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Abstract

How hematopoietic stemcells {HSCs) commit to a particular lineage is unclear. A high degree
of HSC purification enabled us to address this issue at the clonal level. Single-cell transplantation
studies revealed that 40% of the CD34~"%, ¢-Kit*, Sca-17, and lineage marker~ (CD34-KSL)
cells in adule mouse bone martrow were able, as individual cells, to reconstitute myeloid and B-
and T-lymphoid lineages over the long-term. Single-cell culture showed that >40% of
CD347KSL cells could form neutrophil (n)/macrophage (m)/erythroblast (E)/megakaryocyte
(M) (nmEM) colonies. Assuming that a substantial portion of long-term repopulating cells can
be detecred as nmEM cells within this population, we compared differentiation potentials
between individual pairs of daughter and granddaughter cells derived in vitro from single
nmEM cells. One of the two daughter or granddaughter cells remained an nmEM cell. The
other showed a variety of combinations of differentiation potential. In particular, an nmEM
cell directly gave rise, after one cell division, to progenitor cells committed to nm, EM, or M
lineages, The probability of asymmetric division of nmEM cells depended on the cytokines
used. These data strongly suggest that lineage commitment takes place asymmetrically at the

level of HSCs under the influence of external factors.

Key words:  hematopoiesis * cell differentiation « cell lineage  cell division « cytokines

Introduction

One of the central tasks of stem cell biology is to understand
the mechanisms that regulate lineage commitment of stem
cells {i=3). Despite the fact that hematopoietic stem cells
{HSCs} are the best characterized stem population (4), how
they differentiate is poorly understood. Several models have
been proposed to exphin HSC fate determination. Analyses
of in vivo as well as in vitro colony-forming cells (CFCs),
particularly CFCs obtained from blast cell colonies, have
suggested a stochastic model for HSC behavior (5-13).
Consistent with this model, a permissive role for cytokines
has also been suggested (12, 14, 15). The classic hematopoietic
inductive microenvironment (16) and stem cell competition
models {17) have held that extrinsie factors play an instructive
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role. This idea has been supported by lineage analysis of the
progeny of CFCs (18-20). Because no previous paper has
verified these working models by directly examining H$Cs,
whether extrinsic signaling plays any role in HSC lLineage
conunitment remains controversial,

Fate decision in HSCs (self-renewal, differendation. or
apoptosis) takes place through their cell division. Therefore,
to study lineage commitment in HSCs, we sought to deter-
nine the differentiation potendal of the immediate progeny
of HSC:s at the clonal level. That HSC:s are highly enriched
in a population of CID3477%, ¢-Kit*, Sca-1*, and lincage
marker™ (CD34-KSL) cells among bone marrow cells of
the adult mouse has ensbled both in vitro and in vive
clonal analyses of HSCs (21, 22). Cytokines such as IL-3
and thrombopoietin (TPQ) together with stem cell factor
(SCF) directdy acted on these cells and induced their division

Abbreviarions wsed in shis paper: bl, bhstlike; CFC. colony-forming cell;
CMP, common myeloid progenitor; E, ervthroblasi; EPQ, ervthropoteting
HSC. hematopoietic stem cell: m, macrophage: M, megakaryocyte: n.
neutrophil: SA, streptaviding SCF, stem cell factor; TPO. thrombopoietin,
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(22}. After CD347KSL cells underwent one cell division,
stem cell activity became undetectable in their progeny ex-
cept in limited cases, where this activity was maintained in
one of the two daughter cells (22, 23). We assumed that
lineage commitment could be responsible for loss of stem
cell activity in this setting. To verify this hypothesis, we
rigorously examined the differentiation potential of paired
daughter cells arisen from single CD347KSL cells in vitro.

Despite a lack of information on lymphoid differentia-
tion potential. in vitro colony assay permits quantitative
evaluation of differentiation potential along neutrophil (n),
miacrophage (m), erythroblast (E), and megakaryocyte (M)
lineages at the single-cell level. In this work, using in vitro
colony assays, we demonstrated thar lineage commitment
of multipotent CD347KSL cells occurs at the initial stage
of their cell divisions, and that this lineage commitment is
asymmetric. Treatment with certain cytokines increases the
chance that CD347KSL cells will divide in an asymmenric
rather than a symmetric manner, with one daughter cell
committed to lineage-specific differentiation.

A preferred model of lineage restriction proposes that
nm and EM progenitor cells separately split from a com-
mon myeloid progenitor (CMP; reference 24). A multipo-
tent CD347KSL cell never gave rise to an EM-nm colony
pair throughout these studies: in effect, events predicted by
the CMP model were not observed. We propose an alter-
nattve model for nm and EM lineage restrictions in the
HSC compartment.

Materials and Methods

Purification of CD34~KSL Cells. Bone marrow cells were ob-
tained from 8 to 10-wk-old male C57BL/6 mice congenic for
the Ly5 locus (B6-Ly3.1 mice). CD34 KSL cells were purified
from bone marrow cells as described previously (25). Bone mar-
row cells were stained with a lineage marker cocktail consisting
of biotinylated anti-Gr-1, -Mac-1, -B220, -CD4, ~CD8, and
-Ter119 monoclonal antibadies. Lineage marker* cells were de-
pleted using serepravidin (SA)-coupled magnetic beads (M-280;
Dynal). The remaining cells were stained with FITC-conjugated
anti-CD34, PE-conjugated anti-Sca-1, and allophycocyanin-
conjugated ant—c-Kit antibodies, followed by development with
SA-Texas red {Invitrogen). All antibodies were purchased from
Becton Dickinson. Four-color analysis and sorting were per-
formed on a FACSVantage™ SE System (Becton Dickinson),
CD347KSL cells were directly sorted into a 96-well plate at 1
cell/well using a FACSVantage™ SE System, To confimm the
presence of 1 cell/well, the plate was centrifuged at 1,800 revolu-
tions/min for 5 min, placed in a 37°C incubator for at least 2 h,
and observed under inverted microscopy.

Single-cell Recoustinuwion. A single CD347KSL cell isolated
from a B6-Ly5.]1 mouse was mixed with 2 X 107 bone marrow
cells from a B6-Ly5.1/Ly3.2 Fl mouse. The cell mixture was
injected into a B6-Ly5.2 mouse irradiated at a dose of 950 cGy.
Peripheral blood cells of the recipient mice were stained with
biotinylated ant-Ly5.1, FITC-conjugated anti-Ly3.2, allophyco-
cyanin-conjugated anti-B220 antbodies, and a mixtre of PE-
conjugated anti-Mac-1 and anti~Gr-1 antibodies or a mixture of
PE-~conjugated anti-CD 4 and anti-CD8§ antibodies. After biotin-
vlated antibody was developed with SA-Texas red, cells were an-
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alyzed by FACS® as described previously (25). The extent of -
single~cell reconstitution was expressed as (% Ly5.1 cells X 100}/
(% Ly5.1 cells + % F1 cells), or percent chimerism. When per-
cent chimerism was >1.0 for all myeloid, B-lymphoid, and
T-lymphoid lineages, a test donor cell was judged to have been 2
long-term multilineage repopulating cell,

Single-cell Culnre.  Single-cell cultures of CD3+4-KSL cells
were perfonmed as described previously (22). For induction of
early cell divisions, single cells were incubated in serunmi-free me-
dium (Stempro-34; Invitrogen) with 2 mM L-glatamine, 5 X
1073 M 2-B-mercaptoethanol, and the following cytokines: 100
ng/ml of mouse SCF, 10 ng/ml of mouse IL-3, and 100 ng/ml
of human TPO., For in vitre coleny formation, CD347KSL cells
or their progeny were individually cultured for 14 d in the same
serum-free mediwm with SCE, IL-3, and TPO in the same con-
centrations as aforementioned, additionally with 10% FCS and 2
U/ml human erythropoietin (EPO). Based on colony size, the
number of cells per colony was esimated to be 50-100, >100,
=102, >10¢7, or > 103, followed by cell counts for representative
colonies. Single-cell culture has been shown ro have an advan-
tage over conventional semisolid culture when frequencies of a
variety of CFCs are to be determined. This is because the num-
ber of plated cells can be known exactly, and cells composing a
colony can be efficiendy collected for morphological examina-
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Figure 1. Micromanipulation of daughter cell pairs and granddaughter
cell pairs derived from single CD347KSL cells in vitra. (A) After single
CD347KSL cells underwent first divisions in the presence of SCF.
SCF + IL-3, SCF + TPO, or SCF + IL-3 + TPO, members of daugh-
ter cell pairs were separated by micremanipulation and further cultured in
the presence of SCF + 1L-3 + TPO + EPQ ta penmir full differenciagon
dlong myeloid lineage. (B) After single CD347KSL cells underwent first
divisions in the presence of SCF + IL-3 or SCF + TPO, members of
daughter cell pairs were separated into wells containing SCF + IL-3 or
SCF + TPO. After each daughter cell underwent second division, grand-
daughter cells were separated and individually caltured in the presence of
SCF + IL-3 + TPQ + EPO.
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tion using Cytospin {Shandon) without cross-contamination
among colonies.

Aicromanipulation of Daughter Cells.  After single cells under-
weng ¢ell division in the presence of SCF, SCF + IL-3, SCF +
TPO, or SCF + IL-3 + TPO by day 5 of culture, one member
of the pair of daughter cells was transferred into another well us-
ing a micromanipulator (Fig. 1 A). Individual members of daugh-
ter cell pairs, in different wells, were cultured in parallel in the
presence of SCF + IL-3 + TPO + EPO for 10-14 d. For serial
micromanipulation, after single cells gave rise to daughter cells in
the presence of eicher SCF + IL-3 or SCF + TPO, one of the
two daugheer cells remained in the same well where culture had
been inidated, and the other was transferred into a new well con-
wining the same combination of cytokines. After daughter cells
underwent cell division, the two cells derived from each daugheer
cell (granddaughter cells) were separated and continucusly cul-
tured in the presence of SCF + IL-3 + TPO + EPO for 10~14d
(Fig. 1 B).

Detennination of Differentiation Potential.  Cytospin preparations
were made for all colonies consisting of =50 cells. Cells were
stained with May-Groenwald-Giemsa solution and morphologi-
cally identified as n, m, E, M, or blastlike (bl) cells. Two indepen-
dent persons examined a total of 1,000 cells/colony in most cases;
M colonies were an exception, identified in situ when 8-50 typi-
cal Ms were detected. The differentiation potential of parent cells
was extrapolated backward from the differendation potendals of
daughter cells. For example, when one or two daughter cells gave
rise o nmEM colonies, their parent cell was judged to have had
the potentizl to differentiate along nmEM bneages. When one
daughter cell gave rise to an nmE colony, and the other gave rise
to an nnM colony, the differentiation potential of their parent
cell was also consideted to have been nmEM, We defined cells
with nmEM differentiation potential as uncommitted cells, By
contrast, commitnient was defined as the event causing cells to
lose the potential to differentiate along one or more lineages from
among the set of n, m, E, and M. Asymmetric division was de-

Table L. Long-Tenn Repopulation with Single CD34~KSL Cells
Chimerism in
Repopulated No. Myeloid  B-lymphoid T-lymphoid
lineage of mice lineage lineage lineage
%) %% % . %

My/B/T 8/20 (400 53.3 % 328 284 * 218 321 + 233
(n=8)

My 3/20(15) 41 *27 - -
=23

B 1720 (5) - 1.5 -

T 1720 (5) - - 8.6

A single CD347KSL cell was transplanted into a lethally irradisted
mouse together with 2 X 107 competitor cells. Lineage contribution was
evaluated 4 mo after rransplantation. All myeloid, B-lvmphoid. and
T-lymphoid lineages (My/B/T) were repopulated with a single cell in
§ our of 20 recipient mice. Repapulation oaly in myeloid (My).
B-lvmphoid (B). or T-lymphoid (T) lincage was also observed. Percent
chimerism in cach lineage is expressed 45 mean * SD.
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Figure 2. Colony-forming ability of single CD34-KSL cells. CD34-
KSL cells were individually culiured in the presence of SCF, IL-3, TPO,
and EPO for 2 wk. Percentages of CFCs with differene differentiation poten-
tials are shown based on three independent experiments, Colany cells
were morpholegically identified as neutrophils (n), macrophages {m),
erythroblasts (B}, or megakarvocytes (M). Otherwise, unidentified inumarare
cells were designated as blasthke cells (bl). The nmEM cells constituted
43.2 = 3.2% (mean £ S13; # = 3) of the colony-forming C123347KSL cells.

fined as cell division, resultng in production of two daughter cells
with different differentation potentials {26). To compare proba-
bilities that asymmetric division would occur under different con-
ditions, Fisher’s exact test was used.

Results

Long-Term  Multilineage  Repopulating  Activiey in Single
CD347KSL Cells.  Consistent with our previous observa-
tions {22), single—cell transplantation assays identified 40%
of CD347KSL cells as long-term multilineage repopulating
cells (Table I). In addition, 25% of the cells appeared to be
myeloid, B-lymphoid, or T-lymphoid lineage-restricted
repopulating cells. When CD34*KSL cells were used as
rescue cells, 20% of the CD34~KSL cells contributed to
long-term repopulation (21). A certain number of recipient
mice died before analysis in such a rescue experiment, per-
haps resulting in this lower effective reconstitution rate.

CD34~KSL Cclls with nmEM Differentiation  Potential.
Colony formation by single CD347KSL cells was exam-
ined in the presence of a combination of SCF + IL-3 +
TPO + EPO. On average, cells were not found in 2% of
the wells due to sorting failure, immediate apoptosis, or ad-
hesion of sorted cells to the wall of the plate. The differen-
tiation potential could not be determined in 2-3% of the
cells because they gave rse either to <50 cells or to as
many as 1,000 cells with bl cell morphology, The remain-
ing cells formed a variety of colonies as shown in Fig. 2,
Approximately 40% of the colonies were classified as
nmEM colonies; uni-. bi-, and wipotent progenitor cells
were detected less frequently. On average, 98% of the
nmEM celonies consisted of > 107 cells {unpublished data),
suggesang that these CFCs constitute a highly proliferative
subset among CD347KSL cells,
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Table IL.  Differentiation Potentials of Paired Daughrer Cells

Differentiation

potential
Cytakine One The other No. of pairs
SCF nmEM nmEM 11
nmEM nm 4
nmEM nmM 3
nmEM nEM 2
nmEM M 2
nmE EM 1
SCF +IL-3 nnEM nmEM 8
nmEM nEM +4
nmEM nmE 2
nmEM EM 3
nmEM M 2
nmEM nmM |
nmEM mm 1
nEM nm |
SCF + TPO runEM nmEM 19
nmEM nmE 2
nmEM nEM 1
nmEM m |
SCF + IL-3 + TPO nmEM nmEM 10
nmEM nmM 2
nmEM nmE 1
nmEM nm 1
wmEM mE 1
nmEM EM 1
nmEM nE 1
nmEM M 1
nmE nmM 1
nEM mM 1

Differentiation potential along myeloid lincage was determined for sach
of the members of paired daughter cells. Daca on three independent
experiments for each culture condition are summarized. In cotal, 40, 37,
52, and 41 pairs were exaumined after the treament with SCF, SCF +
IL-3. SCF + TPO, and SCF + IL-3 + TPO, respectvely. Only ¢he
pairs whose parental cells sheuld have had neutrophil (n), macrophage
{m). erythroblast (E), and megakaryocyre (M) differentiation potencial are
presented. The probability of asvmmetric division was (152 {12/23), 0.62
(13721}, 0.17 (4/23), or 0.50 (10/20) in the case of SCF. SCF + IL-3,
SCF + TPO. or SCF + IL-3 + TPO, respectively. The probability of
asymimerric division in the presence of SCF + IL-3 was significantly
greater than that 1 the presence of SCF + TPO (P = 1,0047).

Asymmerttic Division of umEM Cells.  Single CD34-KSL
cells were incubated in the presence of different cyrokines:
SCF alone, SCF + IL-3, SCF + TPO, or SCF + IL-3 4
TPO. After they divided once, the two resultant daughter

298 Asymumetric Division of Hematopoietic Stem Cells
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cells were separated by micromanipulation (Fig. 1 A). Indi-
vidual daughter cells were subsequently allowed to form
colonies in the presence of SCF + IL-3 + TPO + EPO. A
total of 340 daughter cells (170 pairs) were successfully mi-
cromanipulated; their differentiation potentials were then
examined. Daughter cells showed a variety of differentia-
tion potentials. The most frequently observed differentia-
tion potential of daughter cells was nmEM, regardless of
the cytokines used for induction of parent—cell division. In
this work, we operadonally defined retrospectively identifi-
able nmEM cells as HSCs and examined the differendation
potential of their inumediate progeny.

Table II lists all the pairs whose parent cells were inferred
to have had nmEM differentiation potential. In these cases,
daughter cells (other than M-unipotent daughter cells) gave
rise to colonies large enough for cytospin preparation. Two
cases in which a nmEM daughter cell had no identifiable
pair were excluded from analysis because a technical error
in micromanipulation might have been responsible.

Regardless of what kind of ¢ytokine mix was used, one
of the two daughter cells showed differentiation potential,
in most cases along nmEM lineage. These nmEM cells had
tri-, bi-, and unipotent daughter cells as partners. Thus, lin-
eage commitment in nmEM cells oceurred through asym-
metric division, Interestingly, progenitor cells commiteed
to M, m, EM, or nm lineages were direcdy derived from
nmEM cells via only one division,

When only SCF was used to induce cell division, asym-
metric division tock place in 52% of the cases, When [L-3
was used together with SCF, the probability of asymmerric
division increased only slightly (P = 0.62). After an nmEM
cell underwenc asymmetric division in the presence of SCF
alone or SCF + IL-3, one of the two daughter cells
showed a variety of differentiation potentials. In contrast,
when TPO was used with SCF, the number of different
combinations of differentiation potential exhibited by indi-
vidual pairs of daughter cells was limited, and the prob-
ability of asymmetric division dropped to 0.17. This
represenced a significant difference in the probability of
asymmetric division between cells treated with SCF + 1L-3
and cells treated with SCF + TPO (P < 0.005). This result
is consistent with our previous observation that SCE +
TPO maintained repopulating activity in pairs of daughter
cells derived from single CD34 KSL cells more efficiently
than did SCF + IL-3 (22). In the case of SCE + IL-3 +
TPO, the probability of asymmetric division was 0.5, simi-
lar to that of SCF alone. Together, these data show that
one asymmetric division of muldlineage CD347KSL cells
leads to lineage commitment in their progeny and that the
likelihood of asymmetric division is strongly biased by cy-
tokine administration,

Lineage Commitment of nmEM Cells through Serial Division.
To discover whether lineage commitment of nmEM cells
occurs in the same manner through serial division, we ex-
amined the differendadon potential of individual grand-
daughter cells generated from single CD347KSL cells in
the presence of SCF + IL-3 or SCF + TPO (Fig, 1 B).
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Table ITL.  Differentiation Potential of Paired Granddaughter Cells

Differentiation potential

Cytokine Cne The other No. of pairs

SCF + IL-3 nmEM nmEM 15
nmEM nm 6
nmEM mEM 5
nmEM nmM 2
nmEM nmE 1
nmEM mM 1
nmEM M |
nmM nmE 2
nmM nEM 1
nm nEM 2

SCF + TPO nmEM mnEM 2]
nmEM nm 5
nmEM nmil 2
nmEM nmE 1
nmmEM M |
nEM m 1

. After single CD347KSL cells divided in the presence of the cytokines
shown, the two daughter cells were separated. After individual daughter
cells underwent division under the suime condition, the granddaughter
cells were again scparated and were allowed to form colonies in the
presence of SCF + IL-3 + TPO + EPO (Fig. | B). In total. 59 and 47
cel) pairs generated in the presence of SCF + IL-3 and SCF + TPO
were serially manipulated. Only the pairs derived from nmEM cells are
presented. The probability of asymmetric division induced by SCF +
I1-3 (0.58, 21/36) was significandy greater than that induced by SCF +
TPO (0.32, 10/31; P = 0.0492).

118 and 94 paired granddaughter cells in SCF + I1L-3 and
SCF + TPO regimens, respectively, were successfully mi-
cromanipulated. Like daughter cells, granddaughter cells
showed wide varieties of differendation potendal, but the
capacity for nmEM differentiation remained most frequent.
Table NI shows the differentiation potentials of grand-
daughter cells that were considered to be derived from
nmEM cells. Lineage commitment of nmEM cells also
took place via asymmeuric division at their second division,
independent of whether IL-3 or TPO was the cytokine ad-
ministered. When SCF + [L-3 were used, the second divi-
sion of nmEM cells had a probability of 0.58 of generating
cells asymmetric for differendadon potential. This proba-
bility was similar to that on the first division in the presence
of SCF + IL-3 (Tables II and III). When SCF + TPO
were used, the probability that a second division would
generate cells asymmetric for differentiation potential was
0.32, higher than that on first division. Despite this in-
crease, the difference in probability of asymmetric division
between cells treated with SCF + IL-3 and cells treated
with SCF + TPO remained significant. Once nmEM cells
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are regenerated on first division, these daughter cells be-
have like their parent nmEM cells,

Discussion

Precise analysis of the mode of lineage commitment in
HSCs has been hampered because HSCs are very rare in
the bone marrow and probably are functionally heteroge-
neous. Moreover, their differentiation process is mostly
associated with cell division. We addressed this issue by
analyzing daughter cells derived from single nmEM cells
among highly purified HSCs.

The success rate of long-term reconstitution with single
CD347KSL cells ranged from 20 to 50% in our series of
studies, presumably depending on the degree of purifica-
tion in each experiment (unpublished data). As shown in
Table 1. 40 and 25% of the CD34°KSL cells were de-
tected as multilineage and unilineage repopulating cells in
this work. The seeding efficiency of repopulating cells in
total appeared to be from 65 to 100%, supporting the
proposition that HSCs can engraft much more efficiently
than previously thought (27). By calculation, the fre-
quency of long-term multilineage repopulating ceils in
this population can be corrected as 40-60%. Because
>90% of the cells showed colony-forming activity (Fig.
2}, most HSCs, if not all, should be able to form colonies
in vitro.

To study the commitment process of HSCs while ex-
cluding from our analyses HSCs' committed progeny, we
further selected for study, by retrospective inference, cells
retaining the full range of capacities for differendation
(nmEM differentiation potential). The proportion of long-
term repopulating cells that ean be identfied as nmEM
progenitor cells remains uncertain, However, nmEM cells
appeared to be a major subpopulation. consisting of highly
proliferative cells, among CD34"KSL cells. Retrospec-
tively identified nmEM cells indeed constituted 2 major
subpopulation among CD347KSL cells, but not among
CD34*KSL cells (unpublished data).

In most daughter cell and granddaughter cell pairs, one
of the two cells inherited nmEM differentiation potential
from its parent cell. The other daughter or granddaughter
cell either also remained capable of giving rise to an nmEM
colony or became committed to some lineage (Tables 11
and 11). These analyses relied on identification of lineage
components in well-formed colonies. One of the compo-
nents ariginally present could have been lost during the nu-
merous cell divisions required for colony formation. In
such a case, the differentiation potental of daughter cells (as
assessed by identification of their descendanes’ phenotypes)
would be underestimated. However, daughter cell pairs
and granddaughter cell pairs were always assayed in paralle!
under exactly the same conditions. Bias owing to underes-
timation of differentiadon potential should be equal for
each of the owo cells. Perhaps variation in differendacion
potendal between the two eells in each pair was inherent
from the first division onward.
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The terms “symmetric” and “asymmetric” were also de-
fined based on components of well-formed colonies, Cell
numbers and differental counts within colonies were not
taken into account when evaluating lineage commitment.
The pioneer work on paired daughter cells done by Suda et
al. has suggested the progressive and stochastic lineage re-
striction of HSCs (8, 9). Suda et al. also have observed that
multipotent cells asymmetrically give fise to unipotent
cells. Tt has been shown that these blast colonies contain
very few long-term repopulating cells (28). Their observa-
tions likely reflect the behavior of progenitor cells at an
early stage of differentation. Together, our dam suggest
that HSCs and their early progeny similarly undergo lin-
€age commitment in an asymmetric manner.

The Drosophila melanogaster neuroblast asymmetrically di-
vides to produce both neuroblast and ganglion mother cell
(26). This similarity to mouse HSC behavior suggests that
asymmetric division is a mechanism for generating cellular
diversity common to stem and progenitor cells in the ner-
vous and hematopoietic systems. Asymmerric division is
considered to involve both unequal segregation of determi-
nants and cell-cell interaction (26). Numb protein has been
implicated as one such detenminanc in neural development.
The primary function of Numb seems not the direct speci-
fication of fate, but rather modulation of etvironmental
cues like Notch signaling (29). Although such a determi-
nant has not been recognized in hematopoietc systems, a
distinct expression pattern of particular genes in one of the
two daughter cells may lead to lineage commitment as pro-
posed by Cross et al. (30): different regions of the cell sap at
the moment of division may contain unequally distributed
gene products, and this inequality in distribution may tip
the balance from one comniitment pattern to another.

Expression of transcriptonal factors such as SCL, GATA-2,
Gii-1B, and PU.1 has been detected in C347KSL cells
(31, 32}, If all these genes are expressed in a daughter cell,
that cell may retain nmEM differentiation potendal. If PU.1
1s predominantly expressed, a daughter cell may commit to
nm lineage. In contrast, a daughter cell may conumit to EM
lineage if expression levels of SCL, GATA-2, and Gf-1B in
concert dominate PU.1. Cross-antagonism can be an alter-
native mechanism for dominant action of a certain tran-
scripuonal factor over an opposing one (33),

This work clearly demonstrates an instructive role of cy-
tokines in lineage commitment at the level of HSCs (Ta-
bles I1 and ItI). The probability of lineage commitment by
nmEM cells in the presence of SCF + TPO was signifi-
candy lower than that in the presence of SCF + IL-3. The
probability remained similar through the inital two divi-
sions with SCF + IL-3 (0.62 and 0.58), but not with
SCF + TPO (0.17 and 0.32). Lineage commitment by
HSCs can be controlled to some extent by external factors.
Whether cytokines also influence which lineage parental is
chosen by HSCs upon their lineage commiment remains
unclear. Fig. 3 presents the numbers of commitced progen-
itor cells that appeared after the first and second divisions of
nmEM cells, In the presence of either IL-3 or TPO,
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Figure 3. Distnbution of lineage-committed daughter and grand-
daughter cells. The numbers of danghter and granddaugheer cells that Jost
the capacity to differentiate along one or more lineages are graphed, using
data in Tables IT and 111, All possible combinations of differentiation
potential are shown in the same order as that presented in Fig. 2.

nmEM cells seemed to have a preference in lineage choice,
suggesting that the fate decision of HSCs is not a tandom
event. Alternatively, this may simply indicate postcommit-
ment selection in given culture conditions.

Interestingly, we did not observe the combination of nm
lineage and EM lineage in a total of 154 pairs of daughter
and granddaughter cells (Tables I and III). A CMP has
been described as giving rise to separate colonies of nm lin-
eage and EM lineage in culture, with EM lineage—commie-
ted progenitors, in turn, giving rise to E lineage—commic-
ted progenitors and M lineage—committed progenitors,
supporting a progressive loss of differentiaion potential
(34). Our data suggest an alternadve pathway of myelo-
erythroid differentiation in which nm or EM progenitor
cells can asymmerrically develop from an HSC population

MEP @ mrPm
(EM) j .
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nMEM  nmEM tnmEML .
HC @+ @+ @+ 8 >+ @ ® i)
- A ] »
e o ®
nm m GMP
EM EM nny
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Stem cell levet Progentor cell levet
Figure 4. Myeloid lincage restriction model. The mode of lineage
commitment at the level of HSCs may differ from that at the level of pro-
genitor cells, Our madel for HSCs is presented in combinaton with the
model proposed by Weissman's group (34). An HSC can directly give rise
to lineage-committed progenitor cells such as nm, EM, or M progenitor
cells through inidal HSC division in asymmetric manner. It may give rise
to a common myeloid progenitor {CMP) after a certain number of divisions.
The CMP gives rise to a megakaryocyte/ervthrocyte lineage-restricted
progendtor (MEP) and to a granulocyte /macrophage lineage-restricted
progenitor (GMP). The MEP progressively gives rise to a2 megakaryocvte-
committed progenitor (MKP) and to an ervthrocyte lineage-committed
progenitor (ErP). P. probability of asymmenic division.
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with no need for a CMP intermediate (Fig. 4). The modes
of lineage commitment possibly differ between stem and
progenitor cell compartments.

HSCs, progenitor cells of CMPs and common lymphoid
progenitors, and CMPs could have all been detected as
nmEM cells in this work because self-renewal activity and
B- and T-lymphoid differentiaton potentials were not ex-
amined. In the presence of SCF + TPO, 42 out of 46
daughter cells (91%) and 51 out of 62 granddaughter cells
(82%) retained the capacity to differentate along nmEM
lineage after. respectively, cheir first and second divisions
(Tables II and IIT). The nmEM cells apparently regenerated
themselves in their early divisions. On the other hand, a
substantial loss in the number of long-term repopulating
cells under the same conditions has been observed (22). It is
assumed that a majority of nmEM cells generated in culture
in this work might have lost self-renewal activity, bur still
maintained the capacity to differentiate along multiple lin-
eages. Common progenitor cells giving rise to both CMPs
and common lymphoid progenitors have not been identi-
fied. After a certain number of divisions, HSCs should give
rise to such progenitor cells at a certain stage of differentda-
tion. To verfy our model of lineage commitment, both
myeloid and lymphoid differentiation potendals should be
examined for intermediate cells between HSCs and CMPs
ac the clonal level, To do this, an assay sensitive and effi-
cient enough for detecdon of all potendals in individual
cells needs to be developed. Our working model, nonethe-
less. may help in studying the molecular mechanism of lin-
eage commitment in HSCs.
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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 usvally
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 anafyses 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 infegrin 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 muitiple different reguiatory
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-4it pene supports its

* Corresponding author. Mailing address: Division of Developmen-
tal Biclopy, Research Center for Genomic Medicine, Saitama Medical
School, 1397-1 Yamane Hidaka, Saitama 350-1241, Japan. Phone:
81-429-85-7268. Fax: §1-429-85-7264. E-mail; akiokuda@ saitama-med
Aacjp.

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-
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mental potential. Besides being expressed in eatly mouse em-
bryos, Sox-2 is also expressed in the developing central nervous
system (6, 12, 20, 34, 51, 52, 57). Sov-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
etal. (11) recently demonstrated that the signaling of members
of the SoxBl transcription factor group, which includes the
Sox-2 protein, is sufficient to maintain the panneura) 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 B-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 SRRI or
SRR2 was subcloned together with a herpes simplex virus thymidine kinase (k)
promoter (positions =109 to +51) (21). SRR 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) (SM. and A.O., unpublished data) from previous work (48).
SRRI was recavered 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 SRRI and SRR2, the same DNA fragments used to obtain the
results shown in Fig, 2 were used. These regulatory regions were subcloned into
the Sall/Ncol site of Venus/pCS2 (28), which carries the Venus reporter gene
togeiher with the rk 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, MI53T, V163A, and §175G) and exhibits enhanced
fuorescence because of these mutations (28). For constructing EF1-Venus, the
LEFI promoter region was recovered from the pEF-BOS vector (26) and sub-
cloned into the Satl/Ncol 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 mutQOer and mutSox carried the same mutations
of triple-point mutants 19 and 16, respectively, which were described previously
(48). For constructing the 4XCORE plasmid, the SRR2 core sequence, §'-GG
CAGCCATTGTGATGCA TATGGATTA-3', was multimerized to four copies
according to the method of Nishimoto et al. (30) and subcloned into the Sall/
Ncol site of the Fenus 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 (SM. and HN,,
unpublished data). Subsequently, various regulatory regions used to obtain the
results shown in Fig. 4A and B were individually subctoned 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 SRR?J
tk-luciferase reporner gene was described previously (48).

ES cell culture and transfection. E14 ES cells were cultured as described
previously {29}, The B-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 expandea 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-frans-retinoic acids (0.5 pM) for
the last 4 days. Subsequently. cell aggregates were plated onto tissue culture
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dishes precoated with poly-pysine (PDL) and laminin and cultured for another
2 days before being subjected to immunohistochemical analyses. Establishment
and culture of traphoblast stem eels by cultivating ZHTo4 ES cells with FGF4,
heparin, and tetracycline were done as described by Niwa et al. (32).

Neurosphere culture. Neurospheres were generated from an embryonic day
135 (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 bormone mix and salt midiure.

Generation of lentivirus vectors and Infection of neurosphere and hematopol-
etic stem cells. For constructing self-inactivating vector plasmids used to obtain
the results showm 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 UTF! 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 Fenus reporter plasmids were used. The production of
psendotyped human immunedeficiency vims type 1-based lentivirus possessing
vesicular stomatitis virus G protein (VSV-G) was camried 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 muliplicity of infection of 1.0. Under this condition,
ahout 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™" ¢.Kit* Sca-1* Lin™ phe-
notype (CD34~ KSL) were prepared from bone marow cells according to the
method of Osawa et al. (33). Briefly, bone marrow cells wete 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 remaved from these cells by utilizing biotinylated antilineage markers
(Macl, Gr-1, 8220, CD4, CD8. and TER119), and CD34 %% o Kit* Sca-1* cells
were sorted by flunrescence-activated cell sorting with a Vantage SE (Becton
Dickinson), These hematopoietic stem cell-enriched cells were transduced with
lentivirus bearing the Vernues 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,

I 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
internial contral DsRed reporter plasmid in which DsRed expression is supported
by the chicken B-actin promoter (31) In all cases. 3 pl of solution containing 0.1
pmol of DNA was injected.

Immunostaining. Indirect immunocytochemistry was carried out with cels
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 reom temperature, For
immunohistochemical analyses, brains were recovered from 17.5-day-postcoitum
{d.p.c.) embryos in which the SRRYtk-Venus reporter had been introduced at
13.5 dp.c. by in utero electroporation and embedded in OCT materials after
fixation with 4% paraformaldehyde. The frozen sections (thickness, 20 wm) 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 anatyses:
anti-Sox-2 (rabbit immunoglobulin G [1gG); CHEMICON), anti-phosphohistone
H3 (clone 6G3; Cell Signaling Technology). anti-MAP2 (clone HM-2; Sigma),
anti-glial fibrillary acidic protein (anti-GFAF) (rabbit IgG; Sigma), 04 (clone 81;
CHEMICON), antinestin (clone Rat401; BD PharMingen), anti-GFP (rabbit
antiserom; MBL). and anti-B-galactosidase (anti-B-Gal) (rabbit IgG; Cappel).
These aniibodies were diluted appropriately according to the suppliers’ recom-
mendations.

Luciferase assay, COS cells in 60-mm-diameter dishes were transfected by
lipofection using Epofectarnine 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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FIG. 1. SRRI and SRR2 show enhancer activities equivalent to that of the nesrin regulatory region in neurospheres, (A) Schematic representation of the self-inuctivating
vector {pCS-CDF-CG-PRE) und Fenus reporter genes bearing distinet regulatory regions. The exact coordinate of each regulatory enhancer in the original sene locus is
deseribed in Materials and Methads, Ahbreviations used are us follows: CMV RUS, the 5’ long terminal repeat of the human immunodeficiency virue in which the U3
enhancer-promoter region is replaced by the cytomegalovirus promoter; 5’SD. splice donor site; RRE. rey responsive element: 3'SA, splice acceptor site: ¢PPT. ceniral
polypurine tract; CTS, central termination sequence: PRE. woodehuck hepatitis virus posttranscriptional regulatory element: and delURUS. 3" long term repeat lacking
the enhancer-promoter portion of U3. (B) Functional analyses of SRR1 and SRR2 in forebrain-derived neurospheres. At 72 h postinfection with lentiviruses, reporter gene
expression in neurosphere cells was examined under a fluorescence microscope as well as in bright fields (Bf). (C) Both SRR and SRR2 show the enhancer activities rather
specifically in neural scem or progenitor cell poputations. Neurosphers cells were infecred with lentivirases as described for panel B and maintained in the muliipotent state
or induced 1o dillerentinte with FBS. These cells were then dissociated to the single-cell level, and Venus expression was quantitated on a FACSCulibur device, The preen
portion and the orange line correspond 1o data obtained from a neural stem or progenitor cell population and dillerentiation-induced cells. respectively. The numbers in
vertical and horizontal axes represent cell counts and Venus fluorescence tntensity, respectively.
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DNA was adjusted to 8 pg 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, bave 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-
- potter 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 EF! 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 UTFI gene (29) did not show any obvious effect, To eval-
uate the strength of these regulatory regions on reporter gene
expression, these neurosphere celis 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 restin 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 B-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/B-geo reporter con-
structs in which either SRR1 or SRR2 is connected to the
promoter. These plasmids were introduced into ES cells by
eleciroporation, 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 UTFI gene, lost their entire activity during this procedure
and that the activities of both SRR1 and SRR2 also profoundly

Mot. CeLL. BioL.

activated when complete neural differentiation procedures
were applied to the cells. We performed immunological stain-
ing procedures with these differentiation-induced celis to com-
pare the expression profiles of B-Gal directed by SRR1 or
SRR2 and endogenous neural-lineage cell markers. As shown
in Fig. 2A, we found that the expression of B-Gal in cells in
which SRR1 directed B-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). Morcover, as shown in Fig, 2C, we confirmed
the completely mutually exclusive patterns of expression of
B-Gal directed by SRR2 and MAP2 with the aid of confocal
microscopy. To determine the extent of coexpression of the
B-Gal and nestin proteins more precisely, cells bearing the
SRR2/B-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
B-Gal-positive cells were also positive for nestin. Likewise,
94% of B-Gal-positive cells were positive for nestin when cells
bearing the SRR1/B-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.

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-
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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 SRR! and SRR?2
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 Verus 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 EF! pro-
moter, In contrast, the transfection of SRR2/tk-Venus labeled
mainly the ventricular zone and only a limited number of celis
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 7k promoter alone and those with the
UTFI 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. 3. Characterization of SRR1 and SRR2 activities in the developing brain by in vivo electroporation. (A} Reporter plasmids used for in
Utero electroperation. 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 rect
the brain portion in which the reporter plasmids were introduced. After 4 d

angle represents
ays. brains were recovered from fetuses and sliced with a vibratonte,

and reporter gene expression was inspected. The dorsal portion is to the top, while the medial poriion is to the right. Arrowheads and arrows
indicate the ventrieular zone and cortical plate of the brain. respectively, while dotted lines correspond to the omer surface of the brain. Iv, lateral

ventricle. The white bar corresponds to 100 pm.

been shown that the protein is required for the development of
trophablastic stem cell-derived extraembryonic ectodermal tis-
sues (4). Therefore, we examined whether SRRI and SRR2
can also function in the trophoblast stem cells, To address this
issue, we used a genetically manipulated ES cell line, ZHBTcd,
in which the Ocr-3/4 gene shows tetracycline-regulated expres-
sion. This ES cell line can be easily converted to cells with
troplioblast 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 SRRI. SRR2. UTFI,
and EFJ regulatory regions were individually cannected to the
puro-tenus reporter gene. which encodes a fusion protein of
Venus and puromycin-detoxifying enzyme (see Materials and
Methods). Subsequently. these reporter genes were introduced
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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 alse 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 polyctonal antibody which recog-
nizes Venus, Consistent with the data shown in Fig. 4A, none
of the regulatory regions except for the EF/ promoter were
able to contribute to the production of a detectable amount of
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FIG. 4. SRRI and SRR2 do nol function in trophoblast and hema-
topoietic stent cells. (A) Functional inalyses of SRR and SRR in ES
cells and tropheblast stem cell-like cells. The prao-1enus reporter
genes hearing the indicated regulatory regions were intraduced to
ZHBTed ES cells (323, 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
evamples of stable ES celi transformants and cels converted to tro-
phoblast stem cell-like cells were shown under fluorescence micros-
copy. The latter cells were also counterstained with DAPT (4.6'dia-
midino-2-phenylindole). Arrows indicate ES cell-derived traphoblast
stent cell-like cells with a regular epiihelial cell morphology (44). TS,
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the fusion protein in these trophoblast stem cell-like cells,
although all of these regulatory regions were able to support
reporier 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 SRR?2 fail to support gene ex-
pression in trophoblast stem cells and that Sox-2 expression in
these cells fs 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 EFT 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 bath SRR 1 and SRR2 fail to function
in trophoblast stem cells, these regulatory regions do not pro-
miscuously show their transcription-stimulating activities in
stem cells.

Immuonohistochentical 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 iranscrip-
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

trephoblast stem cell-like cells, (B) Expression level of puro-Venus
protein in ES cells and wophoblast stem celldike cells. Whote-cell
extracts were prepared from various ES cells and trophoblast stem
cell-ike cells. and Westem blot analyses were performed using anti-
GFF antibody. which recognizes the Venus portion of the fusion pro-
tein. (C) SRRI and SRR?2 fail 1o display their enhancer activities in
hematopoietic stem cells. The hematopoietic stem cell-enriched
CD347 KSL cell population from mouse bone marrow was prepared
according to the method of Osawa el al. (33) and trunsduced with the
lentiviruses shown in Fig. 1A, After 48 h, the production of Venus
reporter protein was inspected.
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progenitor cells but not in postmitotic neurons in developing brains. Sections from
porter gene had been introduced hy in vivo efectroporation (B to G and

O to T} were immunostained. (H to N) Cells were recovered from brains afier incorporation of the reporter plasmid by in utero electroporation,

transferred to a coverslip, and immunostained. The antibodies

(o) used are indicated at the top of each panel. (E to &) 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 um.
Arrows in pamel T indlicate cells which are doubly positive for GFP and phosphorylated histone H3. Iv, lateral ventricle.

plasmid. These cells were then transferred to coverslips and
immunostained for Venus and nestin, Representative data are
shown in Fig. 3H 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 MAPZ and found that the expressions of these
proteins were mutually exclusive (Fig. 50 to Q). Analyses of
the expression of Venus and phosphohistone H3, a specific
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marker for mitotic cells reveated that some of the Venus-
positive cells were also positive for phosphohistone H3 (Fig,
SR to T). Again. cells which were positive for phosphohistone
H3 but negative for Venus were assumed to be nonfransfected
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 Jenus re-
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FIG. 5—Continued

porier 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 anafyses 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
reveated 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 mrypsinization 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
Od-positive oligedendrocytes as well as GFAP-positive astro-
cytes. Thus, these results confirmed that ¢he cells in which
SRR2 functioned gave rise to all three different newral lineages
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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 nevral stem cells. '

The same core sequence of SRR2 is involved in gene expres-
sion in ES cells and neural séem or progeniter 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 Verms 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 det.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
(43). 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 muiSox, 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 activitics in this system,
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FIG. 6. Cells in which SRR2 functions were converted to all three different neural lineages (newron, astrocyte, and oligodendrocyte ) upon
differentiation. (A) Preparation of newrospheres penerated from a single cell in which SRR2 functions. Neurospheres prepared from SRR2jtk-
Venus-transfected braing were plated at elonal density with serum-free medium containing basic fibroblast gtowth 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
newrospheres derived from nontransfected brain were used as a control. {C 1o H) Multipotent properiies of cells in which SRR?2 functions. The
expanded neurospheres derived from a single cell in which SRR? functions were dissociated, split into two wells of a slide chamber coated with
PDL and Jaminin, and cultured in medium containing 1% FBS. After 7 days, cells were fixed and subjectzd to immunestaining procedures. One
of the chambers was stained with amti-GFAP and anti-MAP?2 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 Fhror 488 dye-conjugated secondary antibody bound to cefls via the GFAP—anti.GFAP antihody
complex. «, antibody.

indicating that, as in the ES cells, both the octamer and Sax-2 sequences are involved in SRR2 activity in neural stem or
binding site-like sequences play a pivotal role in supporting the progenitor cells, it is possible to assume that a similar protein
enhancer activities of SRR2 in developing brains. Moreover, complex(es) supports SRR2 activity in the brain. However.
these octamer and Sox-2 binding site-like sequences, when  Oct-3/4 protein is not present in the brain, although Sox-2 is
multinerized to four copies, were sufficient to support ventric- present in neural stem or progenitor cells. Therefore. it is
ular-zone-restricted reporter gene expression in developing  conceivable that certain other octamer factors present in the
brains. developing brain may contribute to SRR2 activities in this

We have previously demonstrated that the Qct-34-Sox-2  tissue. We note from the literature (1,9, 13, 16. 23,41, 42y and
complex makes a major contribution to SRR2 activity in ES microarray analyses (N. Masuyama. S. Miyagi. A. Okuda, and
cells (48). Because the same or at least overlapping regulatory Y. Gotoh, unpublished data) that four different octamer fac-
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FIG. 7. The same core sequence of SRR2 is involved in its enhancer activities in ES cefls and newral stem or progenitor cells, (A) Schematic
representation of wild-type (WT) and various types of mutants of SRR2. “del,” followed by a number indicates 2 mutant regulatosy region with
a deletion. The Sox- and Oct-like sequences are indicated as filled and open circles, respectively. The open and filled boxes represent nonceding
and coding regions of the Sov-2 gene. respectively. Numbers represent the positions where the adenine nucleotide of the transcription initiation
codoit is sel (o +1. These DNA fragments were suhcloned into (he prk-Venus reparter plasmid. (B) The Ocr- and Sox-like elements of SRR? are
required for its enhancer activity in newral stem cells. The Fenus reporter plasmids shown in panel A were introduced into E13.5 mouse brain
together with an internal control DsRed reporter gene, which is connected (o the chicken B-actin promoter. After 48 h. T'enus and DsRed veporter
gene expression was inspected. The orientation of sectioned brains was the same as that in Fig, 3B. (C) All of the POU 1M class octamer factors
expressed in brain show the poteniial 1o augment SRR2 activity together with Sox-2. COS cells were Lransfected with .07 pg of octamer factor
expression vectors and with increasing amounts of Sox-2 veetor, as indicated. as well as tk-Luc reposter plasmid (0.7 pg) bearing SRR2, An internal
contrel luciferase gene (0.7 g} of Renilla reniformis were also transfected, The transcriptional level was estimated as described in Mateiials and
Methods. Data were obtained from five independent experimenis with comparable results.
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