline (GL) and KI allele-derived DNA fragments are indicated by arrows. For Neo deletion, positions of Neo-positive (Neo+) and Neo-
deleted (ANeo) PCR products are indicated by arrows. (D) Expression of P1 and P2-derived messages from the AIRES allele. The RT-PCR products are indicated by arrowheads (upper
panels) and GAPDH RT-PCR was performed as an internal control (lower panels). (E) Expression of Runx1 protein. Nuclear extracts of Runx1*/* and Runx12/RE/AIRES embryos at
13.5 dpc were blotted with an anti-Runx1 (upper panel) or an anti-B-actin antibody (lower panel).
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cells, the structures of the 5 UTRs of exon 1 and exon 3 are highly
diverse (Ghozi et al., 1996). The distal UTR is short, contains only two
upstream ATGs (u-ATGs), and lacks GC-rich elements, whereas the
proximal UTR is unusually long, contains multiple u-ATGs, and
possesses GC-rich regions (Ghozi et al., 1996). These results strongly
suggest that the P2-derived message is much poorly transcribed as
compared to the P1-derived one. A subsequent study revealed that an
IRES element exists in the proximal UTR, just upstream of the
translation initiation ATG in exon 3 (see Fig. 1A), whose activity is
regulated during differentiation of hematopoietic cells (Pozner et al.,
2000; Levanon and Groner, 2004). Taken together, the expression of
Runx1 is regulated transcriptionally by two promoters, P1 and P2, and
also translationally by an IRES coupled with P2.

Recently, studies using P1-specific knockout (P1"N) mice and P2-
specific knockdown (P2"¢°/™°) mice demonstrated that P1-dependent
Runx1 expression is not required for embryonic survival but affected
hematopoietic development and that P2-dependent Runx1 expression
is critical for definitive hematopoiesis, thymic development, and
postnatal survival (Pozner et al, 2007; Bee et al., 2010). Although
these findings provide insights into the biological roles of the distinct
expression machineries of the Runx1 gene, the biological significance of
the IRES-mediated translation has not been fully understood.

In this study, to clarify the role of the IRES in Runx1 function under
physiological and pathological conditions, we generated and analyzed
knock-in mice expressing wild-type Runx1 or a Runx1 fusion protein,
in which the 5 UTR containing the IRES element is deleted.

Materials and methods
Construction of knock-in vectors and generation of knock-in mice

The detailed procedures of construction of knock-in vectors and
generation of knock-in mice are described in Supplemental information.

Histological, immunohistochemical, and electron microscopic analyses

Histological, immunohistochemical, and electron microscopic
analyses were performed as previously described (Honda et al.,
1998). For histological analysis, serial sections (500-1000 slices per
embryo) were made and carefully observed under a microscope. For
immunohistochemical analysis, tissue sections were stained with an
anti-Runx1 antibody (ab61753, Abcam Inc. Cambridge, MA) or an
anti-SMA antibody (1A4, Dako, Glostrup, Denmark). For electron
microscopic analysis, subcutaneous vessels were subjected to ultra-
thin sectioning and examined under an electron microscope after
double staining with uranyl acetate and lead citrate.

Reverse transcription polymerase chain reaction

Total RNA was extracted from mouse tissues using TRIzol
(Invitrogen, California, CA) and mRNA was purified using Oligo-Tex
(Takara Bio Inc., Tokyo, Japan). For detecting mRNA expression of the
knock-in allele, RT-PCR was performed using mRNA extracted from
hematopoietic tissues as described previously (Miyazaki et al.,
2002). The primer sequences used for RT-PCR are shown in
Supplemental information. GAPDH RT-PCR was also performed as
an internal control. To examine Runx1 downstream target gene
expression, quantitative RT-PCR was performed as described (Maki
et al,, 2005).

Western blot analysis

Nuclear extracts were isolated from whole embryos at 13.5 dpc or
16.5 dpc as previously described (Miyazaki et al., 2002). Western blot
was performed using an anti-Runx1 antibody (Active Motif, Carlsbad,
CA), ananti-Evil antibody (kindly provided by Dr. Morishita of Miyazaki

University in Japan), or an anti-3>-actin antibody (Millipore, Bedford,
USA) according to the developer's and manufacturers’ instructions.

Fetal liver cell preparation and colony formation assay

Fetal livers (FLs) were separated from 12.5 dpc embryos and
mononuclear cells of each FL were collected and counted. Colony
formation assay was performed using methylcellulose supplemented
with EPO or a cocktail of cytokines as described previously (Nakahata
and Ogawa, 1982; Ma et al., 2001). All the aggregates consisting of
more than 50 cells were counted as colonies, except for magakar-
yocyte colonies, and colony types were determined on days 7 to 14 as
described previously (Nakahata and Ogawa, 1982).

Flow cytometric analysis

Flow cytometric analyses of FL cells at 12.5 dpc were performed as
reported (Ema et al., 2005; Morita et al., 2006). Detection of HSCs,
common myeloid progenitors (CMPs), granulocyte/macrophage
progenitors (GMPs), megakaryocyte/erythrocyte progenitors
(MEPs), and common lymphocyte progenitors (CLPs) was performed
using eight-parameter 6-color method with antibodies listed in
Supplemental information on a FACS Canto II (BD Biosciences, San
Jose, CA). Transplanted FL cells were analyzed with antibodies listed
in Supplemental information on a FACS Calibur (BD Biosciences, San
Jose, CA). The biotinylated antibody was developed with streptavidin
(SA)-APC-Cy7 (BioLegend, San Diego, CA).

Analysis of apoptosis and cell cycle status

FL cells were prepared from 12.5 dpc embryos. 4.5 x 10% cells were
cultured in «MEM (Sigma) containing 20% FBS, 100 ng/ml SCF, 10 ng/ml
IL-3 and 10 ng/ml IL-6. Lineage-negative (lin~), c-kit-positive (c-kit*)
cells were isolated using antibodies listed in Supplemental information.
For detecting apoptotic cells, lin—c-kit™ cells were stained with anti-
Annexin V-FITC and Annexin V" cells were analyzed using the Annexin
V-FITC Apoptosis detection kit II, according to the manufacturer's
instructions (BD Biosciences). For determining cell cycle status,  lin " c-
kit* cells were stained with propidium iodide (PI), and the amount of
nuclear DNA was measured using the CycleTEST PLUS DNA Reagent Kit,
according to the manufacturer's instructions (BD Biosciences).

Competitive repopulation assay of FL cells

Competitive repopulation assay was performed using the Ly5 congenic
mouse system. 2x10° FL cells from Runx1™/* or Runx1A/RES/AIRES
embryos (Ly52") at 13.5 dpc were mixed with the same number of FL
cells from a wild-type Ly5.1" embryo at the same age and were
transplanted into irradiated (9.5 Gy) Ly5.1" recipient mice. Peripheral
blood cells of the recipient mice were stained with anti-Ly5.1 and anti-
Ly5.2 antibodies (see Supplemental information) for the percentage of
Ly5.2% cells at 4, 8, and 12 weeks after transplantation. At 12 weeks after
transplantation, the percentage of Ly5.2" cells was also analyzed on the
thymus, spleen, and bone marrow in addition to the peripheral blood
using anti-Ly5.1, anti-Ly5.2, and other lineage-specific antibodies (see
Supplemental information).

Results

Generation of wild-type Runx1 knock-in mice deleted with the
IRES element

A schematic representation of the regulatory elements controlling
Runx1 expression at the level of transcription and translation is
shown in Fig. 1A. A message transcribed from the P1 contains exon 1,
which is spliced into the coding region of exon 3 to produce Runxlc,
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whereas the P2-derived message initiates at exon 3 to produce
Runx1b, which can be translated in both cap-dependent and IRES-
mediated manners. We first investigated the role of the IRES in normal
Runx1 function, by generating wild-type Runx1 knock-in mice, in
which a part of the 5’ UTR containing the IRES element was deleted.
For this purpose, the coding region of exon 3 and part of intron 3 were
replaced with the complete human Runx1b cDNA (hRunx1b) fused at
the 3’ end to a polyadenylation signal (pA) and flanked by two loxP
sites, where the first loxP was designed to disrupt the IRES sequences
(Fig. 1B). In these mice, the wild-type Runx1 was expressed by both
the P1 and P2, but not by the IRES.

ES cells with homologous recombination, identified by 5’
genomic PCR and 3’ Southern blot (Fig. 1C, left and middle panels),
were used to generate the knock-in mice (Runx1™/%). The Neo
resistance gene was removed by the Flpe recombinase so as to avoid
any effects of the Neo promoter on Runx1 expression (Fig. 1C, right
panel). In the resultant mice (Runx1™/2/RES) a5 shown in Fig. 1B, P1-
dependent Runxlc expression was retained, since the splicing
acceptor site was conserved in the hRunxlb cDNA, and P2-
dependent Runx1b expression was also unaffected, but IRES-
dependent translation of the latter message was eliminated. The
expression of the RNAs transcribed from the P1 and P2 within the
knock-in allele was confirmed by performing reverse transcription
polymerase chain reaction (RT-PCR) using primers derived from
exons 1 (mRunxlc) and 3 (mRunx1b) along with a primer specific
for hRunx1b (hRunx1-4) that does not anneal to the endogenous
mouse Runx1 message (Fig. 1D). The expression of Runx1 protein in
Runx1™" and Runx14RES/ARES mice was examined by blotting
nuclear extracts of whole embryos with an anti-Runx1 antibody. As
shown in Fig. 1E, comparable amount of Runx1 protein was
detected in both types of mice. To further examine the distribution
and amount of Runx1 protein in Runx1™" and Runx14'RES/AIRES
embryos, sagittal sections of the embryos were immunohistochemi-
cally stained with an anti-Runx1 antibody. As shown in Supple-
mental Fig. 1, similar staining pattern and intensity were observed
in both types of embryos. These results indicated that IRES
deficiency did not significantly affect Runx1 protein expression
during embryonic development.

Homozygotes expressing wild-type Runx1 deleted for the IRES
(Runx1AIRESIAIRES ) died in utero at around 14.5 dpc, exhibiting vessel
dilatation, subcutaneous edema, and pale liver

Heterozygous mice (Runx1*/4RES) were indistinguishable from
their wild-type littermates and were intercrossed to obtain
homozygous mutants (Runx12RES/ARES) Ng Jive Runx1A/RES/ARES
mice were born, indicating that mice with deletion of the IRES
element were embryonic lethal. Timed pregnancy revealed that
Runx14RES/AIRES - mjce died in utero at approximately 14.5 dpc
(Supplemental Table 1).

The representative macroscopic appearances and HE-stained
sagittal sections of Runx1™/* and Runx12RES/AIRES embryos at
13.5 dpc are shown in Fig. 2A. As compared to Runx1*/* embryo,
Runx14/RES/AIRES ambryo exhibited marked vessel dilatation mainly in
the trunk, subcutaneous edema, and pale liver (indicated by arrows, an
arrowhead, and a white triangle, respectively, in the right panels of
Fig. 2A).

The results of microscopic analyses are shown in Fig. 2B. In
contrast to the normal peripheral blood vessels of Runx1*/* mice
(indicated by arrowheads in the left upper panel of Fig. 2B), those of
Runx14RES/ARES mice were markedly dilated and occasionally formed
microaneurysms with hemorrhage (indicated by arrows in the right
upper panel of Fig. 2B). In addition, as shown in the right middle panel
of Fig. 2B, the subcutaneous region of Runx14/RES/AIRES \was highly
edematous (shown as “Edema”) and was associated with vessel
dilatation and bleeding (indicated by an arrow). On the other hand, no

obvious difference in blood vessel formation was observed in major
internal organs of Runx1*/* and Runx14RES/AIRES embryos, such as
the brain (indicated by arrowheads in the lower panels of Fig. 2B).

Capillary-associated pericytes were poorly developed in
Runx 1ARES/AIRES i o

To investigate the mechanism(s) underlying vascular dilatation,
capillaries were immunochistochemically stained with antibodies
against vessel-related molecules. An antibody against a-smooth
muscle actin (SMA) that detects pericytes gave rise to distinct
differences in staining in Runx1*/" and Runx14RESARES empryos,
which correlated well with the distribution of vascular dilatation.
Normal subcutaneous capillaries of Runx1*/" embryos were clearly
stained with the anti-SMA antibody (indicated by arrowheads in the
left upper panel of Fig. 2C), whereas the abnormally dilated
subcutaneous vessels in Runx14/RES/AIRES embryos were only faintly
stained with the same antibody (indicated by arrows in the right
upper panel of Fig. 2C). In contrast, capillaries in major organs, such
as the brain, were stained to a similar extent with this antibody in
both types of embryos (indicated by arrowheads in the lower panels
of Fig. 2C). These results strongly suggested that dysfunction of
capillary-associated pericytes was responsible for the vascular
dilatation observed in Runx14'RES/2IRES embryos. To investigate
possible structural changes in the pericytes of the mutant mice,
the subcutaneous peripheral blood vessels of Runx1*/* and
Runx141RES/AIRES embryos were subjected to electron microscopic
analysis. As shown in Fig. 2D, in contrast that the pericytes of
Runx1*/* mice tightly attached and surrounded the endothelial
cells (left panel), those of Runx14RES/AIRES mice were poorly
developed, partly detached from the endothelial cells, and invagi-
nated into the vessels (right panel). To ascertain whether Runx1 is
expressed in pericytes, small and large vessels of Runx1™/*
embryos were stained with an anti-Runx1 antibody. As shown in
Fig. 2E, positive staining was detected in a cell morphologically
resembling a pericyte and surrounding a capillary (indicated by an
arrow in the right panel) but was not observed in a cell
morphologically resembling a smooth muscle cell and lining inferior
vena cava (indicated by an arrowhead in the right panel). These
results indicate that Runx1 is preferentially expressed in pericytes
among vessel-surrounding cells and that IRES-mediated Runx1
expression is essential for peripheral blood vessel integrity through
effects on normal pericyte development and function during
embryogenesis.

Marked reduction, altered differentiation, increased apoptosis, and
decreased cell cycle of Runx14/RES'AIRES E] hematopoietic cells

The Runx14RES/ARES E] \as hardly detectable through the skin
(indicated by a white triangle in the right panels of Fig. 2A) and
macroscopically looked very pale (right upper panel of Fig. 3A).
Microscopic analysis revealed that Runx14RES/AIRES [ contained a
significantly reduced number of hematopoietic cells, as compared to
Runx1*/* FL (indicated by arrows in the right lower panel of Fig. 3A).
The marked reduction in cell number was further demonstrated by cell
counting of Runx1™/*, Runx1t/4RES" and Runx14RES/AIRES Elg
(Fig. 3B).

We then investigated the differentiation status of Runx1*/* and
Runx 12RES/AIRES B hematopoietic cells. A detailed FACS analysis using a 6-
colored method was applied, which detects hematopoietic cells with
various differentiation stages, including hematopoietic stem cell (HSC),
common myeloid progenitor (CMP), granulocyte/macrophage progenitor
(GMP), megakaryocyte/erythrocyte progenitor (MEP), and common
lymphocyte progenitor (CLP) fractions. As shown in Fig. 3C, although
the total cell number in Runx12RES/ARES [ was significantly reduced as
compared to that in Runx1™/* FL, all the fractions were present in both
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Fig. 2. Pathological analyses of Runx1*/* and Runx14RES/AIRES embryos. (A) Macroscopic appearances (upper panels) and HE-stained sagittal sections (lower panels) at 13.5 dpc.
Prominently dilated subcutaneous blood vessels and subepidermal edema are indicated by arrows and an arrowhead, respectively, and pale liver is indicated by a white triangle (also
see Fig. 3A). (B) HE-stained tissue sections at 13.5 dpc. Normal and dilated capillaries are indicated by arrowheads and arrows, respectively. In the skin sections (body and back,
upper and middle panels), vascular dilatation with hemorrhage and subepidermal edema (Edema) are apparent in Runx14/RE/AIRES embryos. In contrast, in the brain sections (lower
panels), no dilated vessels are observed in both types of embryos. Epi, epidermis; SC, spinal cord. (C) Immunohistochemical staining with an anti-SMA antibody at 13.5 dpc. In the
skin sections (body, upper panels), positive staining is detected around normal capillaries in Runx1*/* embryos (indicated by arrowheads), whereas no staining is observed around
the dilated capillaries (indicated by dotted lines) in Runx14RES/AIRES embryos (indicated by arrows). In contrast, in the brain sections (lower panels), staining of a similar intensity is
observed in both types of embryos (indicated by arrowheads). Epi, epidermis. (D) Electron microscopic analysis of capillaries at 13.5 dpc. In a Runx1*/* capillary, a pericyte (Peri)
tightly attaches and surrounds an endothelial cell (End) (left panel). In contrast, in a Runx14/RES/AIRES capillary, pericytes are partly detached from endothelial cells (indicated by
arrowheads in the right panel) and are invaginated into vessels with enlarged pinocytotic vesicles (indicated by asterisks in the right panel). Ery, erythrocyte. (E) Immunohistochemical
staining with an anti-Runx1 antibody at 14.5 dpc. The boxed area in the left panel is magnified in the right panel. In the right panel, positive staining is detected in a pericyte-like cell
surrounding a capillary (indicated by an arrow) but not observed in a smooth muscle-like cell lining inferior vena cava (IVC) (indicated by an arrowhead).

types of mice. No significant change was observed in the HSC fraction
(2.08% in Runx1*/* FL and 3.81% in Runx14RESAIRES F[ | Fig, 3C upper
panels), whereas a decrease in MEP fraction and an increase in CMP and
GMP fractions were observed in Runx14/RES/AIRES [ a5 compared to
Runx1*/* FL (percentages of Runx1™/* FL and Runx14RES/AIRES g
were; 94.9% and 41.6% for MEP, 3.04% and 30.2% for CMP, and 0.53% and
3.1% for GMP, Fig. 3C middle panels). As for CLP, although a slight

increase was observed in Runx12RESARES B (7 17% in Runx1t/* FLand
19.4% in Runx 14RES/ARES I 'Fio 3C Jower panels), the difference was not
reproducible, due to the limited number of cells present in this fraction
at this stage.

We next analyzed the apoptotic state and cell cycle profile of the
Runx1™/* and Runx14RES/ARES £[ hematopoietic stem/early progen-
itor cells. Lineage-negative (lin™), c-kit-positive (c-kit™) cells were

Fig. 3. Hematopoietic analysis of Runx1+/+ and Runx12RES/AIRES FL5_ (A) Macroscopic appearances (upper panels) and HE-stained sections (lower panels) of Runx1*/* and Runx14/RE/AIRES F g
at 12.5 dpc. As compared to Runx1*/*+ FL, Runx12RE/AIRES B js pale and contains significantly reduced number of hematopoietic cells (indicated by arrows). (B) Comparison of FL cell numbers
among Runx1*/*, Runx1 /2R and Runx14RES/AIRES embryos at 12.5 dpc. Data are plotted as means with error bars. A significant reduction in the cell number is observed in Runx12RES/ARES g,
(p<0.01). (C) Flow cytometric analysis of HSC and progenitor fractions of Runx1*/* and Runx14®ESAIRES Fi at 12.5 dpc. MEP, megakaryocyte/erythrocyte progenitor; GMP, granulocyte/
macrophage progenitor; CMP, common myeloid progenitor; and CLP, common lymphocyte progenitor. As compared to Runx1*/* FL, Runx14RES/ARES B[ shows an increase in GMP and CMP
fractions but a decrease in MEP fraction. (D) Apoptotic state and cell cycle profile of the Runx1+/* and Runx14RES/AIRES B hematopoietic stem/early progenitor cells at 12.5 dpc. Data are plotted as
means with error bars. As compared to Runx1*/* FL, Runx12RES’AIRES E[_shows an increase in Annexin V* apoptotic cells (upper panel, p=0.15) and a decrease in S-G,/M cycling cells (lower
panel, p=0.07).
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isolated from Runx1®/* and Runx14RES/ARES Flg stained with  those of Runx14RES/AIRES B[ exhibited an increase in the percentage of
Annexin V or propidium iodide (PI), and analyzed by FACS. As apoptotic Annexin V% cells (upper panel) and a decrease in the
shown in Fig. 3D, as compared to lin~c-kit™ cells of Runx1™/* FL, proportion of cycling (S-G,/M phase) cells (lower panel), although
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the differences were not statistically significant (p=0.15 for
apoptotic analysis and p=0.07 for cell cycle analysis).

These results indicated that IRES-mediated Runx1 expression is
pivotal in expansion of FL hematopoietic cells and affected differen-
tiation, apoptotic status, and cell cycle profile.

Reduced colony formation activity and altered expression of
downstream target genes in Runx14/RES/AIRES B[ hematopoietic cells

We then rigorously evaluated the proliferative potential of
Runx12RESAIRES ET hematopoietic cells. We first examined the colony-
forming activity by culturing FL hematopoietic cells of Runx]4/RES/AIRES
mice and their control (Runx1™/* and Runx1*/ARES) littermates with
various cytokines. As shown Table 1, hematopoietic CFUs generated from
Runx14RES/AIRES E1 cells were markedly reduced as compared to those
from control littermates. A significant decrease (80-90%)
was observed in CFU-E and CFU-Mix colonies, while the reduction
of BFU-E and CFU-GM colonies was less remarkable (~50%). In
addition, although single megakaryocytes were occasionally observed,
no megakaryocytic colonies were generated from Runx14RES/AIRES g
Moreover, Runx14'RESARES E[_derived colonies were smaller and
contained fewer cells than control FL-derived colonies (Supplemental
Fig. 2).

To investigate the molecular mechanisms underlying the altered
proliferative activity in Runx12RE/AIRES £ 5 we examined the expression
patterns of Runx1 downstream target genes implicated in definitive
hematopoiesis. RNAs extracted from Runx1*/* and Runx14RES/ARES Fl
were subjected to quantitative RT-PCR analysis. The expression levels of
the indicated genes in Runx14RESAIRES E[ re]ative to those in Runx1*/* FL
are shown in Fig. 4. Although all the genes examined were expressed in
both Runx1*/* and Runx14'RES/AIRES Els the expression levels varied
among genes. Enhanced expression was detected for CEBPo, M-CSFR, and
G-CSFR, while reduced expression was observed for NFE2, 3-globin, ALAS-
E, and MPO in Runx14/RES/AIRES g1 55 compared to Runx1*/* FL.

Impaired repopulation ability of Runx12RES/AIRES E[ cells in the
competitive repopulation assay

We nest investigated the in vivo repopulation ability of
Runx14RES/AIRES £ cells, by performing the competitive repopula-
tion assay using the Ly5 congenic mouse system. Irradiated Ly5.1"
mice were transplanted with FL cells from a Runx1™" or a
Runx14RES/AIRES embryo (Ly5.2%) together with the same number of
FL cells from a wild-type Ly5.1" embryo of the same age. Engraftment of
the Runx1*/* or Runx14"RE/21RES £ _derived cells was analyzed by flow
cytometry and the repopulation ratio was assessed as the percentage of
Ly5.2" cells in the peripheral blood (PB) (4, 8, and 12 weeks after
transplantation) and in the hematopoietic tissues (12 weeks after
transplantation). The analysis of the PB showed that the overall
reconstitution ability of Runx14RESARES E \was significantly reduced
as compared to that of Runx1*/* FL (left panel of Fig. 5A). Interestingly,
while the reconstitution ability in granulocytes was not significantly
affected (middle panel of Fig. 5A), that in lymphocytes was severely
impaired (right panel of Fig. 5). In addition, the analysis of the
hematopoietic tissues exhibited poor contribution of Runx14/RES/AIRES
FL cells, especially in the thymus and spleen (left panel of Fig. 5B). The
cell lineage-specific analyses in the thymus, spleen, and BM revealed
that Runx1#/RES/AIRES £1 - cells possessed a comparable reconstitution
ability in myelomonocytic and megakaryocytic lineages (Gr1™*, Mac1™,
and CD617 in the right panel of Fig. 5B), but exhibited a remarkably
reduced reconstitution ability in T- and B-lymphoid lineages (Thy1.2"
and B2207 in the right panel of Fig. 5B). These results indicated that the
repopulation ability of Runx14RESAIRES E| hematopoietic cells was
impaired, especially in the lymphoid lineages.

Heterozygotes expressing Runx1/Evil deleted with the IRES element
were normally born and did not show any hematological abnormalities

We finally investigated the role of the IRES in leukemogenesis
mediated by the expression of Runx1-fusion proteins. Runx1/Evil (RE),
aRunx1 fusion protein created by t(3;21)(q26;q22) in human leukemia
(Mitani et al., 1994), was knocked into the Runx1 locus, using a similar
knock-in strategy as was used to generate Runx1*/2RES except that the
Runx1/Evil cDNA fused to the pA was preceded by a floxed Neo
resistance cassette (Fig. 6A). We generated RE knock-in mice, following
removal of the Neo resistance cassette from the recombinant ES cells by
Cre recombinase. The P1-derived RE message was expressed in these
mice, since the splice acceptor site was conserved in the Runx1 region
of RE. In addition, P2-dependent RE expression was unaffected, but
IRES-dependent RE expression was eliminated (Runx1™/REAIRES
Fig. 6A).

Correctly targeted ES cells identified by 5’ genomic PCR and 3’
Southern blot (Fig. 6B, left and middle panels) were used to generate
knock-in mice following removal of the Neo resistance gene (Fig. 6B,
right panel). The expression of the RE mRNAs from both the P1 and P2
promoters was confirmed by RT-PCR, using the same methods as used
for the analysis of expression in the Runx1™/REAIRES mice (Fig. 6C). In
addition, expression of RE protein in Runx1*/REARES mice was
detected by Western blot (Fig. 6D).

Interestingly, in contrast to the conventional RE knock-in mice,
which died in utero exhibiting CNS hemorrhage due to a dominant
negative effect of RE on endogenous Runx1 function (Maki et al., 2005),
Runx1 T/REARES mice were born at the expected Mendelian ratio without
any phenotypical defects (data not shown). In addition, no obvious
differences in hematopoietic parameters were found between Runx1™/*
and Runx1/RFARES mjce during a long-term observation period (Fig. 6E),
in contrast that conventional RE knock-in chimeric mice develop
megakaryocytic leukemia (Maki et al., 2006). These results demonstrated
that IRES-mediated RE expression was required for the dominant negative
activity during embryogenesis and the leukemogenic potential in adult
hematopoiesis.

Discussion

Runx1 is a gene whose expression is regulated transcriptionally by
two distinct promoters (P1 and P2), giving rise to two different
mRNAs, and also translationally by an IRES element, existing just
upstream of the translation initiation codon of P2-derived mRNA
(Pozner et al., 2000; Levanon and Groner, 2004). In this study, we
applied a knock-in strategy to clarify the biological role(s) of the IRES
sequences in normal Runx1-mediated hematopoiesis and angiogen-
esis and also in mutated Runx1-induced leukemogenesis.

We first generated knock-in mice of Runx1b, the predominant
transcript of the Runx1 gene, in which promoter-dependent transcrip-
tion was retained but IRES-medicated translation was eliminated. A
number of Runx1 mRNAs are produced by alternative splicing (Levanon
et al, 2001), while Runx14'RES/AIRES mjce generated Runx1c and IRES-
disrupted Runx1b transcripts (Fig. 1B), raising the possibility that the
phenotypes of our mutant mice might be due to the lack of the splice
variants. However, our previous study demonstrated that mice contain-
ing Runx1b cDNA knocked into exon 4 of the Runx1 gene, which express
Runx1cand Runx1b, developed normally and did not show any obvious
defects (Okuda et al., 2000). Thus, the expression of Runx1c and Runx1b
without other spliced forms is shown to be sufficient for the proper
mouse development. The major difference in the regulatory elements
controlling Runx1 expression between our previous and current studies
is that Runx1b mRNA in this study lacks the IRES element. Therefore,
the abnormal phenotypes observed in Runx12RESAIRES mice are
considered not due to the lack of alternatively spliced forms but to
the lack of IRES-mediated Runx1 expression. However, as compared to
the knock-in mice in our previous study (Okuda et al, 2000),
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Table 1

Hematopoietic colony-forming activity of Runx1*/*, Runx1 /RS and Runx12RES/AIRES fetq] Jivers.

Genotype Cell counts/liver Absolute number per fetal liver
5

b CFU-E BFU-E CFU-Meg CFU-GM CFU-Mix Total CFU-cells
A 12.60+75 (n=4) 58867 2495 1373 14301 2003 79040 (n=4)
+/AIRES 13.67+7.2 (n=17) 59054 2556 1080 16021 3158 81883 (n=5)
AIRES/AIRES 202406 (n=7) 3024 1091 0 7123 436 11684 (n=6)
Ratio for cut-down 84.0% 94,9% 56.3% 100% 50.2% 78.2% 85.2%

<+ [+ ~AIRES/AIRES) ,
+/ +

1x 10* MNCs from each single fetal liver at 12.5 dpc were initially plated in 1 ml semisolid cultures with cytokine cocktail.
Colony types and numbers were determined at days 10 to 15 in the culture. Table shows converted absolute CFU cell numbers per fetal liver.

Runx12/RES/ARES mjce Jack intron 3 in addition to the IRES element. Thus,
there remains the possibility that intron 3 contains an element with an
enhancer activity that affects Runx1 function.

Runx 12'RES/AIRES mjjce died in utero at around 14.5 dpc (Supplemen-
tal Table 1) with prominently dilated peripheral capillaries, severe
subepidermal edema, and pale liver (Figs. 2A and B), which demon-
strated the indispensable role of the IRES element in embryonic
development. To investigate the effect of the deletion of the IRES on
Runx1 expression, we performed western blot and immunohistochem-
ical staining of Runx1*/* and Runx12RESAIRES embryos, As shown in
Fig. 1E and Supplemental Fig. 1, both types of embryos exhibited
comparable amounts and similar distribution patterns of Runx1 protein,
indicating that IRES deficiency did not significantly affect the Runx1
protein expression. This finding led us to the idea that IRES-mediated
Runx1 expression might be essential in a specific developmental stage, a
particular cell lineage and/or a critical point of cell cycle, as suggested in
previous studies (Mitchell et al., 2003; Gonzalez-Herrera et al., 2006;
Audigier et al., 2008; Dobbyn et al., 2008; Jo et al., 2008).

Interestingly, the phenotype and death period of Runx14/RES/AIRES mjce
differ from those of Runx1 full-knockout (Runx1~/~) mice. Runx1~/~
mice die of CNS hemorrhage at around 12.5 dpc (Okuda et al., 1996; Wang
etal,, 1996; Okada et al,, 1998), whereas Runx12RES/AIRES mjce survive this
stage and presumably die of circulation failure at around 14.5 dpc.
Although the reason for the phenotypical and temporal differences in the
embryonic lethality of these mutant mice is not clear yet, it could be
postulated that P1- and P2-derived Runx1 expression in a cap-dependent
fashion rescues Runx14RESARES mjce from the fatal CNS hemorrhage at
earlier stages but cannot prevent vessel dilatation, fluid leakage and
circulation failure at later stages, when IRES-mediated Runx1 expression

is absolutely required. In addition, it is intriguing that Runx14/RES/AIRES
mice die earlier than P2-specific knockdown (P2"°®"°) mice that develop
to term (Pozner et al., 2007; Bee et al., 2010), since the IRES is coupled to
P2-derived mRNA (Fig. 1A). One possible explanation for this discrepancy
is that P2 activity is not completely eliminated in the knockdown system
and the residual P2-derived transcript rescues P2"%°"° embryos from
fatal vessel dilatation and systemic edema observed in Runx]2RES/AIRES
embryos.

It is of note that the blood vessel dilatation in Runx141RES/AIRES mjjce
was prominent in the trunk but was not observed in major organs,
such as the brain (Figs. 2A and B). These results indicated that the
Runx1 IRES plays a region-preferential role in vascular development.
The underlying mechanism is not clear, but one possibility is the
difference in the oxygen partial pressure (PO,) among organs. A
previous report showed that during embryonic development, the
mean PO, in the head is significantly higher than that in the trunk
(Meuer et al., 1992). Given that IRES-mediated translation predomi-
nates under hypoxic conditions (Stoneley and Willis, 2004; Holcik and
Sonenberg, 2005), it could be postulated that IRES-mediated Runx1
expression plays a more substantial role in the trunk than in the brain,
which underlies the peripheral tissue-predominant vascular dilata-
tion in Runx12/RES/AIRES myice,

The immunohistochemical analysis showed that Runx1 is preferen-
tially expressed in capillary-associated pericytes (Fig. 2E) and the electron
microscopic analysis revealed that pericytes in Runx14®E/ARES embryos
were poorly developed (Fig. 2D). Pericytes surround the vascular
endothelial cells and maintain the integrity of blood vessels (Kubo and
Alitalo, 2003). In addition, pericytes produce angiopoietin-1, a factor
promoting angiogenesis by binding to Tie2 receptors expressed on
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Fig. 4. Expression changes of Runx1 downstream target genes. RNAs extracted from Runx1™/* and Runx14/RES/AIRES B[ s at 12.5 dpc were subjected to quantitative RT-PCR. The
expression levels of the genes in Runx12/RES/AIRES B relative to those in Runx1*/* FL are shown. Data are plotted as means of three independent mice.
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Fig. 5. Repopulation ability of Runx1*/* and Runx14/RES/AIRES E[_cells. (A) Contribution of donor-derived cells to the peripheral blood of the recipient mice at 4, 8, and 12 weeks after
transplantation. The percentages of Runx1*/* (white boxes) and Runx14RES/AIRES (hlack boxes) cells (Ly5.2*) in the total WBCs, granulocytes, and lymphocytes are shown. Data are
plotted as means with error bars. (B) Contribution of donor-derived cells to the thymus (Thy), spleen (Spl), and bone marrow (BM) of the recipient mice at 12 weeks after
transplantation. The percentages of Runx1*/* (white boxes) and Runx12/RES/AIRES (plack hoxes) cells (Ly5.2*) in the thymus, spleen, and bone marrow (left panel) and in various
hematopoietic lineages in these tissues (right panel) are shown. Data are plotted as means with error bars.

endothelial cells (Davis et al., 1996). Thus, pericytes contribute to blood
vessel formation through structurally stabilizing vascular architecture and
functionally promoting vascular remodeling. These findings strongly
suggest that Runx1 plays an important role in pericyte development, as
suggested in previous studies (Lacaud et al., 2002; Kubo and Alitalo, 2003)
and that Runx1 IRES deficiency directly impaired pericyte function and led
to the vascular abnormalities observed in Runx14/RES/AIRES mjce,

Another remarkable aspect of Runx14RESAIRES mice was pale liver,
due to a significant reduction of hematopoietic cells (Figs. 2A and 3A
and B). This finding indicated that IRES-mediated Runx1 expression is
pivotal not only for vascular development but also for FL hematopoi-
esis. The mechanism underling the reduction of Runx12'RES/AIRES gy
hematopoietic cells is not clear, but Runx14RES/AIRES hematopoietic
stem/early progenitor cells exhibited an increased ratio of apoptosis
and a decreased ratio of cell cycling (Fig. 3D). Therefore, it seems likely
that these abnormalities would be, at least partly, responsible for the
poor proliferation of Runx14RES/AIRES £] hematopoietic cells.

It is to be noted that the differentiation and proliferation
activities of Runx14RES/AIRES [ cells varied among hematopoietic
lineages. In the FACS analysis, the MEP fraction was markedly
decreased, whereas the CMP and GMP fractions were relatively
increased (Fig. 3C). In addition, in the colony formation assay,
colony numbers of CFU-E and CFU-Meg were more significantly
reduced than that of CFU-GM (Table 1). Quantitative RT-PCR
analysis revealed that expression patterns of Runx1 target genes
were altered in the Runx14RES/AIRES B[ (Fig 4). Downregulation of
erythroid- and megakaryo-related genes (NFE2, B-globin, ALAS-E,

and MPO) would be responsible for the marked reduction in MEP
fraction and CFU-E and CFU-Meg colonies, and upregulation of
myeloid- and macrophage-related genes (CEBPa, M-CSFR, and G-
CSFR) would account for the less significant reduction of CMP and
GMP fractions and CFU-GM colony. Moreover, in a competitive
repopulation assay, Runx12/RES/AIRES g - cells differentiated into
myeloid lineages to a similar extent as Runx1*/* FL cells, but
contributed to lymphoid lineages to a much lesser extent (Fig. 5).
These results indicated that IRES-mediated Runx1 expression plays
an essential role in expansion and differentiation of lymphoid cells.
Interestingly, hematopoietic cells of Runx1 conditional knockout
mice showed a similar phenotype; in the competitive repopulation
assay, hematopoietic cells with acquired Runx1 ablation possessed
an ability of myeloid differentiation but exhibited almost a
complete lack of lymphoid differentiation (Ichikawa et al., 2004;
Growney et al, 2005; Putz et al, 2006). These results strongly
suggest that IRES-mediated expression plays substantial roles in
Runx1 function not only in embryonic development but also in
adult hematopoiesis.

We finally investigated the pathological role of the IRES in mutated
Runx1-induced leukemia, by generating Runx1/Evil (RE) knock-in
mice, in which promoter-dependent transcription was retained but
IRES-mediated translation was eliminated (Runx17/REARES) Interest-
ingly, although the RE protein was expressed in Runx1*/REARES mice
(Fig. 6D), probably by a cap-dependent mechanism, the mice were
normally born and did not exhibit any hematopoietic abnormalities
during a long-term observation period (Fig. 6E). These results contrast
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Fig. 6. Generation and analysis of Runx1/Evil (RE) knock-in mice deleted with the IRES element (Runx1*/REAIRES) (A) Strategy for generating Runx1*+/REARES mice. The knock-in
strategy was essentially the same as that used in generating Runx1*/2"*€S embryos (Fig. 1B). In the Runx1+/®FA’RES mice, P1- and P2-dependent RE transcription was retained, but
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positive PCR product for 5’ PCR is indicated by an arrowhead, and positions of germline (GL)- and KI-derived fragments for 3’ Southern blot are indicated by arrows. For Neo deletion,
positions of Neo-positive (Neo+) and Neo-deleted (ANeo) PCR products are indicated by arrows. (C) RT-PCR analysis of the mRNA expression from the REAIRES allele. The RT-PCR
products are indicated by arrowheads (upper panels) and the GAPDH RT-PCR was performed as an internal control (lower panels). (D) Expression of RE protein. Nuclear extracts of
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previous studies that showed conventional RE knock-in heterozygotes mice, these results indicate that IRES-mediated translation is required

died in utero at around 12.5 dpc due to CNS hemorrhage and RE knock- for RE to exert its dominant negative activity during embryogenesis and
in chimeric mice developed megakaryoblastic leukemia (Maki et al., leukemogenic potential in adult hematopoiesis.
2005; Maki et al, 2006). Therefore, although we did not directly In this study, we investigated the biological roles of the IRES element

compare the expression level of RE protein in the hematopoietic in the Runx1 gene and demonstrated that the region is essential for
compartment between Runx1/REAIRES and conventional RE knock-in ~ normal Runx1-mediated angiogenesis and hematopoiesis and also for a
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Runx1 fusion protein-induced leukemogenesis. These results provide
novel insights into the in vivo function of an IRES under physiological
and pathological conditions, and demonstrate that this IRES-ablating
gene targeting will find application in the elucidation of the biological
roles of various cellular IRESes. In addition, since IRES-mediated
translation has been shown to play an important role in tumorigenesis
(Stoneley and Willis, 2004), our results raise the possibility that Runx1
IRES could be regarded as a potential therapeutic target for mutated
Runx1-induced hematopoietic malignancies.
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The E2A-HLF fusion transcription factor generated by
t(17;19)(q22;p13) translocation is found in a small subset of
pro-B cell acute lymphoblastic leukemias (ALLs) and pro-
motes leukemogenesis by substituting for the antiapoptotic
function of cytokines. Here we show that t(17;19)* ALL cells
express Survivin at high levels and that a dominant negative
mutant of E2A-HLF suppresses Survivin expression. Forced
expression of E2A-HLF in t(17;19)~ leukemia cells up-regulated
Survivin expression, suggesting that Survivin is a downstream
target of E2A-HLF. Analysis using a counterflow centrifugal elu-
triator revealed that t(17;19)* ALL cells express Survivin
throughout the cell cycle. Reporter assays revealed that E2A-
HLF induces survivin expression at the transcriptional level
likely through indirect down-regulation of a cell cycle-depen-
dent cis element in the promoter region. Down-regulation of Sur-
vivin function by a dominant negative mutant of Survivin or
reduction of Survivin expression induced massive apoptosis
throughout the cell cycle in t(17;19)" cells mainly through
caspase-independent pathways involving translocation of apo-
ptosis-inducing factor (AIF) from mitochondria to the nucleus.
AIF knockdown conferred resistance to apoptosis caused by
down-regulation of Survivin function. These data indicated
that reversal of AIF translocation by Survivin, which is
induced by E2A-HLF throughout the cell cycle, is one of the
key mechanisms in the protection of t(17;19)* leukemia cells
from apoptosis.

The E2A-HLF fusion transcription factor, which is generated
by the t(17;19)(q22;p13) translocation, is found in a small subset
of pro-B cell acute lymphoblastic leukemias (ALLs)* that occurs
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2The abbreviations used are: ALL, acute lymphoblastic leukemia; AlIF, apo-
ptosis-inducing factor; IL, interleukin; MAPK, mitogen-activated pro-
tein kinase; CHR, cell cycle homology region; PBS, phosphate-buffered
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in older children and adolescents (1, 2). In this chimeric mole-
cule, the trans-activation domain of E2A is fused to the basic
region and leucine zipper domain of HLF, which mediates DNA
binding and dimerization. Patients with this chimera share dis-
tinct clinical features such as hypercalcemia and coagulopathy
and very poor prognosis because of resistance to intensive
chemotherapy, including aggressive conditioning for bone
marrow transplantation (3-5), all of which are unusual for
pro-B cell ALLs. Thus, these features may be a direct conse-
quence of aberrant gene expression induced by E2A-HLF
fusion transcription factor, rather than a consequence of the
nature of B cell progenitors.

We previously demonstrated that inhibition of the trans-ac-
tivation potential of the E2A-HLF chimera by a dominant neg-
ative mutant results in apoptosis in t(17;19) © ALL cells but does
not affect the cell cycle (6). Moreover, E2A-HLF blocks apopto-
sis normally induced by cytokine deprivation in murine inter-
leukin (IL)-3-dependent B precursor lines such as Baf-3 or
FL5.12 cells, suggesting that this fusion protein contributes to
leukemogenesis through modification of apoptosis regulatory
pathways normally controlled by cytokines (6, 7). We specu-
lated that the target genes of E2A-HLF involved in the inhibi-
tion of apoptosis are those regulated via Ras pathways in IL-3-
dependent cells, because activation of Ras pathways is
indispensable for long term survival of Baf-3 cells in cytokine-
free medium (8, 9). Moreover, we previously identified E4BP4/
NFIL3, a related basic region and leucine zipper factor with
antiapoptotic function, as a possible physiological counterpart
of E2A-HLF (10), and we found that E4BP4 expression is
induced by IL-3 through Ras-phosphatidylinositol 3-kinase and
Ras-Raf-MAPK pathways in IL-3-dependent cells (9).

The survivin gene may be a good candidate for a target gene
of E2A-HLF involved in the inhibition of apoptosis in t(17;19) "

saline; FITC, fluorescein isothiocyanate; shRNA, short hairpin RNA; siRNA,
short interfering RNA; GFP, green fluorescent protein; EMSA, electro-
phoretic mobility shift assay; BrdUrd, bromodeoxyuridine; TdT, terminal
deoxynucleotidyltransferase; PARP, poly(ADP-ribose) polymerase; TUNEL,
terminal deoxynucleotidyltransferase-mediated dUTP nick-end-labeling;
PI, propidium iodide; dn, dominant negative; nt, nucleotide; 7-AAD, 7-ami-
no-actinomycin D; PLL, plenti-Lox3.7.
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ALL cells. Survivin, at 142 amino acids, is the smallest member
of the inhibitor of apoptosis protein family and significantly
prolongs the viability of cytokine-deprived IL-3-dependent
cells (11). The expression of Survivin is controlled by oncogenic
c-H-ras, and up-regulation of Survivin depends on functional
Ras/phosphatidylinositol 3-kinase and Ras-Raf-MAPK signal-
ing pathways (12). Overexpression of Survivin can protect cells
from both extrinsically and intrinsically induced apoptosis (13,
14), whereas inhibition of Survivin expression by antisense
ribozyme or RNA interference leads to increased spontaneous
apoptosis (15, 16).

A unique feature of Survivin as an apoptosis regulator is its
involvement in cell cycle progression (17). survivin expression
is transcriptionally induced in the G,/M phase through cell cycle-
dependent cis elements located near the transcription initiation
site (16). These elements, including the cell cycle-dependent
element (GGCGG) and the cell cycle homology region (CHR;
ATTTGAA), are implicated in G, transcriptional repression in
S/G,-regulated genes, such as cyclin A, cdc25C, and cdc2 (18).
In addition, Survivin is activated through phosphorylation
of Thr-34 by mitotic kinase CDC2-cyclin-B1 (14). Enforced
expression of a phosphorylation-defective Survivin T34A mu-
tant (Survivin-T34A) initiates mitochondrial dependent apo-
ptosis in a variety of tumor cell lines (14, 16).

Here, we show that Survivin expression is induced by the
E2A-HLF chimera, and down-regulation of Survivin induces
caspase-independent massive apoptosis in t(17;19)* ALL cell
lines. These findings indicate that Survivin contributes to leu-
kemogenesis by subverting genetic pathways responsible for
the apoptosis of B cell progenitors.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—Human ALL cell lines that
express E2A-HLF (UOC-B1, HAL-O1, YCUB-2, and Endo-
kun) and other leukemia cell lines (Nalm-6, RS4;11, REH, 697,
920, HL-60, NB-4, and Jurkat) were cultured in RPMI 1640
medium containing 10% fetal bovine serum. Establishment of
Nalm-6 human pro-B cell leukemia cells that express zinc-in-
ducible E2A-HLF (Nalm-6/E2A-HLF) using the pMT-CB6™
eukaryotic expression vector (a gift from Dr. F. Rauscher III,
Wistar Institute, Philadelphia) has been described previously
(19). UOC-B1/E2A-HLF(dn) cells transfected with a dominant
negative mutant of E2A-HLF, which lacks the AD1 transac-
tivation domain of E2A and contains a mutated HLF DNA -
binding domain with an intact leucine-zipper domain, were
prepared as described previously (6). UOC-B1, Endo-kun, REH,
and Jurkat cells that were transfected with either the pMT/
Survivin-T34A vector or the empty pMT-CB6™ vector were
designated as UOC-B1/Survivin(dn), UOC-B1/pMT, Endo-
kun/Survivin(dn), Endo-kun/pMT, REH/Survivin(dn), REH/
pMT, Jurkat/Survivin(dn), and Jurkat/pMT, respectively.

Counterflow Centrifugal Elutriations—Counterflow centrif-
ugal elutriations were performed using the SRR6Y elutriation
system and rotor equipped with a 4.5-ml chamber (Hitachi
Koki Co., Ltd., Tokyo, Japan) (20). Target cells were resus-
pended at 1-2 X 10 cells in 50 ml of PBS containing 1% fetal
bovine serum and injected into the elutriation system at 4 °C
using an initial flow rate of 16 ml/min and rotor speed of 2,000
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rpm. The flow rate was incrementally increased, and cell frac-
tions were collected serially as follows: fraction 1, 200 ml at 16
ml/min; fraction 2, 200 ml at 18 ml/min; fraction 3, 200 ml at 20
ml/min; fraction 4, 200 ml at 22 ml/min; fraction 5, 200 ml at
24 ml/min; fraction 6, 200 ml at 26 ml/min; and fraction 7, 200
ml at 28 ml/min. Cell cycle analysis was performed on each
fraction by staining DNA with propidium iodide (PI) in prepa-
ration for flow cytometry with the FACScan/CellFIT system
(BD Biosciences).

Gene Silencing by RNA Interference—Short hairpin/short
interfering RNA (shRNA/siRNA) was introduced into UOC-B1
or UOC-B1/Survivin(dn) cells to down-regulate the expression
of Survivin or apoptosis-inducing factor (AIF) by the shRNA
lentivirus system (21, 22). Oligonucleotides were chemically
synthesized, annealed, terminally phosphorylated, and inserted
into the vector pLL3.7 (Addgene, Cambridge, MA). Oligo-
nucleotides containing siRNA target for survivin sequences
(23) were as follows: 5'-TGAAGCGTCTGGCAGATACT-
TTCAAGAGAAGTATCTGCCAGACGCTTCTTTTTTC-3’
(forward 1) and 5'-TCGAGAAAAAAGAAGCGTCTGGCA-
GATACTTCTCTTGAAAGTATCTGCCAGACGTTCA-3’
(reverse 1); 5'-TGTGGATGAGGAGACAGAATTTCAAG-
AGAATTCTGTCTCCTCATCCACTTTTTTC-3" (forward
3) and 5'-TCGAGAAAAAAGTGGATGAGGAGACAGAATT-
CTCTTGAAATTCTGTCTCCTCATCCACA-3' (reverse 3);
5'-TGGATACTTCACTTTAATAATTCAAGAGATTATT-
AAAGTGAAGTATCCTTTTTTC-3' (forward 4) and 5’'-
TCGAGAAAAAAGGATACTTCACTTTAATAATCTCTT-
GAATTATTAAAGTGAAGTATCCA-3' (reverse 4); 5'-TGC-
TTCCTCGACATCTGTTATTCAAGAGATAACAGATGT-
CGAGGAAGCTTTTTTC-3" (forward 5) and 5'-TCG-
AGAAAAAAGCTTCCTCGACATCTGTTATCTCTTGAA-
TAACAGATGTCGAGGAAGCA-3" (reverse 5). Oligo-
nucleotides containing siRNA target for AIF sequences were as
follows: 5'-TGGAGGAGTCTGCGTAATGTTTCAAGAGA-
ACATTACGCAGACTCCTCCTTTTTTC-3' (forward 1) and
5'-TCGAGAAAAAAGGAGGAGTCTGCGTAATGTTCTC-
TTGAAACATTACGCAGACTCCTCCT-3' (reverse 1); 5'-
TGCAGGAAGGTAGAAACTGATTCAAGAGATCAGTTT-
CTACCTTCCTGCTTTTTTC-3' (forward 2) and 5'-TCGA-
GAAAAAAGCAGGAAGGTAGAAACTGATCTCTTGAA-
TCAGTTTCTACCTTCCTGCT-3' (reverse 2); 5'-TGCATG-
CTTCTACGATATAATTCAAGAGATTATATCGTAGAA-
GCATGCTTTTTTC-3’ (forward 3) and 5'-TCGAGAAAAA-
AGCATGCTTCTACGATATAATCTCTTGAATTATATC-
GTAGAAGCATGCT-3' (reverse 3); the nucleotide sequences
corresponding to the siRNA are underlined. The resulting plas-
mids or the parental pLL3.7, along with lentiviral packaging
mix (ViraPower, Invitrogen), was transfected into 293FT cells
(Invitrogen) to produce recombinant lentivirus, and the
UOC-B1 or UOC-B1/Survivin(dn) cells were infected with the
virus. Enhanced green fluorescent protein (GFP)-positive cells were
purified by FACSAria (BD Biosciences) as shRNA-transfected
cell populations.

Reporter Assay—Fragments of the 5’'-flanking region of the
human survivin gene spanning 147, 213, 288, 503, or 698 bp
were generated by PCR using Pfu polymerase from genomic
DNA of human placenta. The positions of the forward (5)
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FIGURE 1. Expression of Survivin in human leukemia cell lines and induction of Survivin by E2A-HLF in human ALL cells. A, top 2 panels, Northern blot
analysis of poly(A)* RNA isolated from human leukemia cell lines. The blot was hybridized with a survivin cDNA probe and then rehybridized with a B-actin
probe. Lower three panels, immunoblot analysis using whole-cell lysates. Survivin, E2A-HLF, and a-tubulin proteins were detected with specific antibodies.
Lanes 1-4, the UOC-B1, YCUB-2, HAL-O1, and Endo-kun t(17;19)-positive pro-B ALL cell lines; lanes 5- 8, the RS4;11, Nalm-6, REH, and 920 pro-B ALL cell lines
without t(17:19); lane 9, the Jurkat T-ALL cell line; lane 10, the HL-60 AML cell line; and lane 11, the NB-4 APL cell line. B, Nalm-6 cells with zinc-inducible
expression of E2A-HLF (Nalm-6/E2A-HLF) and control Nalm-6/pMT cells were cultured in medium containing 100 um zinc for the indicated length of time. Cand
D, UOC-B1 cells with zinc-inducible expression of E2A-HLF(dn) (UOC-B1/E2A-HLF(dn)) and control UOC-B1/pMT cells were cultured in medium containing 100

um zinc for the indicated length of time (Zn(—) — Zn(+)) and removal of zinc from the growth medium (Zn(+)

— Zn(—)). G, upper two panels, Northern blot

analysis of poly(A)* RNA. The blot was hybridized with a survivin cDNA probe and then rehybridized with a B-actin probe. Lower three panels, immunoblot
analysis for Survivin, E2A-HLF, or a-tubulin proteins. D, quantification of intensity of each band.

primers with respect to the translational initiation codon
(according to NCBI GenBank™ sequence U75285) are —124
(—124 forward primer, 5'-ACTCCCAGAAGGCCGCGGGG-
GGTG-3'), —190 (5'-ACCACGGGCAGAGCCACGCGGC-
GGG-3'), =265 (5'-GTTCTTTGAAAGCAGTCGAGGGGGC-
3"), —480 (5'-CGGGTTGAAGCGATTCTCCTGCCT-3'), and
—675 (5'-CGATGTCTGCACTCCATCCCTC-3'). The re-
verse (3") primer used for these amplifications was at position
23 (+23-reverse primer, 5'-GGGGGCAACGTCGGGGCAag-
CtTGC-3') and was constructed based on the genomic
sequence with a modification (lowercase) to create a HindIII
site. The PCR products were cloned into a pGL3-basic vector
(Promega, Madison, W1I). The resulting reporter plasmids were
designated as pGL3-124, pGL3-190, pGL3-265, pGL3-480, and
pGL3-675, respectively. The pGL3-124mutl vector containing
two mutated cell cycle-dependent elements (—6 and —12) was
generated by PCR using the —124 forward primer and a reverse
primer (5'-GCAAGCTTGtcactGtcactACCTCTG-3'); pGL3-
124mut?2 vector containing mutated CHR (—42) in addition to
two mutated cell cycle-dependent elements (—6 and —12) was
generated by the —124 forward primer and a reverse primer

1852 JOURNAL OF BIOLOGICAL CHEMISTRY

(5"-GCAAGCTTGtcactGtcact ACCTCTGCCAACGGGTCC-
CGCGATTCgggTCTGG-3"); and pGL3-124mut3 vector con-
taining a mutated CHR (—42) was generated by the —124 for-
ward primer and a reverse primer (5'-GCAAGCTTGCCGCC-
GCCGCCACCTCTGCCAACGGGTCCCGCGATT CgggTC-
TGG-3') (lowercase indicates mutations).

For transfection with a pMT-CB6'/E2A-HLF construct,
Nalm-6 cells (6 X 10*) were seeded into 24-well plates, cotrans-
fected with pGL3-survivin promoter construct plus pRL-TK
vector, which contains the Renilla luciferase gene, by Lipo-
fectamine 2000 (Invitrogen), and harvested 24 h later. E2A-HLF
expression was induced in Nalm-6 cells by the addition of 100
puM ZnCl, 24 h after transfection. Firefly luciferase and Renilla
luciferase as a transfection efficiency control were detected
with Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions and measured in a
Veritas Microplate Luminometer (Promega).

Electrophoretic Mobility Shift Assays (EMSA)—EMSA were
performed by incubating 12 ug of nuclear protein lysate at
30 °C for 15 min with a **P-end-labeled DNA oligonucleotide
probe (2 X 10* cpm) containing the CHR-binding site sequence
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FIGURE 2. Cell cycle-dependent and -independent expression of Survivin in human leukemia cells. Fractions enriched with cells at each phase of the cell
cycle were separated by counterflow centrifugal elutriation. A, representative DNA histogram of each fraction subjected to flow cytometry after staining DNA
with PI. Upper left, no fractionation; upper right, G,/G, phase-enriched fraction; lower left, S-phase-enriched fraction; lower right, G,/M-phase-enriched fraction.
B, immunoblot analysis of fractions of t(17;19) " ALL cells or t(17;19) ~ ALL cells enriched with cells in the G,/G,- (G), S- (S), or G,/M (M)-phase. Survivin (arrow 1),
E2A-HLF (arrow 2), and a-tubulin (arrow 3) proteins were detected with specific antibodies. C, levels of Survivin and a-tubulin proteins were determined by the
band intensity on autoradiograms from B. Levels of Survivin were normalized to levels of a-tubulin, and amounts shown are relative to amounts in UOC-B1 cells

in the G,/G,-phase.

in the survivin promoter (5'-CATTAACCGCCAGATTTGA-
ATCGCGG-3') in a solution of 12% glycerol, 12 mm HEPES
(pH7.9), 4 mMm Tris (pH 7.9), 133 mm KCl, 1.5 ug of sheared calf
thymus DNA, and 300 ug of bovine serum albumin per ml as
described previously (24). In the competitive inhibition exper-
iments, excess of the unlabeled CHR-consensus sequence
probe, ie. oligonucleotide containing the candidate-binding
sites of CHR in the survivin gene promoter or its 3-bp mis-
matched oligonucleotide (5'-CATTAACCGCCAGAcccGAA-
TCGCGG-3') was added to the reaction mixture. The entire
mixture was incubated at 30 °C for 15 min. Nondenaturing
polyacrylamide gels containing 4% acrylamide and 2.5% glyc-
erol were prerun at 4 °C in a high ionic strength Tris-glycine
buffer for 30 min and run at 50 mA for ~45 min. The gel was
then dried under vacuum and analyzed by autoradiography.
Other Experimental Procedures—For visualization of intra-
cellular AIF, cytospinned cells were fixed with 1% paraformal-
dehyde in PBS for 10 min, and permeabilized with 0.5% Triton
X-100 in PBS for 5 min. Cells were rinsed twice with PBS (5 min
for each rinse), blocked with 5% goat serum in PBS for 30 min,

JANUARY 15, 2010+VOLUME 285-NUMBER 3

and incubated with anti-AIF antibody (1:100; Santa Cruz Bio-
technology, Santa Cruz, CA) overnight at 4 °C in a humidified
chamber. Cells were incubated with a secondary antibody, flu-
orescein isothiocyanate (FITC)-labeled anti-goat IgG (1:500;
Santa Cruz Biotechnology), at 37 °C for 30 min.

For Northern blot analysis, 1 ug of poly(A)-selected RNA
was separated by electrophoresis in 1% agarose gels contain-
ing 2.2 M formaldehyde, transferred to nylon membranes,
and hybridized with the appropriate probe according to
standard procedures as described previously (5). For immu-
noblot analysis, the primary antibodies used were anti-Survivin
polyclonal (R & D Systems, Minneapolis, MN), anti-a-tubulin
monoclonal (Sigma), anti-caspase 3 polyclonal (Cell Signaling
Technology, Beverly, MA), anti-caspase 9 polyclonal (BD Bio-
sciences), anti-PARP monoclonal (BD Biosciences), and anti-
AIF polyclonal antibodies (Santa Cruz Biotechnology). Anti-
HLF(C) antibody for detection of the E2A-HLF chimeric
protein was described previously (24).

Cell viability was determined by trypan blue dye exclusion.
Early apoptotic events were detected by flow cytometric mea-
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FIGURE 3. Effect of E2A-HLF on survivin promoter activity in transiently transfected t(17;19) ALL cells. A, Nalm-6/E2A-HLF cells cotransfected with
pRL-TK vector and the pGL3-survivin promoter constructs indicated at the left were cultured in the absence (open bars) or presence (black bars) of zinc for 24 h.
Firefly luciferase (Luc) activity was normalized to Renilla luciferase as a transfection efficiency control. The level of activity of the promoterless Renilla plasmid
luciferase was defined as 1. The results depicted are the averages of three independent experiments; error bars indicate S.D. # indicates mutation of CHR, and
** indicates mutation of CDE. B, nucleotide sequences of the human survivin promoter and three mutants. Underlines indicate CHR or CDE region. Shaded
characters indicate mutation (mut). C, EMSA. Nuclear lysates extracted from Nalm-6/E2A-HLF cells cultured without (lanes 1 and 3-5) or with zinc (lane 2) were
incubated with a >2P-end-labeled oligonucleotide probe containing the CHR sequence (lanes 1-4) or mutated CHR sequence (/ane 5). An excess of unlabeled
CHR sequence competitor (lane 3) or mutant competitor (lane 4) was added to the reaction mixture. Mt, mutant.

surement of externalized phosphatidylserine with the annexin-
V-FITC apoptosis detection kit I (BD Biosciences) in prepara-
tion for flow cytometry with the FACScan/CellFIT system (BD
Biosciences). For caspase inhibition, 20 um benzyloxycarbonyl-
VAD-fluoromethyl ketone (BD Biosciences) was added to the
cells 1 h before the addition of zinc. Terminal deoxynucleoti-
dyltransferase-mediated dUTP nick-end-labeling (TUNEL)
was performed using the apo-BrdUrd TUNEL assay kit (Molec-
ular Probes, Eugene, OR). Briefly, cells fixed with paraformal-
dehyde and ethanol were incubated with BrdUrd and TdT for
1 hat 37 °C. BrdUrd uptakes were detected by Alexa dye-leveled
anti-BrdUrd antibodies. Cells were stained by PI just before
analysis using FACScan/CellFIT system.

RESULTS

E2A-HLF Regulates Survivin Expression—Cell lines were
used in this study instead of primary patient samples, because
t(17;19) " ALLs constitute only ~1% of childhood B-precursor
ALLs (1-3). Four t(17;19)" ALL cell lines (UOC-B1, YCUB-2,
HAL-O1, and Endo-kun) expressed the E2A-HLF chimeric
protein on immunoblot analysis (Fig. 1A, 4th panel, lanes 1-4)
either as a slower (lanes 1 and 3) or a faster migration band (lanes
2 and 4) corresponding to difference in the fusion junction, as
described previously (3). Of the seven t(17;19) ~ leukemia cell lines
tested (RS4;11, Nalm-6, REH, 920, Jurkat, HL-60 and NB-4), none
expressed the E2A-HLF chimera (Fig. 14, lanes 5-11). We per-
formed Northern blot and immunoblot analyses to test human
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leukemia cell lines for the expression of survivin. Survivin mRNA
and protein were expressed at uniformly high levels in the four
t(17;19)" ALL cell lines (Fig. 1A, ftop and 3rd panels). By contrast,
survivin mRNA levels varied among the t(17;19) leukemia cell
lines and appeared to determine Survivin protein expression levels
in each line (Fig. 1A, lanes 5-11).

Next, we tested whether E2A-HLF induces the expression of
Survivin. For these experiments, Nalm-6 cells were transfected
with a pMT-CB6+/E2A-HLF construct to generate clones
(Nalm-6/E2A-HLF) with zinc-inducible expression of E2A-
HLF (Fig. 1B, 4th panel). Ectopic expression of E2A-HLF in
Nalm-6 cells induced survivin mRNA by 5-fold within 24 h after
the addition of zinc (Fig. 1B, top panel). Accordingly, Survivin
protein expression increased within 24 h after induction of
E2A-HLF (Fig. 1B, 3rd panel). In control Nalm-6/pMT cells,
which contained the empty vector, Survivin expression was
unaffected by zinc (Fig. 1B, lanes 7 and 8), confirming that the
observed changes in Survivin expression were induced by E2A-
HLF and not by zinc.

Induction of Survivin by E2A-HLF was further confirmed
using UOC-B1/E2A-HLF(dn) cells, which express zinc-induc-
ible E2A-HLF(dn), a dominant negative mutant of E2A-HLF
(see under “Experimental Procedures”) (6, 19). Survivin mRNA
and protein expression in UOC-B1/E2A-HLF(dn) cells were
high in the absence of zinc (Fig. 1C, top and 3rd panels, lane 1;
see also Fig. 1D) but decreased within 24 h after the addition of
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FIGURE 4. Effect of enforced overexpression of Survivin-T34A and introduction of Survivin-shRNA in ALL cells. UOC-B1, Endo-kun, Jurkat, and REH cells
inducibly expressing Survivin-T34A (UOC-B1/Survivin(dn), Endo-kun/Survivin(dn), Jurkat/Survivin(dn) and REH/Survivin(dn) cells, respectively) were com-
pared with control UOC-B1/pMT, Endo-kun/pMT, Jurkat/pMT, and REH/pMT cells, respectively. A, externalization of phosphatidylserine as determined by
annexin-V binding. Cells cultured in medium with or without 100 um zinc for 24 h were simultaneously stained with FITC-annexin-V and PI. The FITC-annexin-
V-positive ratios were determined by representative flow cytometric plots. B, cells cultured in medium with or without 100 pmzinc for 12 h were simultaneously
stained with Pl and BrdUTP in a TdT-catalyzed reaction and then subjected to flow cytometric analysis. DNA ends labeled with BrdUTP (abscissa) are shown as
a function of cellular DNA content of Pl-stained nuclei (ordinate). Cells to the right of the vertical line had free DNA ends labeled with TdT, indicating apoptosis.
Range of each cell cycle was shown in the panel of UOC-B1/pMT, Zn(—). C, immunoblot analyses using Survivin (upper panel) and a-tubulin (lower panel)
antibodies. REH cells without treatment (lane 1) or infected with lentivirus (lanes 2- 6) were sorted by GFP expression. moc indicates control sh-RNA. Ratios of
intensity are shown below. WT, wild type. D, ratios of annexin-V-phycoerythrin (PE) (left) or 7-AAD (right)-positive cells in the GFP-positive fraction of REH,
UOC-B1, or Endo-kun cells infected with lentivirus expressing GFP alone (control) or GFP and Survivin shRNA1 or -5 (si#1 or si#5, respectively). Mean values from
three independent experiments are shown with standard error.

zinc (Fig. 1C, lane 5), coincident with expression of E2A- cident with a decline in the E2A-HLF(dn) protein level (Fig. 1C,
HLF(dn) protein (4th panel). Removal of zinc from the growth  lane 9). These data suggested that E2A-HLF induces Survivin
medium restored Survivin expression within 48 h, again coin- mRNA expression. Down-regulation of Survivin protein pre-
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cells were cultured in medium containing 100 um zinc for the indicated times. Immunoblot analysis of UOC-
B1/Survivin(dn) cells was performed to detect caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9,
intact PARP, fragmented PARP, and a-tubulin proteins. As a positive control (C), Jurkat cells were treated with

etoposide.

ceded the reduction of Survivin mRNA (Fig. 1D), suggesting the
involvement of post-transcriptional mechanism(s).

Cell Cycle-independent Induction of Survivin by E2A-HLF—
The Survivin mRNA and protein levels at the G,/M phase of the
cell cycle are more than 10-fold higher than those at the G,
phase in NIH3T3 murine fibroblasts synchronized by serum
starvation and in drug-synchronized HeLa cells (17, 25).
Because it is difficult to synchronize leukemia cells by serum
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els throughout the cell cycle (Fig. 2,
B, lanes 1-12, and C).

E2A-HLF Enhances the Promoter
Activity of the Survivin Gene—To
elucidate how E2A-HLF induces
expression of the survivin gene, we
analyzed the effects of E2A-HLF
on the function of the survivin
promoter. We initially generated
reporter plasmid vectors (pGL3-
124, -190, -265, -480, and -675),
each of which contained a different
length of human survivin promoter.
These vectors were analyzed for
luciferase activity in transiently
transfected Nalm-6/E2A-HLF cells.
When cells were cultured without
zing, luciferase activity was low in
cells transfected with pGL3-124
(Fig. 3A). Transfection of pGL3-190
resulted in the highest luciferase
activity; it was nearly 6-fold higher
than that which resulted from trans-
fection of pGL3-124. However,
transfection of survivin constructs
longer than pGL3-265 resulted in
significantly less activity compared
with that of pGL3-190, suggesting the presence of enhancer
elements in the region from nt —124 to —190 and repressor
elements in the region upstream of nt —190. When cells were
cultured with zinc for 24 h, the luciferase activity of each
reporter construct, including the shortest pGL3-124, increased
by ~3-fold compared with the respective cells cultured without
zing, suggesting that E2A-HLF induces survivin transcription
through cis elements in the region from nt 0 to —124.
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To further investigate the mechanism through which E2A-
HLF induces transcription of the survivin gene, we used lucif-
erase reporter constructs with mutated cell cycle-dependent cis
elements. These elements, including the cell cycle-dependent
element (CDE; GGCGG) and the cell cycle homology region
(CHR; ATTTGAA), are implicated in G, transcriptional
repression in S/G,-regulated genes, such as cyclin A, cdc25C,
and cdc2 (18). A previously published report demonstrated two
CDEs (—6 and —12) and one CHR (—42) in the human survivin
promoter between nt 0 and —124 (Fig. 3B) (18). When pGL3-
124mutl, which contained mutated CDE-6 and CDE-12 but
had intact CHR-42, was transfected in Nalm-6/E2A-HLF cells,
the level of luciferase activity was virtually the same as that of
pGL3-124 regardless of the presence of zinc, suggesting that
CDE-6 and CDE-12 do not contribute to regulation of survivin
transcription in Nalm-6 cells (Fig. 3A). By contrast, transfection
of pGL3-124mut2, which contained mutated CHR-42 in addi-
tion to mutated CDE-6 and CDE-12, resulted in 10-fold higher
luciferase activity in the absence of zinc and 3-fold higher lucif-
erase activity in the presence of zinc compared with transfec-
tion of pGL3-124. As a result, there was virtually no difference
in the level of luciferase activity between the presence or
absence of zinc in cells transfected with pGL3-124mut2. Trans-
fection of pGL3-124mut3, in which only CHR-42 was mutated,
show similar results as transfection of pGL3-124mut2. These
results suggested that E2A-HLF directly or indirectly up-regu-
lates transcription of survivin through a CHR-42 silencer.

To elucidate transcription factors that bind to CHR-42, we
performed EMSA. Smear-looking CHR probe-protein com-
plexes were readily detected (Fig. 3C, lane 1) and were ablated
by the addition of an excess amount of cold competitor (lane 3)
but not by mutated CHR competitor (lane 4). These complexes
were not detected when using mutated CHR as a probe (Fig. 3C,
lane 5), suggesting that this complex represents specific binding
between transcription factor(s) and the CHR sequence. When
E2A-HLF was induced by the addition of zinc, the intensity of the
smear decreased (Fig. 3C, lane 2), further supporting that E2A-
HLF up-regulates expression of survivin via a CHR-42 silencer.

Specific Inhibition of Survivin-induced Apoptosis in t(17;19)*
ALL Cell Lines—To test whether induction of Survivin by E2A-
HLF is essential for the survival of t(17;19) " leukemia cells, we
initially used zinc-inducible expression of a phosphorylation-
defective Survivin mutant (Survivin-T34A) that functions as a
dominant negative inhibitor. An annexin-V binding assay was
used to measure externalization of phosphatidylserine, an indi-
cator of cell death. Ectopic expression of Survivin-T34A in two
t(17;19)" ALL cell lines (UOC-B1 and Endo-kun) caused a
rapid increase in the fraction of annexin-V-positive cells within
24 h after the addition of zinc (Fig. 44). In control UOC-B1/
PMT and Endo-kun/pMT cells, which contained the empty
vector, less than 20% of cells were positive for annexin-V
regardless of the presence of zinc. By contrast, Survivin-T34A
did not induce massive cell death in two t(17;19) ™ leukemia cell
lines (REH and Jurkat), which express relatively high levels of
Survivin (Fig. 1A). The basis for the altered survival of UOC-B1
and Endo-kun cells expressing Survivin-T34A was investigated by
TUNEL analysis using flow cytometry. BrdUrd uptake (Fig. 4B, x
axis) by TdT that reflects a number of DNA ends in each cell was
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FIGURE 6. Effect of Survivin(dn) on nuclear translocation of AIF. UOC-B1/
Survivin(dn) cells (A and B) or UOC-B1/pMT cells (C and D) were cultured for
12 hiin the absence of zinc (A and C) or in the presence of 100 um zinc (8 and
D). Cells were immunostained with an anti-AIF polyclonal antibody (upper
panels). Cells were stained with 4',6-diamidino-2-phenylindole (DAP) to visu-
alize the nuclei (middle and lower panels).

markedly increased in UOC-B1 and Endo-kun cells expressing
Survivin-T34A. Interestingly, intensities of BrdUrd signals
increased equallyin cells at each cell cycle phase (y axis), suggesting
that down-regulation of Survivin function induces apoptosis in a
cell cycle-independent manner. By contrast, expression of Sur-
vivin-T34A did not induce apoptosis in REH cells and induced
apoptosis in Jurkat cells only at the G,/M phase (Fig. 4B).

We next down-regulated Survivin by lentivirally intro-
duced short hairpin (sh) RNA. The Survivin protein expres-
sion level in cells sorted by expression of GFP (as an indicator
of infection) was significantly reduced by Survivin-shRNA1
and -3-5 compared with that in cells infected with control-
shRNA (Fig. 4C). We introduced shRNA1 or -5 into REH,
UOC-B1, and Endo-kun cells. Twenty four hours later, when
about 10% of the cells were GFP-positive, dead cells were deter-
mined by annexin-V and 7-AAD staining, Marked increases in
annexin-V- and 7-AAD-positive cells were detected in the
GFP-positive population of UOC-B1 or Endo-kun cells com-
pared with those in GFP-positive REH cells (Fig. 4D).

Caspase-dependent and -independent Cell Death Are In-
duced by Survivin-T34A in t(17;19)" Cells—To elucidate the
molecular mechanisms through which Survivin protects
t(17;19)" ALL cells from apoptosis, we initially examined caspase-
dependent pathways. A pan-caspase inhibitor, benzyloxycar-
bonyl-VAD-fluoromethyl ketone, partially blocked cell death
induced by Survivin-T34A (Fig. 54). Immunoblot analysis
revealed fragmentation of PARP within 8 h after induction of
Survivin-T34A, although cleavage of caspase-3 and -9 was
barely detectable up through 48 h (Fig. 5B). These results sug-
gested that caspase-independent pathways contribute to cell
death induced by Survivin-T34A in t(17;19) " ALL cells.

The association of Survivin targeting both preceding and
independent of caspase activation suggested to us a potential
role for AIF, given its capacity to mediate DNA fragmentation
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ratio of annexin-V-phycoerythrin- and 7-AAD-positive cells in the GFP-positive fraction as determined by flow cytometric analysis. Numbers indicate the

percentage of apoptotic cells.

and cytochrome c release in a caspase-independent fashion (28,
29). We analyzed the nuclear translocation of AIF after induc-
tion of Survivin-T34A in t(17;19)" ALL cells. In the UOC-B1/
Survivin(dn) cells without induction of Survivin-T34A, AIF sig-
nals were found in the cytoplasm in ~75% of the total cell
population (Fig. 64), consistent with a previous report showing
the presence of AIF in mitochondria (27). By contrast, expres-
sion of Survivin-T34A for 12 h induced nuclear translocation of
AIF signals in more than 90% of cells (Fig. 6B). Nuclear trans-
location of AIF was induced in only a small percentage (~ 4%)
of the control UOC-B1/pMT cells treated with zinc (Fig. 6D).
To test the role of AIF in cell death induced by Survivin-
T34Ain t(17;19) " ALL cells, we down-regulated AIF expres-
sion by lentivirally expressed AIF-shRNA. The AIF protein
expression level in UOC-B1/Survivin(dn) cells was signifi-
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cantly reduced by AIF-shRNA2 compared with that in cells
infected with control PLL-shRNA sorted by expression of
GFP (Fig. 7A). The number of cells undergoing cell death by
induction of Survivin-T34A was monitored by annexin-V
and 7-AAD staining in GFP-positive cells. Cells treated with
AIF-shRNA2 were significantly resistant to cell death com-
pared with those treated with control PLL-shRNA (Fig. 7B),
suggesting that AIF plays critical roles in Survivin-mediated
cell death of t(17;19)" ALL cells.

DISCUSSION

We previously demonstrated that E2A-HLF contributes to
leukemogenesis of t(17;19)-positive ALL through inhibition
of apoptosis (6). Here, we demonstrate that E2A-HLF induces
Survivin expression through transcriptional regulation. Down-

ACEVON

VOLUME 285+-NUMBER 3-JANUARY 15,2010

L1L0Z '1Z ¥snBny uo ‘NYMOHSOL NONHD e biooglmmm woly papeojumoq



regulation of Survivin function by a dominant negative mutant
of Survivin (Survivin-T34A) or reduction of Survivin expres-
sion by shRNA induced massive apoptosis in t(17;19)" leuke-
mia cells throughout the cell cycle. Down-regulation of Sur-
vivin induced apoptosis via both caspase-dependent and
-independent pathways, and AIF was involved in the latter
pathways. These findings indicate that Survivin plays critical
roles in E2A-HLF-mediated leukemogenesis.

E2A-HLF, known as a trams-activator (24), could either
directly or indirectly enhance survivin transcription. However,
there is no potential binding site of E2A-HLF (GTTACG-
TAAT) in the promoter region of survivin, and indeed, no bind-
ing activity of E2A-HLF was detected by EMSA in the immedi-
ate upstream region (124 bp) of the initial ATG, including a
region that contains CHR-42 sequence (ATTTGAA) (negative
data not shown). Thus, E2A-HLF most likely inhibits the
silencer activity of CHR-42 (Fig. 34) by down-regulating a cer-
tain amount of hypothetical trans-repressor X that binds to
CHR-42 (Fig. 3C, lane 2). Theoretically, E2A-HLF may induce
another frans-repressor that down-regulates the expression of
trans-repressor X. Alternatively, a downstream target factor of
E2A-HLF may reduce the DNA binding potential of trans-re-
pressor X. Itis of interest to note that whether or not the mech-
anism through which E2A-HLF induces survivin transcription
is common to that, Ras pathways regulate Survivin expression.
As we reported previously (30), because downstream targets of
Ras enhance Survivin expression through enhancer(s) between
—124 to —190, E2A-HLF likely induces Survivin through dis-
tinctive pathways.

Previous reports indicated that Survivin inhibits apoptosis
through both caspase-dependent and caspase-independent
pathways, although detailed mechanisms are not yet under-
stood (31-34). In t(17;19) " ALL cells undergoing apoptosis by
Survivin-T34A, activation of the caspase cascade is likely a sec-
ondary event, because activated caspase-3 and -9 were not
detectable up through 48 h after induction of Survivin-T34A
(Fig. 5B), even though the cells were positive on annexin-V
staining and TUNEL analysis within 12 h (Fig. 4, A and B). We
observed rapid PARP activation within 8 h that is required for
translocation of AIF to the nucleus from mitochondria, fol-
lowed by morphological changes such as cell shrinkage and
chromatin condensation (27, 35). Moreover, knockdown of AIF
in UOC-B1/Survivin(dn) cells protected cells from apoptosis
induced by Survivin-T34A (Fig. 7B). Therefore, reversal of AIF
translocation by Survivin, which is induced by E2A-HLF
throughout the cell cycle, appears to be the key mechanism in
the protection of t(17;19) " leukemia cells from apoptosis.

In earlier studies, we identified SLUG as a target gene of E2A-
HLF (36). SLUG is a transcription factor closely related to
Ces-1, a cell death regulator in Caenorhabditis elegans (36, 37).
Importantly, ces-1 is a downstream target gene of ces-2, which is
closely related to E2A-HLF (6, 38). The apparent convergence
of cell death pathways, including CES-2/CES-1 in the worm and
E2A-HLF/SLUG in human pro-B leukemia (6, 36), suggests
that SLUG may have an important regulatory role in the sur-
vival of lymphoid cells. However, the lack of expression of Slug
by normal pro-B cells suggests that E2A-HLF acts not by invok-
ing a normal survival pathway in B lymphocytes but rather by

ACEVEN

JANUARY 15, 2010-VOLUME 285+NUMBER 3

Survivin Is a Downstream Target of E2A-HLF

aberrantly activating a Slug-mediated survival pathway nor-
mally used by more primitive hematopoietic cell progenitors
(39). Therefore, it is still uncertain whether only the E2A-HLF/
SLUG pathway inhibits apoptosis in leukemia pro-B cell pro-
genitors (36). Perhaps E2A-HLF has multiple apoptosis-inhib-
iting pathways to coordinate leukemogenesis.

t(17;19)" ALL almost always proves refractory to intensive
chemotherapy, even to the aggressive conditioning for bone
marrow transplantation (3-5). Survivin is an attractive thera-
peutic target in t(17;19)" ALLs because of its differential
expression in tumors versus normal tissues and because it may
be required for maintaining cell viability in this leukemia (14,
16). The efficacy of Survivin antisense oligonucleotides has
been demonstrated in vivo (40, 41), and clinical grade antisense
Survivin oligonucleotides are currently under development (42,
43). Although Survivin is not a cancer-specific molecule in reg-
ulating normal cell function particularly in the hematopoietic
stem cell and immune systems, anti-Survivin therapies devel-
oped to date have not revealed major systemic toxicities in ani-
mal models and are encouraging (44). Our results provide fur-
ther evidence that Survivin inhibitors may be an effective
therapeutic strategy for this refractory ALL.
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