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Neurogenesis requires factors that regulate the decision of dividing progenitors to leave the cell cycle and activate the neuronal differen-
tiation program. It is shown here that the murine runt-related gene Runx1 is expressed in proliferating cells on the basal side of the
olfactory epithelium. These include both Mash1� olfactory receptor neuron (ORN) progenitors and NeuroD� ORN precursors. Disrup-
tion of Runx1 function in vivo does not cause a change in Mash1 expression but leads to a decrease in the number of NeuroD� neuronal
precursors and an increase in differentiated ORNs. These effects result in premature and ectopic ORN differentiation. It is shown further
that exogenous Runx1 expression in cultured olfactory neural progenitors causes an expansion of the mitotic cell population. In agree-
ment with these findings, exogenous Runx1 expression also promotes cortical neural progenitor cell proliferation without inhibiting
neuronal differentiation. These effects are phenocopied by a chimeric protein containing ETO, the eight twenty one transcriptional
repressor, fused to the Runx1 DNA-binding domain, which suggests the involvement of transcription repression mechanisms. Consistent
with this possibility, Runx1 represses transcription driven by the promoter of the cell cycle inhibitor p21Cip 1 in cortical progenitors.
Together, these findings suggest a previously unrecognized role for Runx1 in coordinating the proliferation and neuronal differentiation
of selected populations of neural progenitors.
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Introduction
One of the critical regulatory events during development is the
coordination of cellular proliferation and differentiation. A num-
ber of different transcriptional regulators are known to function
during both cell proliferation and differentiation and provide
activities that are important for the balance between these states
(Davis and Turner, 2001; Bertrand et al., 2002; Sherr, 2004).

A particular group of transcription factors important for the
regulation of cell proliferation and differentiation are the mem-
bers of the Runt/Runx family (Lund and van Lohuizen, 2002;
Coffman, 2003). In both invertebrates and vertebrates, Runt/

Runx proteins act as DNA-binding factors that mediate either
transcriptional activation or repression, depending on the pro-
moter context. Consistent with their expression in various tissues
and their involvement in the regulation of a number of different
targets, Runt/Runx proteins participate in the control of several
developmental mechanisms. For instance, the prototypical mem-
ber of the family, Drosophila Runt, plays important roles during
segmentation, sex determination, neurogenesis, and eye develop-
ment. The mouse Runx1 gene is required for definitive hemato-
poiesis, and its human homolog, termed acute myeloid leukemia
(AML) 1, is targeted frequently by chromosomal translocations
resulting in acute leukemias and a familial platelet disorder
(Speck and Gilliland, 2002). The related mouse gene Runx2 is
required for bone development, and the congenital bone disease
cleidocranial dysplasia is caused by haploinsufficiency of the hu-
man RUNX2 gene (Lund and van Lohuizen, 2002; Coffman,
2003). The final member of the mammalian Runx family, Runx3,
is important for the development of a specific population of spi-
nal ganglion sensory neurons (Inoue et al., 2002; Levanon et al.,
2002) and plays a role in controlling the proliferation of epithelial
cells in the gastric mucosa (Lund and van Lohuizen, 2002).

Recent studies have demonstrated that mouse Runx1 is ex-
pressed in restricted types of postmitotic motor and sensory neu-
rons (Theriault et al., 2004). Disruption of Runx1 function in vivo
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does not appear to perturb the initial generation of these cells but
perturbs their postmitotic development, resulting in a loss of
these neuronal subtypes (Theriault et al., 2004). These findings
suggest that Runx1 plays important roles in the postmitotic dif-
ferentiation of selected neuronal cells in the central and periph-
eral nervous systems. In this study, we have investigated for the
first time whether Runx1 is also involved in mechanisms regulat-
ing the proliferation and differentiation of specific populations of
neural progenitor cells. A combination of expression studies,
loss-of-function studies, and gain-of-function studies strongly
suggests that Runx1 participates in mechanisms that coordinate
the proliferation and differentiation of olfactory receptor neuron
(ORN) precursor cells. In agreement with this possibility, exog-
enous Runx1 expression in cultured telencephalic (cortical) neu-
ral progenitor cells causes an increase in the number of prolifer-
ating cells but does not inhibit neuronal differentiation, resulting
in the formation of supernumerary neurons. This activity re-
quires the DNA-binding ability of Runx1 and involves transcrip-
tion repression mechanisms. These findings identify new func-
tions for Runx1 in the regulation of cell proliferation and
differentiation in the mammalian nervous system.

Materials and Methods
DNA plasmids and adenovirus vectors. Plasmids pCMV2-FLAG-
Runx1(1–250) and pCMV2-FLAG-Runx1(1–378) were generated by
PCR amplification of the corresponding regions of Runx1 (information
on oligonucleotide primers is available on request), followed by subclon-
ing of the PCR products into pCMV2-FLAG digested with EcoRV. The
religated plasmids were verified by sequencing. Construct pCMV2-
FLAG-Runx1, encoding the 453 residue-long AML1b protein corre-
sponding to full-length Runx1 (Lutterbach and Hiebert, 2000) has been
described (McLarren et al., 2000). Plasmids pEF-Bos-Runx1(R177Q)
(from Drs. M. Osato and K. Shigesada, Institute for Virus Research,
Kyoto University, Kyoto, Japan), pCMV5-Runx1/ETO (from Dr. S.
Nimer, Memorial Sloan-Kettering Cancer Center, New York, NY), and
pww-p21-Luc (containing a �7.9 kb region of the p21Cip1 promoter;
from Dr. L. Freedman, Memorial Sloan-Kettering Cancer Center, New
York, NY) were obtained from the indicated investigators. Recombinant
adenovirus vectors were generated as described by He et al. (1998) by first
subcloning either FLAG-Runx1 or FLAG-Runx1(1–250) into the EcoRV
site of the shuttle vector pAdTrack-CMV, which encodes the enhanced
green fluorescent protein (GFP) under the control of a separate CMV
promoter. The resulting constructs were linearized with PmeI and trans-
formed into Escherichia coli strain BJ5183 together with the adenoviral
vector pAdEasy-1 to allow for homologous recombination in bacteria.
Recombinants were selected for kanamycin resistance, and recombina-
tion was confirmed by restriction digestion analysis. The recombinant
vectors were linearized with PacI and transfected into the human embry-
onic kidney 293 (HEK293) packaging cell line. The control GFP-
expressing virus was obtained in the same way but by omitting the sub-
cloning of any transgene. All adenovirus vectors were purified from the
packaging cells by ultracentrifugation on CsCl gradients, as described
(Toma et al., 2000).

Embryological analysis. Runx1 lacZ/� and Runx1 rd/� mice were gener-
ated and genotyped as described previously (Wang et al., 1996; North et
al., 1999). The recombined locus of Runx1 lacZ/� mice encodes a fusion
protein of the N-terminal 242 amino acids of Runx1 (containing a nu-
clear localization sequence) and �-galactosidase (�-gal). The expression
of this nuclear fusion protein in heterozygous animals was shown to
faithfully reproduce the expression of Runx1 transcripts (Simeone et al.,
1995; North et al., 1999; Theriault et al., 2004). For staging of the em-
bryos, the day of the appearance of the vaginal plug was considered as
embryonic day 0.5 (E0.5). Embryos were dissected, fixed, cryostat sec-
tioned, and processed for �-gal activity as described (Theriault et al.,
2004). Double-labeling immunofluorescence experiments (Theriault et
al., 2004) were performed using the following antibodies: rabbit anti-�-
gal (1:5000; Cappel, West Chester, PA), rabbit anti-phospho-histone H3

(1:200; Upstate Cell Signaling Solutions, Charlottesville, VA), rabbit
anti-NeuroD (1:750; kindly provided by Dr. J. Drouin, Institut de Re-
cherches Cliniques de Montreal, Montreal, Quebec, Canada), mouse
anti-�-gal (1:15; Developmental Studies Hybridoma Bank, Iowa City,
IA; courtesy of Dr. J. Sanes, Washington University Medical School, St.
Louis, MO), mouse anti-����-tubulin (1:25; Promega, Madison, WI),
mouse anti-Ki67 (1:25; BD PharMingen, San Diego, CA), mouse anti-
Mash1 (1:25; kindly provided by Dr. F. Guillemot, National Institute for
Medical Research, Mill Hill, London, UK), and rat anti-NCAM (1:100;
Chemicon, Temecula, CA).

Cell counting. Every third serial transverse section through the olfac-
tory epithelium (OE) of Runx1 lacZ/� and Runx1 lacZ/rd littermates was
analyzed. The OE was operationally divided into two equal longitudinal
halves, and the numbers of �-gal� cells were counted in �25 sections for
each genotype (n � 4 embryos per genotype). The numbers of �-gal�/
�III-tubulin� cells (�20 sections for each genotype; n � 3 embryos per
genotype) were counted in the same way. The Mash1�/�-gal�,
Mash1�/�-gal�, NeuroD�/�-gal�, and �-gal�/phosphorylated his-
tone H3� cells were counted in the entire OE (�20 sections for each
genotype; n � 3 embryos per genotype).

Olfactory neural precursor cell cultures. The OE was carefully dissected
from E18.5 CD-1 mouse embryos and dissociated by trituration with
P1000 pipettor tips as described previously (Carter et al., 2004). Dissoci-
ated cells were resuspended (2 � 10 5 cells/ml) in DMEM/F-12 (3:1)
supplemented with 1% N2, 2% B27, 0.5 mM glutamine, 1% penicillin–
streptomycin (Invitrogen,Gaithersburg, MD), 40 ng/ml FGF2, and 20
ng/ml EGF (Collaborative Research), and cultured in T25 flasks as de-
scribed (Othman et al., 2003; Zhang et al., 2004). After �4 – 6 d in vitro,
floating “neurospheres” of �20 –100 cells became evident. The spheres
were collected and either mechanically dispersed into individual cells and
replated for generation of new spheres as described (Zhang et al., 2004) or
used for immunocytochemistry assays. In the latter case, the
neurosphere-forming cells were transferred to four-well chamber slides
(Nalge Nunc, Naperville, IL) coated with 0.1% poly-D-lysine and 0.2%
laminin (BD Biosciences, Franklin Lake, NJ), allowed to adhere for 3– 4 d
in the presence of DMEM/F-12 (3:1) supplemented with 1% FBS, 0.5 mM

glutamine, and 1% penicillin–streptomycin, and then fixed and stained
as described (Gratton et al., 2003; Nuthall et al., 2004). In agreement with
previous studies (Othman et al., 2003; Zhang et al., 2004), OE neuro-
spheres contained both proliferating cells expressing Ki67 and Mash1
and postmitotic cells exhibiting the morphological and immunological
characteristics of neuronal and glial cells. Infections of floating
neurosphere-forming cells with adenoviral vectors were started after 4 d
in vitro and performed for 16 –24 h at a multiplicity of infection (MOI) of
50. Cells were then transferred to coated four-well chamber slides, cul-
tured, and allowed to adhere for 3– 4 d as described above. After this time,
cells were fixed and subjected to double-label immunocytochemical
analysis of the expression of GFP and Ki67. Digital image acquisition and
analysis were performed with Northern Eclipse software (Empix, Missis-
sauga, Ontario, Canada). Results were expressed as mean values � SD.

Cortical neural progenitor cell cultures. Primary neural progenitor cell
cultures were established from dorsal telencephalic cortices obtained
from mouse embryos collected at E12.5–13.5 as described (Gratton et al.,
2003). Cells were cultured in Neurobasal medium supplemented with
1% N2, 2% B27, 0.5 mM glutamine, 1% penicillin–streptomycin, and 40
ng/ml FGF2. All chamber slides and dishes were coated with 0.1% poly-
D-lysine and 0.2% laminin. For transient transfection–transcription
studies, �1.5 � 10 6 cells/ml were seeded in six-well dishes at the start of
the experiments. After 24 h in vitro, transfections were performed by
mixing the appropriate plasmids (total amount of DNA was adjusted to
2.0 �g per well in each transfection) with OptiMEM medium (Invitro-
gen). An equal volume of OptiMEM medium was mixed separately with
Lipofectamine 2000 reagent (Invitrogen; 2.0 �l/�g of DNA) and then
combined with the DNA mixture and incubated for 20 min. The DNA–
Lipofectamine 2000 mix was then added drop-wise to each well. In each
case, a pRSV-�-gal plasmid was cotransfected to provide a means of
normalizing the assays for transfection efficiency. Cells were harvested
24 h after transfection, and luciferase and �-gal activities were deter-
mined as described (McLarren et al., 2000; Yao et al. 2001). Results were
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expressed as mean values � SD. For immuno-
cytochemical studies, �4 � 10 5 cells/ml were
seeded in four-well chamber slides at the start of
the experiments. After 48 h in vitro, cells were
transfected (0.5 �g per well) with either plas-
mid pAdTrack-CMV (encoding GFP alone) or
plasmid pAdTrack-CMV-Runx1 (encoding
both GFP and Runx1). In a second strategy,
cells either were transfected with a GFP expres-
sion plasmid (pEGFP) alone (0.2 �g per well) or
cotransfected with pEGFP and pCMV2-FLAG-
Runx1, pCMV5-Runx1/ETO, or pEF-Bos-
Runx1(R177Q) (0.5 �g per well). The total
amount of DNA was adjusted to 1.0 �g per well.
Infections with adenoviral vectors were per-
formed at an MOI of 50. Cells were allowed to
differentiate until day 4–5 in vitro, when they were
fixed and subjected to double-label immunocyto-
chemical analysis of the expression of GFP, Ki67,
nestin (1:50; mouse monoclonal from PharMin-
gen), NeuroD, neuronal-specific nuclear protein
(NeuN) (1:50; mouse monoclonal from Chemi-
con), or �III-tubulin (1:2000; rabbit polyclonal
from Research Diagnostics, Flanders, NJ). For
bromodeoxyuridine (BrdU) incorporation stud-
ies, cells were pulsed with 4.0 �g/ml BrdU for 16 h
and then subjected to immunocytochemistry
with anti-�III-tubulin and anti-BrdU (1:40; BD
Biosciences) antibodies. Digital image acquisition
and analysis were performed with Northern
Eclipse software (Empix). Results were expressed
as mean values � SD.

Preparation of cell lysates and Western blotting
analysis. HEK293 cells were cultured and trans-
fected as described (McLarren et al., 2000; Yao
et al., 2001). Whole-cell lysates were prepared
and subjected to Western blotting with either
the rabbit polyclonal antibody “Ab1” against
the N terminus of Runx1 (1:250; Oncogene Re-
search Products) or anti-FLAG monoclonal an-
tibody (1:10,000; Sigma, St. Louis, MO).

Results
Expression of Runx1 in restricted
populations of dividing cells in the
olfactory pit
Runx1 is expressed in selected subtypes of
postmitotic motor and sensory neurons in
the mouse embryonic nervous system
(Theriault et al., 2004). To determine
whether Runx1 might also be expressed in
populations of mitotic neural progenitor
cells, we examined the developing OE
based on previous in situ hybridization
studies demonstrating the presence of Runx1 transcripts in the
nasal cavity of mouse embryos (Simeone et al., 1995). We deter-
mined Runx1 expression using previously described (North et al.,
1999) Runx1 lacZ/� mice in which expression of a �-gal gene in-
troduced into the Runx1 locus by homologous recombination
faithfully reproduces the expression of Runx1 transcripts (North
et al., 1999; Theriault et al., 2004). Staining of transverse sections
through E9.5 embryos did not reveal any �-gal expression in
olfactory placodes (data not shown). Expression first became de-
tectable at E10.5 in a small number of cells located in the frontal
region of the olfactory pit, which at this stage contains a signifi-
cant number of cells expressing the neuronal protein �III-

tubulin, a marker of newly differentiating– differentiated neu-
rons (Roskams et al., 1998) (Fig. 1A–C). These �III-tubulin�
cells likely represent the first populations of ORNs that differen-
tiate in the olfactory placode between E10.0 and E10.5 (Calof et
al., 2002; Cau et al., 2002). No overlap between the expression of
�-gal and �III-tubulin was observed at this stage (data not
shown). Instead, �-gal immunoreactivity marked cells that ex-
pressed the mitotic cell-marker protein Ki67 (Fig. 2A–C). These
combined observations suggest that in the olfactory pit Runx1
expression is first activated in a subset of proliferating cells after
the differentiation of the initial populations of ORNs derived
from the olfactory placode.

Figure 1. Analysis of Runx1 expression during olfactory neurogenesis. A–C, Expression of either �-gal (A, B; blue) or �III-
tubulin (C; red) in the olfactory pit of E10.5 Runx1 lacZ/� embryos. D–L, Expression of �-gal (D, E, G, H, J, L) or �III-tubulin (F, I,
K ) in the OE of E11.5 (D–F ), E12.5 (G–I ), E16.5 (J, K ), or postnatal day 1 (L) Runx1 lacZ/� embryos or pups. In all panels in which
only one-half of the nasal region is shown, dorsal is to the top, frontal is to the bottom, medial is to the left, and lateral is to the
right. E, The location of the apical and basal sides of the OE is indicated. F, I, Arrowheads point to �III-tubulin� cells located in
regions where no �-gal expression is detected. a, Apical; b, basal; BL, basal lamina; OE, olfactory epithelium; OP, olfactory pit.
Scale bars: A, D, G, 130 �m; B, C, 26 �m; J, K, L, 95 �m.
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Expression of Runx1 in dividing basal ORN progenitors
and precursors
We next examined Runx1 expression at later stages of develop-
ment when the OE gradually acquires its layered organization
composed of both undifferentiated progenitors and differentiat-
ing– differentiated ORNs. Two types of dividing cells are present
on opposite sides of the OE. Those that proliferate on the apical
side (Fig. 1E, see demarcation of the apical surface) are believed
to derive from the neuroepithelial cells of the olfactory placode.
During embryonic development, these apical cells act as “pri-
mary” progenitors that first undergo expansion and then, start-
ing at �E11.0, progressively lose their apical contacts and trans-
locate to the basal side, where they continue to divide. The

relocation of apical progenitors to the basal surface is thought to
coincide with their commitment to the ORN lineage and results
in the appearance of determined “secondary” progenitors on the
basal side (determination process). Basal progenitors undergo a
limited number of cell divisions before they give rise to immedi-
ate neuronal precursors that first undergo proliferation on the
basal side of the OE and then give rise to postmitotic ORNs
(differentiation process). ORNs then move away from the basal
side and come to reside in the intermediate region between the
basal and apical compartments (Smart, 1971; Caggiano et al.,
1994; Cau et al., 2002).

At E11.5, �-gal expression was readily detectable in the frontal
half of the OE where it was predominantly localized to the basal
side (Fig. 1D,E). A significant number of cells expressing �III-
tubulin were present in the same frontal domain of the OE (Fig.
1F); however, we observed numerous �III-tubulin� cells in
more dorsal regions of the OE, where �-gal expression was not
detected (Fig. 1F, arrowhead). A similar expression pattern was
observed between E12.5 and E14.5, except that �-gal expression
gradually expanded to more dorsal regions of the OE (Fig. 1G–I)
(and data not shown). At E16.5 (Fig. 1 J) as well as postnatally
(Fig. 1L), �-gal expression continued to be detected in basal cells
throughout the OE.

The preferential expression of �-gal in basal OE cells suggests
that Runx1 is expressed in dividing ORN progenitors and/or pre-
cursors. In agreement with this possibility, we found that most of
the basal �-gal� cells expressed Ki67 (Figs. 2D–F, 3A–C), indi-
cating that they correspond to proliferating cells. In contrast,
little or no �-gal expression was observed in the separate Ki67�
population of primary progenitors located on the apical surface

Figure 2. Expression of Runx1 in dividing ORN progenitors and precursors on the basal side of
the OE. Either E10.5 (A–C) or E11.5 (D–O) Runx1 lacZ/� embryos were subjected to immunocy-
tochemical analysis of �-gal (A, D, G, J, M; green), Ki67 (B, E; red), Mash1 (H; red), NeuroD (K;
red), or �III-tubulin (N; red). Combined expression of �-gal and Ki67 (C, F ), �-gal and Mash1
(I ), �-gal and NeuroD (L), or �-gal and �III-tubulin (O) is shown. The basal and apical sides of
the OE are indicated in D, G, J, and M. G–I, Arrowheads point to examples of cells expressing
both �-gal and Mash1; arrow points to an example of a cell expressing Mash1 but not �-gal.
M–O, Arrowheads point to �-gal�/�III-tubulin� double-labeled cells. Scale bars: A–C, G–I,
M–O, 13 �m; D–F, 37 �m; J–L, 28 �m.

Figure 3. Expression of Runx1 in the OE at E14.5. Runx1 lacZ/� embryos were subjected to
immunocytochemical analysis of �-gal (A, D, G; green), Ki67 (B; red), �III-tubulin (E; red), or
NCAM (H; red). Combined expression of �-gal and Ki67 (C), �-gal and �III-tubulin (F ), or
�-gal and NCAM (I ) is shown. The basal and apical sides of the OE are indicated in A and G. D–F,
Arrowheads point to double-labeled cells. Scale bars: A–C, G–I, 28 �m; D–F, 13 �m.
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of the OE (Figs. 2D–F, 3A–C). To directly
determine whether the dividing �-gal�
cells on the basal side of the OE corre-
sponded to ORN progenitors, we next
compared the expression of �-gal with
that of Mash1, a protein that is expressed
in certain, but not all, proliferating ORN
progenitors but is not expressed in ORN
precursors (Cau et al., 2002). In agreement
with previous studies (Cau et al., 2002), we
found that Mash1 was expressed in cells
located in apical, intermediate, and basal
positions at E11.5 (Fig. 2H). A number of
cells displayed overlapping �-gal and
Mash1 expression on the basal side (Fig.
2 I, arrowhead), whereas little overlap was
observed in intermediate and apical com-
partments (Fig. 2 I, arrow). These results
suggest that Runx1 is expressed in at least
certain ORN progenitor cells that also ex-
press Mash1. The �-gal�/Mash1� cells
may represent either separate populations
of ORN progenitors that do not express
Mash1 or differentiating ORN precursors
that have switched off Mash1 expression
(or both). To examine the latter possibil-
ity, we next tested whether �-gal expres-
sion overlapped with that of NeuroD, a
protein that is activated downstream of
Mash1 in proliferating basal ORN precur-
sors and is important for neuronal differ-
entiation (Cau et al., 1997). Virtually all
NeuroD� cells in the basal compartment
were also �-gal� (Fig. 2 J–L), suggesting
that Runx1 is expressed in ORN precur-
sors. Moreover, at both E11.5 (Fig. 2M–O,
arrowhead) and E14.5 (Fig. 3D–F, arrow-
head), we detected a small number of
�-gal� cells that were positive for the early
ORN marker �III-tubulin. In contrast,
�-gal expression did not overlap with that
of NCAM, a protein expressed in more
mature ORNs (Calof et al., 2002) (Fig. 3G–I). Together, these
results show that Runx1 is expressed in the ORN lineage. More-
over, they suggest that Runx1 expression is first activated in de-
termined ORN progenitors and then persists in proliferating pre-
cursors undergoing differentiation; its expression becomes
downregulated concomitant with or shortly after ORN
differentiation.

Reduced proliferation and premature differentiation of Runx1-
expressing ORN precursors in Runx1-deficient embryos
To determine the roles of Runx1 during ORN differentiation, we
examined embryos in which Runx1 had been inactivated.
Runx1 lacZ/� mice were crossed to mice heterozygous for a dis-
rupted Runx1 allele lacking coding sequences for the DNA-
binding Runt domain (Runx1 rd/� mice) (Wang et al., 1996).
Doubly heterozygous Runx1 lacZ/rd embryos lack Runx1 activity
and die at �E12.5 because of impaired fetal liver-derived hema-
topoiesis (North et al., 1999). At E10.5, Runx1 lacZ/rd embryos
displayed neither quantitative nor qualitative changes in �-gal
expression in the olfactory pit compared with heterozygous lit-
termates (Fig. 4A,B). This suggests that Runx1 inactivation does

not cause reduced expression of �-gal and does not perturb the
proliferation and/or survival of the olfactory cells in which it is
expressed at this stage. To examine �-gal expression at E11.5,
when the OE is already starting to exhibit a more layered organi-
zation, we operationally subdivided the OE into two longitudinal
halves: (1) a “basal half” encompassing the basal progenitor–
precursor compartment and part of the intermediate region con-
taining differentiating– differentiated ORNs, and (2) an “apical
half” containing the remaining part of the intermediate region
and apical progenitor cells. Histochemical and cell-counting
studies revealed that the total number of �-gal� cells in the com-
bined basal and apical halves was similar in Runx1 lacZ/rd and
Runx1 lacZ/� littermates, suggesting that Runx1 is not required for
the survival of the OE cells in which it is expressed (Fig. 4C–E,
bars 5, 6); however, Runx1-deficient embryos exhibited an in-
crease in �-gal� cells in the apical half of the OE and a parallel
decrease in the basal half (Fig. 4E, bars 1– 4). This situation sug-
gests that the basal ORN precursors that would have expressed
Runx1 had this gene not been inactivated might undergo prema-
ture neuronal differentiation resulting in an anticipated migra-
tion away from the basal compartment.

Figure 4. Effect of Runx1 inactivation on olfactory neurogenesis. A–D, Expression of �-gal (dark staining) in either the
olfactory pit at E10.5 (A, B) or the OE at E11.5 (C, D) of Runx1 lacZ/� (A, C) or Runx1 lacZ/rd (B, D) embryos. E, Analysis of the number
of �-gal� cells in the basal half (bars 1, 2), apical half (bars 3, 4), or combined basal and apical halves (bars 5, 6) of the OE of E11.5
Runx1 lacZ/� (bars 1, 3, 5) or Runx1 lacZ/rd (bars 2, 4, 6) embryos; *p 	 0.01. F, Analysis of the number of Mash1�/�-gal� cells
(bars 1, 2), Mash1�/�-gal� cells (bars 3, 4), or combined counts (bars 5, 6) in the OE of E11.5 Runx1 lacZ/� (bars 1, 3, 5) or
Runx1 lacZ/rd (bars 2, 4, 6) embryos. G, Analysis of the total number of NeuroD�/�-gal� cells in the OE of E11.5 Runx1 lacZ/� (bar
1) or Runx1 lacZ/rd (bar 2) embryos; **p 	 0.001. H, Analysis of the number of �-gal�/�III-tubulin� cells in the basal half (bars
1, 2), apical half (bars 3, 4), or combined basal and apical halves (bars 5, 6) of the OE of E11.5 Runx1 lacZ/� (bars 1, 3, 5) or
Runx1 lacZ/rd (bars 2, 4, 6) embryos; *p 	 0.01; **p 	 0.001. A–D, Dorsal is to the top, frontal is to the bottom, medial is to the left,
and lateral is to the right. Scale bars: A, B, 26 �m; C, D, 50 �m.
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To test this possibility, we first examined the expression of
Mash1 in Runx1-deficient and control embryos. Comparison of
the numbers of Mash1�/�-gal� and Mash1�/�-gal� cells re-
vealed no difference between Runx1 lacZ/rd and Runx1 lacZ/� litter-
mates (Fig. 4F). These findings suggest that Runx1 activity is not
important for the generation or proliferation of Mash1� ORN
progenitors. Moreover, they suggest that Runx1 inactivation does
not cause a general perturbation of cell proliferation and/or sur-
vival in the OE. In contrast, Runx1-deficient embryos displayed a
significant reduction in the number of NeuroD�/�-gal� cells
compared with control embryos (Fig. 4G). This reduction, com-
bined with the fact that both the total number of �-gal� cells and
that of Mash1�/�-gal� cells were unaltered, suggests that Runx1 is
not important for the survival of ORN progenitors or their transition
to precursors. Instead, they suggest a role for Runx1 in the transition
from proliferating precursors to neurons. To examine this possibil-
ity, we compared the numbers of �-gal�/�III-tubulin� cells in the
OE of Runx1 lacZ/rd and Runx1 lacZ/� embryos. These studies revealed
an increase in �-gal�/�III-tubulin� cells in both the basal and api-
cal halves of the OE of Runx1-deficient embryos (Fig. 4H). These
combined results suggest that Runx1 is important for the prolifera-
tion of ORN precursors and that in its absence these cells leave the
cell cycle and differentiate prematurely, resulting in a downregula-
tion of NeuroD expression.

To test these possibilities further, we next examined the ex-
pression of �III-tubulin and NCAM in the OE of E11.5
Runx1 lacZ/� and Runx1 lacZ/rd littermates. In Runx1 lacZ/� em-
bryos, differentiated ORNs occupied most of the frontomedial
portion of the OE, whereas only the frontal half of the lateral
region contained ORNs. This pattern resulted in a characteristic
dorsolateral boundary of �III-tubulin or NCAM expression (Fig.
5A,E, horizontal line). In Runx1-deficient embryos, this bound-
ary appeared to have moved to more dorsal positions because
considerable numbers of differentiated ORNs were detected pre-
maturely in the dorsolateral OE (Fig. 5B,F, arrowheads). This
phenotype was observed at different rostrocaudal levels of the OE
(Fig. 5A–D) (and data not shown). Parallel studies with antibod-
ies against phosphorylated histone H3, a marker of cells under-
going M phase (Galli et al., 2004), showed a decrease in the num-
ber of �-gal�/phosphorylated histone H3� cells in the OE of
Runx1-deficient embryos (data not shown). Together, these find-
ings implicate Runx1 in the mechanisms that coordinate the tran-
sition from proliferating precursors to postmitotic ORNs. In par-
ticular, they suggest that Runx1 is important for the sustained
proliferation of ORN precursors and that these cells differentiate
prematurely when Runx1 is inactivated.

Increased numbers of dividing cells after exogenous Runx1
expression in primary cultures of OE-derived
neurosphere-forming cells
To further test the possibility that Runx1 is important for the
proliferation of ORN precursor cells, we next performed gain-of-
function studies. The OE was dissected from E18.5 embryos, and
primary cultures of floating neurosphere-forming cells (Fig. 6A)
were established as described previously (Othman et al., 2003; Zhang
et al., 2004). After they were plated on an adhesive substratum, these
OE-derived neurospheres were shown to contain proliferating cells
expressing Mash1 (Fig. 6B) and Ki67 (Fig. 6F), as well as cells exhib-
iting morphological and immunological characteristics of neuronal
cells such as the expression of �III-tubulin (Fig. 6D) (Othman et al.,
2003; Zhang et al., 2004). Moreover, neurospheres obtained from
the OE of pooled Runx1 lacZ/� and Runx1�/� embryos contained
numerous cells that coexpressed �-gal and Ki67 (Fig. 6F–H). This

observation is in agreement with the in vivo expression of �-gal in
ORN progenitor–precursors and further confirms the OE origin of
the cultured cells.

To assess the role of Runx1 in the proliferation of OE-derived
neurosphere-forming cells, we performed infections with adeno-
virus vectors driving expression of either enhanced GFP alone or
a combination of Runx1 and GFP. After plating on an adhesive
substratum, the numbers of proliferating GFP� cells that ex-
pressed Ki67 were counted 3– 4 d after infection. Previous studies
have shown that ORN progenitor cells have a limited proliferative
capacity when cultured in vitro, with most of the cells rapidly
giving rise to neurons that die shortly thereafter (Mumm et al.,
1996; Calof et al., 2002). In agreement with those observations,
we found that only 11 � 2% of the cells infected with GFP alone
expressed Ki67 (Fig. 6 I). Importantly, the exogenous expression
of Runx1 was correlated with a significant increase in the number
of Ki67� cells compared with control conditions (Fig. 6 I). This
expansion of the dividing cell population caused by exogenous
Runx1 is in agreement with the converse observation that there
are decreased numbers of proliferating ORN precursor cells in
the OE of Runx1-deficient embryos. Together, these findings

Figure 5. Effect of Runx1 inactivation on ORN differentiation. A–F, Expression of �III-
tubulin (A–D) or NCAM (E, F ) in the OE of either Runx1 lacZ/� (A, C, E) or Runx1 lacZ/rd (B, D, F )
embryos at E11.5. The arrowheads point to the ectopic neuronal cells present in the dorsolateral
OE of Runx1 lacZ/rd embryos. Dorsal is to the top, frontal is to the bottom, medial is to the left, and
lateral is to the right. Scale bars, 35 �m.
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strongly suggest that Runx1 is important for promoting the pro-
liferation of ORN precursor cells.

Increased proliferation and neuronal differentiation after
exogenous Runx1 expression in cortical neural progenitor cells
The limited proliferative capacity of cultured ORN precursor
cells and the poor viability of their neuronal progeny made it
difficult to perform more detailed gain-of-function studies
aimed at elucidating the mechanisms underlying Runx1 function
in neural progenitor–precursor cells. Therefore, additional stud-
ies were performed using primary cultures of proliferating, plu-
ripotent neural progenitor cells obtained from the dorsal telen-
cephalon of E13.5 mouse embryos (cortical progenitor cells).
This defined primary culture system has been used to examine
the functions of a number of extrinsic and intrinsic factors during
proliferation and neuronal differentiation (Ghosh and Green-
berg, 1995; Toma et al., 2000; Gratton et al., 2003; Nuthall et al.,
2004). We found that Runx1 was endogenously expressed in cul-
tured cortical progenitor cells (Fig. 7A, lane 3). More impor-
tantly, transient transfection of exogenous Runx1 led to a signif-
icant increase in the number of proliferating cells expressing Ki67
compared with GFP alone (Fig. 7B,C, bars 1, 2). In agreement
with this finding, we also observed an increase in the number of
cells expressing the neural progenitor cell-marker nestin when
Runx1 was exogenously expressed using an adenovirus vector
(Fig. 7D, bars 1, 2). In contrast, Runx1(1–250), a truncated form
lacking the C-terminal 203 amino acids containing transcription
activation and repression domains important for Runx1 activity
(Kanno et al., 1998), did not promote an expansion of the nes-
tin� cell population, indicating that the effect caused by Runx1
was specific and required a transcriptionally competent form of
this protein (Fig. 7D, bars 1, 3). Runx1 and Runx1(1–250) were
expressed at equivalent levels (Fig. 7G). These results strongly
suggest that exogenous Runx1 expression leads to increased
numbers of neuronal progenitor–precursor cells. In agreement
with this possibility, Runx1 expression was correlated with a sig-
nificant increase in the number of NeuroD� cells compared with
GFP alone (Fig. 7F).

We next tested whether Runx1 promoted an expansion of the
proliferating progenitor cell population at the expense of neuro-
nal differentiation. The transfected cells were subjected to immu-
nocytochemistry with antibodies against the neuron-specific
proteins NeuN and �III-tubulin. We found that the increase in
the number of dividing progenitors caused by exogenous Runx1
was not correlated with a decrease but rather an increase in the
number of differentiated neurons compared with GFP alone (Fig.
7C, bars 3, 4, E, bars 1, 2). In contrast, Runx1(1–250) did not have
a similar effect (Fig. 7E, bars 2, 3). In these assays, cells that
expressed NeuN or �III-tubulin also exhibited a neuronal mor-
phology with numerous processes (data not shown). Together,
these results suggest that Runx1 increases the number of undif-
ferentiated cortical neural progenitor–precursors without block-
ing their ability to undergo neuronal differentiation, resulting in
the generation of supernumerary neurons from an expanded
pool of progenitors.

The combined number of both GFP�/Ki67� and GFP�/
NeuN� cells was �100% when Runx1 was exogenously ex-
pressed (Fig. 7C). A similar observation was made when neural
progenitors or neurons were identified through the expression of
nestin (Fig. 7D) or �III-tubulin (Fig. 7E), respectively. This situ-
ation suggests that exogenous expression of Runx1 may cause a
perturbation of the mechanisms that coordinate the transition of
progenitor cells into neurons. To examine this possibility, we

Figure 6. Exogenous expression of Runx1 in OE-derived neurospheres. A, Phase-contrast
microscopy of a representative OE neurosphere after 6 d in vitro. B–E, Expression of Mash1 (B)
and �III-tubulin (D) in cells of neurospheres derived from the OE of E18.5 mouse embryos. C,
Combined Mash1 and Hoechst staining. E, Combined �III-tubulin and Hoechst staining. F–H,
Expression of Ki67 (B) or �-gal (C) in neurospheres derived from the OE of pooled E18.5
Runx1 �/� and Runx1 lacZ/� embryos. H, Combined expression of �-gal and Ki67; arrows point
to double-labeled cells. Because of the presence of cells derived from wild-type embryos, not all
Ki67� cells are �-gal�. I, OE neurospheres were infected with recombinant adenovirus ex-
pressing GFP alone (control, bar 1) or in combination with Runx1 (bar 2). Cells then were
subjected to double-labeling analysis of the expression of GFP and Ki67. Results from six sepa-
rate infection experiments were quantified as percentage of GFP� cells that were positive for
Ki67 (mean � SD; �2000 cells; **p 	 0.001).
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tested whether Runx1 caused an increase in the number of cells
that expressed both Ki67 and �III-tubulin compared with GFP
alone. A small number of Ki67�/�III-tubulin� cells were nor-
mally observed under control conditions. This number was in-
creased �2.5-fold in the presence of Runx1 (Fig. 8A,B). Similar
results were observed both 3 and 5 d after transfection; moreover,
terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling investigations did not suggest that the
Ki67�/�III-tubulin� cells were undergoing cell death at a higher
rate than Ki67� cells (data not shown). In agreement with these

findings, studies measuring BrdU incor-
poration into proliferating cells showed
that exogenous Runx1 caused an increase
in the number of cells immunoreactive for
both BrdU and �III-tubulin (Fig. 8C). To-
gether, these findings suggest that Runx1
promotes neural progenitor cell prolifera-
tion and participates in mechanisms that
coordinate cell cycle progression with the
activation of the neuronal differentiation
program.

Transcription repression mechanisms
are involved in Runx1 functions in
cortical neural progenitor cells
Runx proteins are DNA-binding factors
that can mediate either transcriptional ac-
tivation or repression depending on the
promoter context (Lutterbach and
Hiebert, 2000). To determine whether the
activity of Runx1 in cortical progenitor
cells required DNA binding, these cells
were transfected with Runx1(R177Q)
(Osato et al., 1999), a point-mutated form
of Runx1 with impaired DNA-binding ac-
tivity. In contrast to Runx1, exogenous ex-
pression of Runx1(R177Q) did not pro-
mote an expansion of the progenitor cell
population (Fig. 9A, bars 1, 2, 4), although
Runx1(R177Q) was properly expressed
(Fig. 9C). Instead, we found that
Runx1(R177Q) caused a statistically sig-
nificant reduction in the number of Ki67�
cells when compared with GFP alone (Fig.
9A, bars 1, 4). These observations show
that the DNA-binding ability of Runx1 is
required to promote progenitor cell prolif-
eration and suggest that Runx1(R177Q)
may interfere in a dominant inhibitory
manner with mechanisms involving en-
dogenous Runx1, possibly by sequestering
important cofactors away from DNA. In-
terestingly, the decrease in dividing pro-
genitors associated with the expression of
Runx1(R177Q) was not correlated with a
decreased number of differentiated neu-
rons compared with GFP (Fig. 9B, bars 1,
4). These results suggest that a dominant
inactivation of Runx1 activity may cause a
premature exit from the cell cycle and ac-
tivation of the neuronal differentiation
program in cortical progenitor cells.

We next examined whether the DNA-
binding-dependent function of Runx1 involved transcription re-
pression mechanisms. Neural progenitor cells were transfected
with the chimeric protein AML1/ETO (for consistency, we will
refer to AML1/ETO as Runx1/ETO), the naturally occurring pro-
tein product of the t(8;21) chromosomal translocation found in
�12% of human acute myeloid leukemias (Lutterbach and
Hiebert, 2000; Speck and Gilliland, 2002). This translocation
fuses the DNA-binding domain of Runx1 to the eight twenty one
(ETO) transcription repression protein. Runx1/ETO is consid-
ered to act as a transcriptional repressor that can bind to the

Figure 7. Exogenous expression of Runx1 in cortical neural progenitor cells. A, Western blotting analysis either of ROS17/2.8 rat
osteoblastic cells not transfected (lane 1) or transfected (lane 2) with Runx1 or of untransfected cortical progenitor cells (lane 3)
using anti-Runx1 antibodies. B, Cortical progenitor cells were transfected with GFP alone (control) or in combination with Runx1,
followed by double-labeling analysis of the expression of GFP (left panels), the neuronal marker NeuN (middle panels), or Ki67
(data not shown). Hoechst staining is shown in the right panels. Arrows point to double-labeled cells. C, Results from transfection
experiments were quantified as percentage of GFP� cells that were positive for either Ki67 (bars 1, 2) or NeuN (bars 3, 4)
(mean � SD; �2000 cells; n � 4; *p 	 0.01; **p 	 0.001). D, E, Cortical progenitor cells were infected with recombinant
adenovirus expressing GFP alone (control, bar 1) or in combination with either Runx1 (bar 2) or a truncated form of Runx1
(Runx1(1–250), bar 3). Cells were then subjected to double-labeling analysis of the expression of GFP, the neural progenitor
marker nestin (D), or the neuronal marker �III-tubulin (E), and results were quantified as described above (mean� SD;�20,000
cells; n�5; *p	0.01; **p	0.001). F, Cortical progenitor cells were transfected with GFP alone (control) or in combination with
Runx1, followed by double-labeling analysis of the expression of GFP and NeuroD and quantitation as described above (n � 3;
**p 	 0.001). G, Western blotting analysis of the expression of the indicated FLAG-tagged proteins using anti-FLAG antibodies.
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promoters of Runx1 target genes and suppress their expression
(Lutterbach and Hiebert, 2000; Linggi et al., 2002). Exogenous
expression of Runx1/ETO resulted in effects that were essentially
identical to those elicited by Runx1, namely the presence of su-
pernumerary dividing progenitors (Fig. 9A, bars 1–3) and differ-
entiated neurons (Fig. 9B, bars 1–3). These findings strongly sug-
gest that the functions of Runx1 in cortical progenitor cells
involve transcription repression mechanisms.

To directly test whether Runx1 was able to mediate tran-
scriptional repression in neural progenitor cells, we examined
its effect on the promoter of the cell cycle inhibitory gene
p21Cip1, which was shown to be repressed by Runx1 in non-
neural cells (Lutterbach et al., 1999). A reporter plasmid con-
taining the luciferase gene under the control of the p21Cip1

promoter was transfected in cortical progenitor cells in the
absence or presence of Runx1. Transcription from this pro-
moter was repressed by Runx1 (Fig. 9D, bars 1, 2) at a level
comparable with that observed in non-neural cells (Lutter-
bach et al., 1999). Runx1(1–378), a mutated form lacking the
C-terminal region involved in recruiting the Groucho (Gro)/
transducin-like Enhancer of split (TLE) corepressor (McLar-
ren et al., 2000), repressed p21Cip1 promoter activity like full-
length Runx1 (Fig. 9D, bars 1–3), suggesting that this
repression activity is independent of Gro/TLE. In contrast, the
DNA-binding defective protein Runx1(R177Q) did not re-
press this promoter (Fig. 9D, bar 4). The observed effects were
specific because neither Runx1 nor Runx1(1–378) suppressed
a control promoter (Fig. 9D, bars 5– 8). Together, these results
show that Runx1 can act as a transcriptional repressor in cor-
tical progenitor cells and suggest that its repressive activity is
involved in mechanisms that coordinate the progenitor-to-
neuron transition.

Discussion
Runx1 is expressed in restricted regions of the murine embryonic
nervous system, and recent studies have demonstrated its in-
volvement in the postmitotic development of certain populations
of central and peripheral neurons (Theriault et al., 2004); how-
ever, a role for Runx1 in neural progenitor cells had not been
investigated previously. In this study, we performed a combina-
tion of in vivo loss-of-function and in vitro gain-of-function stud-
ies to characterize the role of Runx1 in neural progenitor cells.
Our results strongly suggest that Runx1 is important in these cells
during the transition from proliferation to differentiation.

Runx1 expression in the OE is correlated with ORN
precursors undergoing differentiation
The present investigations have shown that Runx1 is not ex-
pressed in olfactory placodes or olfactory pits before E10.5, sug-
gesting that Runx1 is not involved in early phases of olfactory
neurogenesis. At E11.5, when primary neural progenitors are still
actively relocating from apical to basal locations to give rise to
secondary progenitors (Cau et al., 2002), Runx1 is expressed pre-
dominantly in dividing cells on the basal side of the OE. These
findings suggest that Runx1 does not participate in mechanisms
underlying the generation, proliferation, and/or survival of pri-
mary progenitor cells on the apical side. We have shown further
that at least some of the dividing Runx1� cells on the basal side of
the OE express the Mash1 protein. Because Mash1 was shown to
be expressed in a subset of basal ORN progenitors and to be
required for the generation of these cells (Cau et al., 2002), our
findings suggest that Runx1 is expressed in defined populations
of ORN progenitor cells. However, in contrast to Mash1, the
expression of which is downregulated during the ORN
progenitor-to-precursor transition (Cau et al., 2002), Runx1 ex-
pression persists in NeuroD� ORN precursors, as well as in cells
that display signs of early neuronal differentiation like the expres-
sion of �III-tubulin (we recognize that the half-life of �-gal may
be longer than that of Runx1 and thus may persist in postmitotic
cells longer than the latter). Together, these results suggest that
Runx1 is expressed in certain populations of ORN progenitor and
precursor cells during their proliferative phase and that its ex-
pression is downregulated concomitant with or shortly after ter-
minal mitosis.

Runx1 is important for the transition from proliferation to
differentiation in both ORN and cortical
progenitor–precursor cells
Insight into the roles of Runx1 in committed ORN progenitor
cells has come from the analysis of embryos in which Runx1 was
inactivated. We have focused our studies on gestational day E11.5
for two reasons: (1) ORN differentiation is well under way by this
stage and significant numbers of ORNs have already been gener-
ated, and (2) Runx1-mutant embryos die at �E12.5 because of
impaired fetal liver-derived hematopoiesis, thus precluding the
study of later stages (North et al., 1999). Our findings have shown
that Runx1 inactivation is not correlated with a detectable loss of
OE cells in which Runx1 would have been expressed at E11.5, but
results instead in a redistribution of these cells from basal to more
intermediate positions within the OE. To characterize this phe-
notype, we have examined the expression of Mash1, NeuroD,
�III-tubulin, and NCAM in the OE of Runx1-deficient and con-
trol embryos. Disruption of Runx1 activity does not cause a de-
crease or an increase in the number of Mash1�/�-gal� cells,
suggesting that Runx1 is not important for the generation, pro-

Figure 8. A, Double-labeling analysis of cortical progenitor cells with Ki67 (left panel; green)
and �III-tubulin (middle panel; red) antibodies. Combined staining is shown in the right-hand
panel; arrows point to double-labeled cells. B, Quantification of the numbers of Ki67�/�III-
tubulin�/GFP� cells in cortical progenitor cultures transfected with GFP alone (bar 1) or a
combination of GFP and Runx1 (bar 2). C, Quantification of the numbers of BrdU�/�III-tubu-
lin�/GFP� cortical progenitor cells transfected with GFP alone (bar 1) or a combination of GFP
and Runx1 (bar 2) and then incubated in the presence of BrdU (n � 4; **p 	 0.001).
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liferation, or survival of these progenitor cells. Instead, Runx1
inactivation is correlated with an �50% decrease in the number
of NeuroD�/�-gal� cells and a parallel increase in �III-
tubulin�/�-gal� cells. This situation suggests that supernumer-
ary NeuroD� precursors choose to differentiate into postmitotic
ORNs in the absence of Runx1. In agreement with this possibility,
we have observed a premature differentiation of ORNs in the
dorsolateral region of the OE of E11.5 Runx1-deficient embryos.
Together, these observations do not suggest that Runx1 is impor-
tant for the survival of OE precursor cells because this situation

would be expected to result not only in
decreased numbers of NeuroD� cells but
also differentiated neurons, contrary to
the increase in the number of �III-
tubulin�/�-gal� cells that we have ob-
served. Instead, our findings suggest that
Runx1 is important for the sustained pro-
liferation of ORN precursors and for coor-
dinating the transition from proliferation
to differentiation in the OE.

A role for Runx1 in the regulation of the
precursor-to-neuron transition is also
suggested by the results of our gain-of-
function studies in primary cultures of ol-
factory and cortical progenitor cells. Exog-
enous Runx1 expression causes an
increase in the number of undifferentiated
cells undergoing proliferation, as deter-
mined through analysis of Ki67 and nestin
expression, as well as BrdU incorporation
studies; however, this effect is not corre-
lated with a decrease but rather an increase
in postmitotic neurons, as well as with an
increase in the number of cells expressing
both proliferation and differentiation
markers, at least in cortical progenitor cul-
tures. These findings suggest several possi-
bilities. Exogenous Runx1 may promote a
persistent activation of proliferation
mechanisms, causing cells that have al-
ready entered the neuronal differentiation
program to continue to undergo DNA
synthesis and express markers typical of
undifferentiated cells, like Ki67 and nestin.
Alternatively, exogenous Runx1 may
cause a premature activation of neuronal
differentiation in proliferating progeni-
tor–precursor cells (although this possibil-
ity appears less likely based on the finding
that Runx1 inactivation causes a prema-
ture neuronal differentiation, and not
blocked– delayed differentiation, in the
OE). It might also be possible that, at least
in part, exogenous Runx1 may alter the
frequency of different progenitor subtypes
leading to an increased representation of
�III-tubulin� proliferative cells. These
observations strongly suggest that Runx1
participates in mechanisms that promote
neural progenitor–precursor cell growth
and coordinate proliferation and neuronal
differentiation. Such a role would be sim-
ilar to the demonstrated ability of the tran-

scription factor Emx2 to both induce proliferation of cortical
progenitors and promote their differentiation, thereby orches-
trating the progenitor-to-neuron transition (Heins et al., 2001).
This model is also consistent with a number of previous results.
In the Drosophila embryonic nervous system, Runt is expressed in
a restricted number of dividing neuroblasts after their commit-
ment to the neuronal lineage but before terminal differentiation
(Duffy et al., 1991; Dormand and Brand, 1998). Mammalian
Runx1 promotes the proliferation of myeloid and lymphoid pro-
genitor cells by accelerating the G1 to S phase progression, and a

Figure 9. Exogenous expression of Runx1 or Runx1 mutants in cortical neural progenitor cells. A, B, Cortical progenitor cells
were transfected with GFP alone (control, bar 1) or in combination with Runx1 (bar 2), Runx1-ETO (bar 3), or Runx1(R177Q) (bar
4), followed by double-labeling analysis and quantification as described in the legend to Figure 7 (mean � SD; �2000 cells; n �
4; *p 	 0.01; **p 	 0.001; ***p 	 0.0001). C, Western blotting analysis of the indicated proteins using anti-Runx1 antibodies.
D, Repression of transcription from the p21Cip1 promoter by Runx1. Cortical neural progenitor cells were transfected with a plasmid
encoding the luciferase gene under the control of the p21Cip1 promoter in the absence (bar 1) or presence (bars 2– 4) of the
indicated proteins. A control pFOX-Luc1 promoter was also transfected alone (bar 5) or in the presence of the same proteins (bars
6 – 8). The activity of each promoter in the absence of any expression plasmid was considered 100%. Data are expressed as mean
values � SD (n � 4; *p 	 0.01; **p 	 0.001).
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dominant-negative form of Runx1 causes cell-cycle arrest (Strom
et al., 2000; Coffman, 2003; Bernardin-Fried et al., 2004); how-
ever, the proliferative effect of Runx1 does not inhibit the ability
of myeloid progenitors to undergo differentiation (Lutterbach
and Hiebert, 2000; Strom et al., 2000). Together, these observa-
tions strongly suggest that Runx1 plays an important role in co-
ordinating the proliferation and neuronal differentiation of par-
ticular populations of neural progenitor cells.

Transcription repression mechanisms underlie the function
of Runx1 in cortical progenitor cells
We have demonstrated that a DNA-binding defective form of
Runx1 does not promote an expansion of the progenitor cell pool
in cortical progenitor cultures. Instead, it causes a small but sta-
tistically significant decrease in the number of progenitor cells,
compared with control. These results strongly suggest that the
proliferative effect of Runx1 on these neural progenitors involves
DNA-binding-dependent mechanisms. They also suggest that a
DNA-binding-defective form of Runx1 may have a dominant-
negative effect on the functions performed by endogenous
Runx1, likely by sequestering its transcriptional cofactors away
from DNA.

When bound to DNA, Runx1 can mediate transcriptional ac-
tivation or repression, depending on the particular promoter
context. To elucidate the mechanisms underlying Runx1 activity
in neural cells, we have used Runx1/ETO, the naturally occurring
fusion protein containing the DNA-binding domain of Runx1
fused to the transcriptional repressor ETO. Runx1/ETO retains
the ability to bind to consensus Runx DNA-binding sites, where it
mediates transcriptional repression (Linggi et al., 2002). This en-
ables it either to interfere with the transactivating functions of
Runx1 in a dominant-negative manner or mimic Runx1-
mediated transcriptional repression. We found that exogenous
Runx1/ETO phenocopies the effect of exogenous Runx1,
strongly suggesting that transcription repression mechanisms are
involved in at least some of the events underlying Runx1 function
in cortical neural progenitor cells. This possibility is also sug-
gested by our direct demonstration that Runx1 can mediate tran-
scriptional repression in these cells and inhibit transcription
from the promoter of the p21Cip1 cell-cycle inhibitory gene. This
finding raises the additional possibility that the negative regula-
tion of the expression of p21Cip1 and/or other related genes like
p27Kip1 may represent at least one mechanism used by Runx1 to
promote neural progenitor cell proliferation. In the future, it will
be important to determine whether Runx1 also mediates tran-
scriptional repression in ORN progenitor cells and whether its
transcription repression functions are important for the regula-
tion of ORN differentiation.
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