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The Sox-2 gene is expressed in embryonic stem (ES) cells and neural stem cells. Two transcription enhancer
regions, Sox-2 regulatory region 1 (SRR1) and SRR2, were described previously based on their activities in ES
cells. Here, we demonstrate that these regulatory regions also exert their activities in neural stem cells.
Moreover, our data reveal that, as in ES cells, both SRR1 and SRR2 show their activities rather specifically
in multipotent neural stem or progenitor cells but cease to function in differentiated cells, such as postmitotic
neurons. Systematic deletion and mutation analyses showed that the same or at least overlapping DNA
elements of SRR2 are involved in its activity in both ES and neural stem or progenitor cells. Thus, SRR2 is the
first example of an enhancer in which a single regulatory core sequence is involved in multipotent-state-specific
expression in two different stem cells, i.e., ES and neural stem cells.

Stem cells have been identified in various organs, including
hematopoietic tissue and the nervous system, and play a cen-
tral role in tissue generation during development (for details,
see references 22, 49, and 53). These stem cells are also present
in adult animals, where they participate in tissue repair and the
homeostasis of each tissue. Stem cells share the properties of
self-renewal and the ability to generate at least one (but usually
more) differentiated cell types, suggesting the presence of com-
mon genetic programs to maintain these unique biological
properties of stem cells. To date, an increasing amount of data
from global transcriptional profiling analyses have piled up (10,
15, 19, 36, 45, 50), and these analyses have led to the identifi-
cation of a number of genes which are commonly expressed in
more than two different types of stem cells. Indeed, some, such
as the integrin alpha 6 and polycystic kidney disease 2 genes,
have been shown to be expressed in all of the three best-
characterized types of stem cells, i.e., embryonic stem (ES)
cells, neural stem cells, and hematopoietic stem cells (15, 36).
However, it is not known whether the expression of these genes
is supported by a single regulatory enhancer which operates in
different types of stem cells or whether such expression merely
reflects the combined actions of multiple different regulatory
regions in which individual regulatory enhancers function only
in specific stem cells. Recently, Cairns et al. (7) demonstrated
that a portion of the first intron of the c-kit gene supports its

expression in both hematopoietic and germ cell lineages. How-
ever, because the enhancer region was not finely mapped, it is
not known at present whether a single regulatory sequence
indeed participates in gene expression in these two different
cell lineages.

Sox-2, a transcriptional factor bearing a high-mobility-group
box, is one of the examples expressed in more than two differ-
ent types of stem cells (4, 57). In fact, zygotically transcribed
Sox-2 mRNA is detected in the inner cell mass, epiblasts, and
germ cells in early mouse embryos. Sox-2 is also expressed in
trophoblast stem cells, which correspond to the stem cells of
extraembryonic ectodermal tissues (4). In these cell lineages,
Sox-2 expression is restricted to cells with stem cell character-
istics and no longer expressed in cells with restricted develop-
mental potential. Besides being expressed in early mouse em-
bryos, Sox-2 is also expressed in the developing central nervous
system (6, 12, 20, 34, 51, 52, 57). Sox-2 expression is first
detected uniformly in the neural plate, in which most of the
cells are multipotent. However, once the columnar epithelium
of the neural plate acquires a more complex stratum structure,
the expression becomes restricted to the germinal layer, where
multipotent neural stem cells are enriched. Moreover, Graham
et al. (11) recently demonstrated that the signaling of members
of the SoxB1 transcription factor group, which includes the
Sox-2 protein, is sufficient to maintain the panneural properties
of neural progenitor cells.

Recent microarray analyses have pointed out significant sim-
ilarities between ES cells and neural stem cells at the transcrip-
tional level (36). Therefore, it is assumed that the ways of
supporting stem cell-specific gene expression in these two dis-
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tinct types of stem cells are intimately related and that at least
some of the genes whose expressions overlap in ES and neural
stem cells are regulated by common enhancers which function
in these two distinct stem cells. We pursued the possibility that
the Sox-2 gene possesses such a regulatory region(s).

The two regulatory regions termed Sox-2 regulatory region 1
(SRR1) and SRR2, which were identified based on their ac-
tivities in pluripotent ES cells, were reported previously (48).
Moreover, it was shown that SRR2 has a regulatory core se-
quence comprising octamer and Sox-2 binding sequences and
that SRR2 exhibits its activity by recruiting the Oct-3/4–Sox-2
or Oct-6–Sox-2 complex to it in ES cells. In this report, we
demonstrate that both SRR1 and SRR2 also exert their activ-
ities in neural stem cells. We also show that SRR2 utilizes the
same core sequence to support its multipotent-state-specific
enhancer activity in both ES and neural stem cells.

MATERIALS AND METHODS

Plasmid constructions. For constructing �-geo reporter plasmids (see Fig. 2),
the splice acceptor portion of the engrailed gene and internal ribosome entry site
(IRES) region were removed from pGT1.81IresBgeo (27) and either SRR1 or
SRR2 was subcloned together with a herpes simplex virus thymidine kinase (tk)
promoter (positions �109 to �51) (21). SRR1 and SRR2 encompass the regions
from positions �3937 to �3487 and �3641 to �4023 of Sox-2 genomic DNA,
respectively, in which the transcription start site is considered position �1 (see
reference 54). The location of SRR1 has been narrowed down to this short
region (451 bp) (S.M. and A.O., unpublished data) from previous work (48).
SRR1 was recovered by PCR, while the SRR2 portion was obtained from cloned
genomic DNA.

For constructing the ptk-Venus reporter plasmids shown in Fig. 3A, the sec-
ond intron enhancer of the rat nestin gene (�1162 to �1798) (17) was amplified
by PCR. As for SRR1 and SRR2, the same DNA fragments used to obtain the
results shown in Fig. 2 were used. These regulatory regions were subcloned into
the SalI/NcoI site of Venus/pCS2 (28), which carries the Venus reporter gene
together with the tk promoter with the aid of linkers. Venus is a modified form
of enhanced yellow fluorescent protein bearing a unique set of amino acid
substitutions (F46L, F64L, M153T, V163A, and S175G) and exhibits enhanced
fluorescence because of these mutations (28). For constructing EF1-Venus, the
EF1 promoter region was recovered from the pEF-BOS vector (26) and sub-
cloned into the SalI/NcoI site of Venus/pCS2. The internal deletion and nucle-
otide substitution mutants of SRR2 shown in Fig. 7A were all obtained by
PCR-based procedures in which mutOct and mutSox carried the same mutations
of triple-point mutants 19 and 16, respectively, which were described previously
(48). For constructing the 4�CORE plasmid, the SRR2 core sequence, 5�-GG
CAGCCATTGTGATGCA TATGGATTA-3�, was multimerized to four copies
according to the method of Nishimoto et al. (30) and subcloned into the SalI/
NcoI site of the Venus reporter together with the tk promoter.

For constructing the puro-Venus reporter gene, coding regions of these two
protein were fused with the aid of a linker and subcloned into the plasmid
bearing the polyadenylation sequence from the PGK gene (S.M. and H.N.,
unpublished data). Subsequently, various regulatory regions used to obtain the
results shown in Fig. 4A and B were individually subcloned into the vector.

All expression vectors of octamer factors and the Sox-2 protein were con-
structed by subcloning cDNAs carrying entire coding regions of these proteins
into the EcoRI site of the pCAG vector (31), while construction of the SRR2/
tk-luciferase reporter gene was described previously (48).

ES cell culture and transfection. E14 ES cells were cultured as described
previously (29). The �-geo reporter plasmid bearing SRR1 or SRR2 was intro-
duced into ES cells by electroporation according to the method of Thomas and
Capecchi (46). After selection with G418, the drug-resistant clones were picked
and expanded for subsequent analyses.

In vitro differentiation of ES cells. Neural differentiation of ES cells was
performed essentially as described by Bain et al. (5). Briefly, E14 ES cells were
cultured as usual on a feeder layer with leukemia inhibitory factor-supplemented
medium. Subsequently, embryoid bodies were generated by culturing cells in
bacterial-grade dishes. These embryoid bodies were maintained as a suspension
culture for 8 days, and cells were exposed to all-trans-retinoic acids (0.5 �M) for
the last 4 days. Subsequently, cell aggregates were plated onto tissue culture

dishes precoated with poly-D-lysine (PDL) and laminin and cultured for another
2 days before being subjected to immunohistochemical analyses. Establishment
and culture of trophoblast stem cells by cultivating ZHTc4 ES cells with FGF-4,
heparin, and tetracycline were done as described by Niwa et al. (32).

Neurosphere culture. Neurospheres were generated from an embryonic day
13.5 (E13.5) or E17.5 mouse forebrain according to the method of Reynolds et
al. (38), with slight modifications utilizing B-27 supplement (Invitrogen), 20 ng of
epidermal growth factor (Becton Dickinson) per ml, and 20 ng of basic fibroblast
growth factor (Roche) per ml in place of a defined hormone mix and salt mixture.

Generation of lentivirus vectors and infection of neurosphere and hematopoi-
etic stem cells. For constructing self-inactivating vector plasmids used to obtain
the results shown in Fig. 1 and 4C, pCS-CDF-CG-PRE, a modified form of
pCS-CG-PRE (43), was used as starting material. pCS-CDF-CG-PRE carries a
polypurine tract which increases the efficiency of infection (H. Miyoshi, unpub-
lished data). First, the cytomegalovirus promoter and green fluorescent protein
(GFP) cDNA portions were removed from the plasmid, and Venus reporter
cassettes connected to one of the regulatory regions shown in Fig. 1 were then
subcloned. For the UTF1 regulatory region, the genomic DNA region from �991
to �2041 (29) was used, while for all other regulatory regions, the same portions
used for constructing Venus reporter plasmids were used. The production of
pseudotyped human immunodeficiency virus type 1-based lentivirus possessing
vesicular stomatitis virus G protein (VSV-G) was carried out according to the
method of Miyoshi et al. (25) in which the VSV-G protein allows the virus to
infect mammalian cells in general (for details, see references 24 and 25). The
vector titers were determined as described by Tahara-Hanaoka et al. (43).

For infecting lentivirus, neurospheres were dissociated and immediately in-
fected with the virus at a multiplicity of infection of 1.0. Under this condition,
about 70% of neurosphere cells were infected. These cells were cultured for
another 3 days in serum-free medium containing appropriate growth factors so
that the cells could maintain a multipotent state as described above or in medium
containing 10% fetal bovine serum (FBS).

Murine hematopoietic stem cells with a CD34�/low c-Kit� Sca-1� Lin� phe-
notype (CD34� KSL) were prepared from bone marrow cells according to the
method of Osawa et al. (33). Briefly, bone marrow cells were obtained from the
tibias and femurs of C57BL/6 mice. These bone marrow cells were overlaid with
sodium metrizoate, and low-density cells were harvested. Lineage-positive cells
were removed from these cells by utilizing biotinylated antilineage markers
(Mac1, Gr-1, B220, CD4, CD8, and TER119), and CD34�/low c-Kit� Sca-1� cells
were sorted by fluorescence-activated cell sorting with a Vantage SE (Becton
Dickinson). These hematopoietic stem cell-enriched cells were transduced with
lentivirus bearing the Venus reporter gene at a multiplicity of infection of 300 as
described by Tahara-Hanaoka et al. (43). Under these conditions, about 50% of
CD34� KSL cells were infected.

In utero electroporation. Gene transfer into the developing mouse brains and
subsequent analyses were done as described by Saito and Nakatsuji (40). ICR
strain mice were used for the analyses. Data shown in Fig. 7B were obtained with
coinjection of one of the Venus reporter plasmids shown in Fig. 7A with an
internal control DsRed reporter plasmid in which DsRed expression is supported
by the chicken �-actin promoter (31). In all cases, 3 �l of solution containing 0.1
pmol of DNA was injected.

Immunostaining. Indirect immunocytochemistry was carried out with cells
that had been cultured on coverslips (for in vitro-differentiated ES cells) or in
slide chambers (for clonally grown neurospheres) coated with PDL and laminin.
Cells were fixed with 4% paraformaldehyde for 20 min at room temperature. For
immunohistochemical analyses, brains were recovered from 17.5-day-postcoitum
(d.p.c.) embryos in which the SRR2/tk-Venus reporter had been introduced at
13.5 d.p.c. by in utero electroporation and embedded in OCT materials after
fixation with 4% paraformaldehyde. The frozen sections (thickness, 20 �m) of
fetal brains were incubated with anti-nestin, MAP2, or phosphohistone H3 an-
tibody together with anti-GFP antibody. Immunostaining was performed as de-
scribed by Saba et al. (39) with appropriate Alexa Fluor dye-conjugated second-
ary antibodies from Molecular Probes.

Antibodies. The following antibodies were used for immunostaining analyses:
anti-Sox-2 (rabbit immunoglobulin G [IgG]; CHEMICON), anti-phosphohistone
H3 (clone 6G3; Cell Signaling Technology), anti-MAP2 (clone HM-2; Sigma),
anti-glial fibrillary acidic protein (anti-GFAP) (rabbit IgG; Sigma), O4 (clone 81;
CHEMICON), antinestin (clone Rat401; BD PharMingen), anti-GFP (rabbit
antiserum; MBL), and anti-�-galactosidase (anti-�-Gal) (rabbit IgG; Cappel).
These antibodies were diluted appropriately according to the suppliers’ recom-
mendations.

Luciferase assay. COS cells in 60-mm-diameter dishes were transfected by
lipofection using lipofectamine 2000 (Invitrogen) with the amounts of reporter
and expression vectors indicated in the legend to Fig. 7. The total amount of
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DNA was adjusted to 8 �g with pUC18. After 48 h of transfection, transcription
levels were determined by the dual-luciferase system according to the instruc-
tions of the manufacturer (Promega).

RESULTS

SRR1 and SRR2 exert their activities in forebrain-derived
neurosphere cells. The Sox-2 gene is expressed in various types
of stem cells, including ES cells and neural stem cells (4, 35, 56,
57). Since two regulatory regions, SRR1 and SRR2, which are
involved in the expression of the Sox-2 gene in pluripotent ES
cells, have already been identified (48), we examined whether
these regulatory regions also work in multipotent neural stem
cells. We first produced lentiviruses carrying the Venus re-
porter gene, which encodes a fluorescent protein that exhibits
enhanced fluorescence (28), and one of the various regulatory
regions shown in Fig. 1A. We then used these viruses to infect
cells from neurosphere colonies which had been generated
from the forebrains of 13.5-d.p.c. mouse embryos. Culture
continued for another 72 h. As expected, the EF1 promoter
and nestin enhancer, the best-characterized neural stem cell- or
progenitor cell-specific enhancer (17), were active and drove
the transcription of the Venus reporter gene in the majority of
neurosphere cells (Fig. 1B). More importantly, a substantial
number of cells also became Venus positive when these cells
were infected with viruses bearing SRR1 or SRR2, whereas the
tk promoter alone or the ES cell-specific regulatory element of
the UTF1 gene (29) did not show any obvious effect. To eval-
uate the strength of these regulatory regions on reporter gene
expression, these neurosphere cells were dissociated and their
fluorescent intensity was quantitated by fluorescence-activated
cell sorting analysis. These analyses revealed that SRR1 and
SRR2 display activities equivalent to that of the nestin en-
hancer (Fig. 1C). From these results, we concluded that both
SRR1 and SRR2 are able to function in neural stem cell-
enriched neural cells. We also confirmed that these regulatory
regions, like the nestin enhancer, do not have a prominent
effect on reporter gene expression when cells were cultured
under differentiation-inducing conditions (Fig. 1C), indicating
that both SRR1 and SRR2 display their activities rather spe-
cifically in multipotent neural stem and progenitor cell popu-
lations.

SRR1 and SRR2 direct �-geo reporter gene expression in
nestin-positive cells derived from ES cells. To further charac-
terize the specificities of SRR1 and SRR2 activities in neural
cells, we took advantage of their activities in pluripotent ES
cells. That is, we made two tk promoter/�-geo reporter con-
structs in which either SRR1 or SRR2 is connected to the
promoter. These plasmids were introduced into ES cells by
electroporation, and stable transformants were obtained.
These cells were subjected to neural differentiation in which
cells are cultured as embryoid bodies for 4 days in the absence
of retinoic acids and then cultured for another 4 days in the
presence of retinoic acids (see Materials and Methods). It
should be noted that ES cell-specific enhancers, such as that of
the UTF1 gene, lost their entire activity during this procedure
and that the activities of both SRR1 and SRR2 also profoundly
diminished within the first 4 days of this procedure (data not
shown). We then examined whether SRR1 and SRR2, whose
activities decreased in the beginning of the process, were re-

activated when complete neural differentiation procedures
were applied to the cells. We performed immunological stain-
ing procedures with these differentiation-induced cells to com-
pare the expression profiles of �-Gal directed by SRR1 or
SRR2 and endogenous neural-lineage cell markers. As shown
in Fig. 2A, we found that the expression of �-Gal in cells in
which SRR1 directed �-Gal protein production significantly
overlapped that in cells possessing nestin, but the protein was
not detected in cells with MAP2, one of the markers for post-
mitotic neurons. We obtained essentially the same results with
SRR2 (Fig. 2B). Moreover, as shown in Fig. 2C, we confirmed
the completely mutually exclusive patterns of expression of
�-Gal directed by SRR2 and MAP2 with the aid of confocal
microscopy. To determine the extent of coexpression of the
�-Gal and nestin proteins more precisely, cells bearing the
SRR2/�-Gal transgene were disaggregated after induction of
neural differentiation and then immunostained. A representa-
tive example is shown in Fig. 2D. We found that about 96% of
�-Gal-positive cells were also positive for nestin. Likewise,
94% of �-Gal-positive cells were positive for nestin when cells
bearing the SRR1/�-Gal transgene were used (data not
shown). Thus, these results also indicate that both SRR1 and
SRR2 exert their functions rather specifically in neural stem
and progenitor cells but not in postmitotic neurons.

SRR1 and SRR2 display their enhancer activities rather
specifically in cells located in the ventricular zone of the de-
veloping brain. Next, we examined whether SRR1 and SRR2
are able to function in developing brains of mouse embryos.
We employed in utero electroporation, by which DNAs in-
jected into the lateral or third ventricle of the mouse embryo
brain are efficiently delivered into brain cells (40). We intro-
duced the Venus reporter plasmids shown in Fig. 3A into the
brains of 13.5-d.p.c. mice and maintained them in the uterus.
Four days after electroporation, the brains were recovered,
sliced with a vibratome, and viewed under a fluorescence mi-
croscope. By this method, DNA is delivered exclusively into
cells facing the ventricle, which are mainly neural stem or
progenitor cells. While neural stem cells make cell division in
the ventricular zone, some of their descendants, postmitotic
neurons, migrate into the cortical plate. As expected, many
cells in both the cortical plate and the ventricular zone were
labeled by the transfection of EF1-Venus, in which process
Venus expression is driven by the generally active EF1 pro-
moter. In contrast, the transfection of SRR2/tk-Venus labeled
mainly the ventricular zone and only a limited number of cells
in the cortical plate, indicating that the transcriptional stimu-
lating activity of SRR2 in neural stem or progenitor cells de-
clined abruptly when cells differentiated and migrated to the
cortical plate portion. This assumption was supported by the
fact that Nestin/tk-Venus also gave essentially the same Venus
expression pattern. SRR1 also supported ventricular-zone-spe-
cific Venus expression, albeit rather weakly compared with
what occurred with SRR2 and the nestin enhancer. As ex-
pected, cells with the tk promoter alone and those with the
UTF1 enhancer could not produce appreciable amounts of
Venus-positive cells in these assays (data not shown).

SRR1 and SRR2 do not exert their enhancer activities in
trophoblast and hematopoietic stem cells. Sox-2 expression is
not restricted to ES cells and neural stem cells; it is also
expressed in trophoblast stem cells (4, 55). Moreover, it has
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FIG. 2. Function of SRR1 and SRR2 in ES cells subjected to neural differentiation. ES cells carrying SRR1 (A) or the SRR2/tk-�-geo transgene
(B) were subjected to neural differentiation using retinoic acid as described by Bain et al. (5). These cells were then cultured on coverslips coated with
PDL and laminin for 2 days. After fixation, these cells were immunostained with a combination of two stains, either nestin–�-Gal or MAP2–�-Gal.
(C) The ES cells carrying the SRR2/tk-�-geo transgene were subjected to neural differentiation and immunostained with MAP2–�-Gal as described for
panel B. These cells were then inspected with a confocal microscope. (D) The ES cell-derived neural cells bearing the SRR2/tk-� geo transgene were
dissociated to the single-cell level, transferred to coverslips coated with PDL and laminin, and immunostained with nestin–�-Gal. �, antibody.
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been shown that the protein is required for the development of
trophoblastic stem cell-derived extraembryonic ectodermal tis-
sues (4). Therefore, we examined whether SRR1 and SRR2
can also function in the trophoblast stem cells. To address this
issue, we used a genetically manipulated ES cell line, ZHBTc4,
in which the Oct-3/4 gene shows tetracycline-regulated expres-
sion. This ES cell line can be easily converted to cells with
trophoblast stem cell characteristics by culturing in the pres-
ence of FGF-4, heparin, and tetracycline but in the absence of
leukemia inhibitory factor (32, 44). The SRR1, SRR2, UTF1,
and EF1 regulatory regions were individually connected to the
puro-Venus reporter gene, which encodes a fusion protein of
Venus and puromycin-detoxifying enzyme (see Materials and
Methods). Subsequently, these reporter genes were introduced

to the ES cells by lipofection, and stable puromycin-resistant
transformants were obtained based on these enhancer activi-
ties in pluripotent ES cells. The activities of these regulatory
regions in the ES cells were evident not only by the puromycin-
resistant phenotype but also from the fluorescence of the fu-
sion protein (Fig. 4A). However, when these cells were con-
verted to trophoblast stem cell-like cells, fluorescence from the
fusion protein was concomitantly extinguished in all cases ex-
cept in the cells bearing the EF1-puro-Venus reporter gene.
We also examined reporter gene expression by Western blot
analysis using an anti-GFP polyclonal antibody which recog-
nizes Venus. Consistent with the data shown in Fig. 4A, none
of the regulatory regions except for the EF1 promoter were
able to contribute to the production of a detectable amount of

FIG. 3. Characterization of SRR1 and SRR2 activities in the developing brain by in vivo electroporation. (A) Reporter plasmids used for in
utero electroporation. pA represents the poly(A) signal from simian virus 40. (B) SRR1 and SRR2 support rather specific reporter gene expression
in the ventricular zone of the developing brain. The reporter plasmids were electroporated into E13.5 mouse brain. The red rectangle represents
the brain portion in which the reporter plasmids were introduced. After 4 days, brains were recovered from fetuses and sliced with a vibratome,
and reporter gene expression was inspected. The dorsal portion is to the top, while the medial portion is to the right. Arrowheads and arrows
indicate the ventricular zone and cortical plate of the brain, respectively, while dotted lines correspond to the outer surface of the brain. lv, lateral
ventricle. The white bar corresponds to 100 �m.
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the fusion protein in these trophoblast stem cell-like cells,
although all of these regulatory regions were able to support
reporter gene expression in ES cells (Fig. 4B). It should be
noted that a high level of endogenous Sox-2 gene expression is
detected in these cells (data not shown). Thus, these results
postulate that both SRR1 and SRR2 fail to support gene ex-
pression in trophoblast stem cells and that Sox-2 expression in
these cells is supported by a distinct regulatory region(s).

We next examined the possible function of SRR1 and SRR2
in hematopoietic stem cells. Although the Sox-2 gene appears
not to be expressed in hematopoietic stem cells (36), there is
the possibility that these isolated regulatory regions somehow
function in these cells. For this purpose, we transduced the
reporter genes into CD34� KSL cells, which are a highly en-
riched cell population for hematopoietic stem cells (33), using
the same set of VSV-G pseudotype lentiviruses used to obtain
the results shown in Fig. 1. Only the EF1 promoter exerted its
activity in these hematopoietic cells, whereas all of other reg-
ulatory regions did not show a detectable effect on the expres-
sion of the reporter gene in these cells (Fig. 4C). Thus, to-
gether with the fact that both SRR1 and SRR2 fail to function
in trophoblast stem cells, these regulatory regions do not pro-
miscuously show their transcription-stimulating activities in
stem cells.

Immunohistochemical analyses of cells in which SRR2 func-
tions in the developing brain. For subsequent analyses, we
decided to concentrate on SRR2 in the developing brain be-
cause we have already systematically analyzed the molecular
basis of SRR2 activity in ES cells (48). That is, we believe that
similar systematic analyses of the region in neural stem and
progenitor cells may allow us to compare for ES and neural
stem cells the molecular bases of SRR2-mediated transcrip-
tional stimulating activity.

Based on these considerations, we first examined molecular
aspects of the cells in which SRR2 functions in the developing
brain. After electroporation with the SRR2/tk-Venus reporter
plasmid, brain slices were immunostained for Venus protein
together with antibody for nestin or MAP2 protein. We also
examined the endogenous Sox-2 protein by the same proce-
dure. As shown in Fig. 5A, endogenous Sox-2 was present
rather predominantly in the ventricular zone of the 17.5-d.p.c.
embryonic brain. Similarly, SRR2 directed Venus reporter ex-
pression rather specifically in the ventricular zone (Fig. 5B).
Anti-nestin antibody revealed that the expression of Venus and
the expression of nestin overlapped in the ventricular zone
(Fig. 5B to D; magnified views are shown in panels E to G). To
determine this coexpression conclusively, cells were recovered
from developing brains after electroporation of the reporter

trophoblast stem cell-like cells. (B) Expression level of puro-Venus
protein in ES cells and trophoblast stem cell-like cells. Whole-cell
extracts were prepared from various ES cells and trophoblast stem
cell-like cells, and Western blot analyses were performed using anti-
GFP antibody, which recognizes the Venus portion of the fusion pro-
tein. (C) SRR1 and SRR2 fail to display their enhancer activities in
hematopoietic stem cells. The hematopoietic stem cell-enriched
CD34� KSL cell population from mouse bone marrow was prepared
according to the method of Osawa et al. (33) and transduced with the
lentiviruses shown in Fig. 1A. After 48 h, the production of Venus
reporter protein was inspected.

FIG. 4. SRR1 and SRR2 do not function in trophoblast and hema-
topoietic stem cells. (A) Functional analyses of SRR1 and SRR2 in ES
cells and trophoblast stem cell-like cells. The puro-Venus reporter
genes bearing the indicated regulatory regions were introduced to
ZHBTc4 ES cells (32), and puromycin-resistant transformants were
obtained. These ES cells were then converted to cells with trophoblast
stem cell characteristics as described by Niwa et al. (32). Typical
examples of stable ES cell transformants and cells converted to tro-
phoblast stem cell-like cells were shown under fluorescence micros-
copy. The latter cells were also counterstained with DAPI (4�,6�dia-
midino-2-phenylindole). Arrows indicate ES cell-derived trophoblast
stem cell-like cells with a regular epithelial cell morphology (44). TS,
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plasmid. These cells were then transferred to coverslips and
immunostained for Venus and nestin. Representative data are
shown in Fig. 5H to N. These analyses revealed that about 92%
of Venus-positive cells were nestin positive. We assume that
cells which were positive for nestin but negative for Venus in
most cases represent cells that were not transfected with the
reporter gene. We also compared the levels of expression of
Venus and MAP2 and found that the expressions of these
proteins were mutually exclusive (Fig. 5O to Q). Analyses of
the expression of Venus and phosphohistone H3, a specific

marker for mitotic cells revealed that some of the Venus-
positive cells were also positive for phosphohistone H3 (Fig.
5R to T). Again, cells which were positive for phosphohistone
H3 but negative for Venus were assumed to be nontransfected
cells. In any event, from these results, we conclude that, as in
in vitro-cultured cells, SRR2 exerts its function mainly in rap-
idly proliferating nestin-positive neural stem or progenitor
cells and not in MAP2-positive postmitotic neurons in the
developing brain.

From the homogeneous expression profile of the Venus re-

FIG. 5. SRR2 exerts its enhancer activity in neural stem or progenitor cells but not in postmitotic neurons in developing brains. Sections from
normal E17.5 mouse brain (A) or brains in which the SRR2/tk-Venus reporter gene had been introduced by in vivo electroporation (B to G and
O to T) were immunostained. (H to N) Cells were recovered from brains after incorporation of the reporter plasmid by in utero electroporation,
transferred to a coverslip, and immunostained. The antibodies (�) used are indicated at the top of each panel. (E to G) Magnified views of panels
B to D. The orientation of the brain sections is the same as that shown in Fig. 3B. White bars in panels B, E, O, and R correspond to 100 �m.
Arrows in panel T indicate cells which are doubly positive for GFP and phosphorylated histone H3. lv, lateral ventricle.
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porter gene in the ventricular zone of the embryonic brain, it is
obvious that SRR2 exerts its activity in neural progenitor cells.
However, none of the above-described analyses unequivocally
demonstrate that SRR2 functions in multipotent neural stem
cells. Thus, we performed a clonogenic analysis to examine
whether SRR2 is also active in neural stem cells. By this
method, neurospheres were generated from fetal brains in
which the SRR2/tk-Venus reporter gene had been introduced
by in vivo electroporation and plated at clonal density. Then, a
spherical colony generated from a single Venus-positive cell
shown in Fig. 6A was recovered. By following the same proto-
col, we also prepared neurospheres from healthy developing
brains in which no DNA had been introduced and compared
the self-renewal activities of neurospheres derived from non-
selected control cells and those derived from a single cell in
which SRR2 functioned. As shown in Fig. 6B, these analyses
revealed that the cells in which SRR2 functioned showed ac-
tivity comparable to that of control neurosphere cells in terms
of their ability to produce secondary neurospheres. We next
examined multipotent properties of the cell in which SRR2
functioned. After trypsinization and expansion of neuro-
spheres derived from a single Venus-positive cell, immuno-
staining analyses were performed after induction of differen-
tiation with FBS. As shown in Fig. 6C to E, these cells
generated both MAP2-positive neurons and GFAP-positive
astrocytes upon differentiation. Figure 6F to H show that neu-
rosphere cells derived from the same single cell generated
O4-positive oligodendrocytes as well as GFAP-positive astro-
cytes. Thus, these results confirmed that the cells in which
SRR2 functioned gave rise to all three different neural lineages

when cells were induced to differentiate. From these results,
we conclude that at least a portion of cells showing SRR2-
dependent Venus expression in the developing brain are mul-
tipotent neural stem cells.

The same core sequence of SRR2 is involved in gene expres-
sion in ES cells and neural stem or progenitor cells. To local-
ize the SRR2 core sequence involved in gene expression in
neural stem or progenitor cells, we made a series of internal-
deletion mutants of SRR2 connected to the Venus reporter
gene (Fig. 7A). Subsequently, these plasmids were individually
introduced into the 13.5-d.p.c. mouse brains by in utero elec-
troporation. After 48 h, brains were recovered and Venus
expression was examined as described for Fig. 3B. These anal-
yses revealed that the transcription-stimulating activity of
SRR2 was profoundly impaired in the del.9 and del.10 mutants
but that all of the other mutants showed activities equivalent to
that of wild-type SRR2 (Fig. 7B). It should be noted that
deleted regions of these mutants encompass the octamer and
Sox-2 binding site-like sequences which have been shown to
play a critical role in the enhancer activity of SRR2 in ES cells
(48). To examine the possible involvement of the octamer and
Sox-2 binding site-like sequences in SRR2 in the neural stem
or progenitor cell population, we made two different nucleo-
tide substitution mutants, mutOct and mutSox, in which oc-
tamer and Sox-2 site-like sequences were impaired so as not to
serve as octamer factor and Sox binding sites, respectively (see
Materials and Methods). The transcription-stimulating activi-
ties of these SRR2 mutants were analyzed in developing brains
as described above. These analyses revealed that both of these
mutants failed to exhibit significant activities in this system,

FIG. 5—Continued
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indicating that, as in the ES cells, both the octamer and Sox-2
binding site-like sequences play a pivotal role in supporting the
enhancer activities of SRR2 in developing brains. Moreover,
these octamer and Sox-2 binding site-like sequences, when
multimerized to four copies, were sufficient to support ventric-
ular-zone-restricted reporter gene expression in developing
brains.

We have previously demonstrated that the Oct-3/4–Sox-2
complex makes a major contribution to SRR2 activity in ES
cells (48). Because the same or at least overlapping regulatory

sequences are involved in SRR2 activity in neural stem or
progenitor cells, it is possible to assume that a similar protein
complex(es) supports SRR2 activity in the brain. However,
Oct-3/4 protein is not present in the brain, although Sox-2 is
present in neural stem or progenitor cells. Therefore, it is
conceivable that certain other octamer factors present in the
developing brain may contribute to SRR2 activities in this
tissue. We note from the literature (1, 9, 13, 16, 23, 41, 42) and
microarray analyses (N. Masuyama, S. Miyagi, A. Okuda, and
Y. Gotoh, unpublished data) that four different octamer fac-

FIG. 6. Cells in which SRR2 functions were converted to all three different neural lineages (neuron, astrocyte, and oligodendrocyte) upon
differentiation. (A) Preparation of neurospheres generated from a single cell in which SRR2 functions. Neurospheres prepared from SRR2/tk-
Venus-transfected brains were plated at clonal density with serum-free medium containing basic fibroblast growth factor and epidermal growth
factor for 7 days, and neurospheres derived from single Venus-positive cells were selected. (B) Self-renewal activity of cells in which SRR2
functions. Neurospheres of similar size (about 0.2 mm in diameter) derived from a single Venus-positive cell were individually dissociated and
recultured. The number of generated colonies was counted under a microscope. The data were obtained from 16 independent colonies. The
neurospheres derived from nontransfected brain were used as a control. (C to H) Multipotent properties of cells in which SRR2 functions. The
expanded neurospheres derived from a single cell in which SRR2 functions were dissociated, split into two wells of a slide chamber coated with
PDL and laminin, and cultured in medium containing 1% FBS. After 7 days, cells were fixed and subjected to immunostaining procedures. One
of the chambers was stained with anti-GFAP and anti-MAP2 antibodies (C to E), while the other was stained with anti-GFAP antibody and O4
antibody (F to H). Venus protein is not present in the differentiation-induced cells at a detectable level (data not shown), and the green fluorescent
color in panels C and F is exclusively due to Alexa Fluor 488 dye-conjugated secondary antibody bound to cells via the GFAP–anti-GFAP antibody
complex. �, antibody.
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FIG. 7. The same core sequence of SRR2 is involved in its enhancer activities in ES cells and neural stem or progenitor cells. (A) Schematic
representation of wild-type (WT) and various types of mutants of SRR2. “del.” followed by a number indicates a mutant regulatory region with
a deletion. The Sox- and Oct-like sequences are indicated as filled and open circles, respectively. The open and filled boxes represent noncoding
and coding regions of the Sox-2 gene, respectively. Numbers represent the positions where the adenine nucleotide of the transcription initiation
codon is set to �1. These DNA fragments were subcloned into the ptk-Venus reporter plasmid. (B) The Oct- and Sox-like elements of SRR2 are
required for its enhancer activity in neural stem cells. The Venus reporter plasmids shown in panel A were introduced into E13.5 mouse brain
together with an internal control DsRed reporter gene, which is connected to the chicken �-actin promoter. After 48 h, Venus and DsRed reporter
gene expression was inspected. The orientation of sectioned brains was the same as that in Fig. 3B. (C) All of the POU III class octamer factors
expressed in brain show the potential to augment SRR2 activity together with Sox-2. COS cells were transfected with 0.07 �g of octamer factor
expression vectors and with increasing amounts of Sox-2 vector, as indicated, as well as tk-Luc reporter plasmid (0.7 �g) bearing SRR2. An internal
control luciferase gene (0.7 �g) of Renilla reniformis were also transfected. The transcriptional level was estimated as described in Materials and
Methods. Data were obtained from five independent experiments with comparable results.
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tors, i.e., Brn-1, Brn-2, Brn-4, and Oct-6, in addition to the
widely expressed Oct-1 factor, are present in neural stem or
progenitor cells. Moreover, our analyses revealed that, except
for Oct-1, all of these factors were able to bind to the SRR2
sequence together with Sox-2 in gel shift DNA binding assays
(data not shown). Therefore, we examined the potential in-
volvement of these octamer factors and the Sox-2 protein in
SRR2 activity. To this end, we introduced a luciferase reporter
gene bearing wild-type SRR2 together with expression vectors
of octamer factors and Sox-2 by transient transfection into
COS cells which were devoid of endogenous Sox-2 protein. As
shown in Fig. 7C, increasing the amount of the Sox-2 expres-
sion vector boosted the level of transcription especially when a
certain amount of octamer factor expression vectors were co-
transfected. Indeed, except for Oct-1, all other octamer factors
present in the brain showed activities equivalent to or even
higher than that of Oct-3/4. The observed transcriptional acti-
vation is SRR2 dependent, because no elevation of transcrip-
tional level was detected when the experiments were done with
the reporter gene which lacks SRR2 (data not shown). Thus,
these results indicate that all of these octamer factors except
for Oct-1 have the potential to contribute to SRR2 activity in
the developing brain, although we cannot eliminate the possi-
bility that a novel neural stem or progenitor cell-specific oc-
tamer factor or another type of transcription factor(s) that
contributes to SRR2 activity in the brain remains to be iden-
tified.

DISCUSSION

The Sox-2 gene is known to be expressed in neural stem or
progenitor cells as well as in ES cells (4, 6, 56, 57). In the
present study, we have demonstrated that two Sox-2 regulatory
regions, SRR1 and SRR2, which were previously identified
based on their activities in pluripotent ES cells, also function in
neural stem or progenitor cell populations. There is a prece-
dent for a regulatory region which supports gene expression in
different tissues through the same DNA core element. Indeed,
it has been demonstrated that the mafK gene encoding one of
the small Maf proteins possesses an enhancer that functions in
both cardiac muscle and hematopoietic cells and that distinct
sets of GATA transcription factors are involved in each tissue
to activate the enhancer (18). Thus, the transcriptional regu-
latory mechanism described in the present study is not re-
stricted to stem cells but may operate in many aspects of
development.

About the regulatory element involved in neural Sox-2 ex-
pression, Zappone et al. (57) have previously reported the
identification of the specific region acting as an enhancer in the
developing telencephalon. Now we know that SRR1 activity in
ES cells and the telencephalon-specific enhancer activity which
Zappone et al. identified are defined by a single regulatory
region, i.e., SRR1. Moreover, as with SRR2, SRR1 exerts its
activity in ES cells and neural stem or progenitor cells in a
similar manner by utilizing the common core sequence in
which the octamer-like sequence also plays a central role (S.
Nicolis, personal communication).

The activity of SRR2 in the developing brain has been ex-
amined for the first time in this study. We found that SRR2
was able to function in neural stem or progenitor cell popula-

tion by experiments using neurospheres and also by neural
differentiation of ES cells. The in utero electroporation anal-
yses further corroborate and extend the results obtained with
the in vitro culture systems. Indeed, these analyses clearly
demonstrate that SRR2 is able to display its activity in neural
stem or progenitor cells in the developing brains of mouse
embryos. This system also allowed us to perform clonogenic
analyses for demonstrating that at least a portion of cells in
which SRR2 functions in the developing brain are multipotent
neural stem cells. Zappone et al. (57) had previously shown
that deletion of a DNA region carrying SRR1 resulted in the
loss of the expression of the �-geo reporter gene, which was
integrated into the Sox-2 gene locus by homologous recombi-
nation in the telencephalic portion of developing brain. These
results may cast doubt on the function of SRR2 in this portion
of brain. However, this doubt should be banished. Because of
the vector design, Zappone et al. deleted SRR2 as well as
SRR1 during integration of the reporter gene in the Sox-2
locus. This happened because SRR2, which is located in close
proximity to the coding region of the gene, was not identified
when they had done the analyses. Therefore, the loss of re-
porter gene expression in the telencephalon which Zappone et
al. demonstrated is the consequence of the loss of both SRR1
and SRR2. Moreover, it should be noted that transgenic anal-
yses revealed that, like SRR1, SRR2 functioned as a telen-
cephalon-specific regulatory region (S.M. and A.O., unpub-
lished data). Thus, we assume that both of them play at least a
certain role in supporting the high level of Sox-2 gene expres-
sion in the developing brain, although we do not know at
present whether either one of them plays a more prominent
role than the other.

Sox-2 is not the sole protein which is expressed in both ES
and neural stem cells. Recent microarray technology revealed
the significant similarity between these stem cells at the tran-
scriptional level (36), although significant genetic dissimilari-
ties have also been documented (8). One prominent charac-
teristic shared by ES cells and neural stem cells is the ability to
propagate in tissue culture systems without significantly losing
multipotent properties, although neural stem cells would not
grow indefinitely in vitro (22, 53). On the other hand, in the
case of most other types of somatic stem cells, significant spon-
taneous differentiation occurs during the expansion of cells in
vitro, and hematopoietic stem cells are one of the typical ex-
amples (3, 37). Therefore, it is possible to speculate that sim-
ilar genetic regulatory networks operating in ES cells and neu-
ral stem cells are involved in sustaining the common biological
property of these stem cells. Alternatively, as discussed by
Ramalho-Santos et al. (36), this global overlap in expressed
genes is simply due to the result of conversion of embryonic
ectodermal cells to neural cells by a default mechanism (14). In
any event, it is tempting to speculate that these commonly
expressed genes also possess regulatory regions which are sim-
ilar to SRR1 or SRR2 in sequences and/or element organiza-
tions.

Detailed analyses for characterizing the SRR2 core se-
quence revealed that the same or at least overlapping se-
quences were involved in its activity in ES cells and in the
developing brain. For ES cells, the fact that SRR2 activity is
mostly defined by the Oct-3/4–Sox-2 complex has previously
been demonstrated (48). Although Sox-2 is present in the
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developing brain, Oct-3/4 is essentially not present in this tis-
sue. Therefore, we assume that similar protein complexes, such
as the Brn-1–Sox-2 complex, contribute to SRR2 activities in
the developing brain. Indeed, we have demonstrated that POU
III class octamer factors present in brain, such as Brn-1 and
Brn-2, show the potential to augment SRR2 activity together
with that of Sox-2 in heterologous cells. We think that this
Sox-2-mediated gene regulation with the aid of certain oc-
tamer factors in neural stem cells is particularly interesting. In
fact, a large amount of data underscores the importance of the
Oct-3/4–Sox-2 complex for maintaining the pluripotent state of
ES cells by controlling the expression of many genes in ES cells
(2, 4, 29, 47, 48, 56). Therefore, the presence of transcriptional
regulation by similar protein complexes in neural stem cells
indicates that these complexes also play a crucial role in pre-
venting neural stem or progenitor cells from differentiating
into postmitotic cells. It is noteworthy that essentially the same
set of octamer factors are also shown to be involved in sup-
porting the expression of genes for nestin and brain fatty acid
binding protein, which are, like Sox-2, preferentially expressed
in neural stem or progenitor cells in the brain (17). Thus, these
results indicate that the requirement of these octamer factors
is the general mechanism for restrictive gene expression in
neural stem or progenitor cell populations. However, these
octamer factors should not be thought sufficient to produce a
stem or progenitor cell-specific expression profile in the devel-
oping brain; rather, they require some other factors’ functions
since these octamer factors by themselves are not exclusively
expressed in neural stem or progenitor cells but are also ex-
pressed in subsets of differentiated cells (for details, see refer-
ences 23 and 42). In this context, we assume that the specific
activity of SRR2 in the stem or progenitor population is spec-
ified mainly by the Sox-2 protein by itself.

As described above, we have characterized the regulatory
elements which support specific gene expression in these two
distinct stem cells. Moreover, we have demonstrated that, at
least for SRR2, transcription is activated by a common core
sequence in ES and neural stem or progenitor cells. We hope
that the data presented here may lead to the unraveling of the
broader aspect of a common regulatory network which defines
the nature of the stem cell state of ES cells and neural stem
cells and possibly stem cells in general.
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