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Fig. 1. In vitro colony formation from E11.5 metanephric mesenchyme. (A) Sheet-like colonies were formed on 3T3Wnt4, but not on
3T3lacZ. Arrows: fibroblast-like cells. (B) Colonies were not formed on 3T3Wnt4 with the addition of Fz-Fc chimeric protein. (C) RT-PCR analyses of
genes expressed in metanephros and fully differentiated epithelia in glomeruli (podocyte), proximal and distal tubules, and the loop of Henle. Lane
1: E11.5 metanephric mesenchyme; 2: 3T3Wni4 alone; 3: mesenchyme-derived cells cultured on 3T3Wnt4 at day 3; 4: at day 10; 5: at day 20; 6:
3T3/acZ alone; 7. mesenchyme-derived cells cultured on 3T3/acZ at day 3, 8: at day 10, 9: at day 20, 10: mesenchyme-derived cells at day 10
separated from 3T3Wnt4 feeder cells; 11: organ culture of E11.5 mesenchyme rudiments at day 10; 12: embryonic kidney (E17.5); 13: no RT
reaction on mesenchyme-derived cells cultured on 3T3Wnt4 at day 10. (D-M) Immunocytochemistry of colonies for Pax2 (D-F), E-cadherin (G-I),

Sall1 (J,K) and Agp1 (L,M). (D-1) The expression of Pax2 and E-cadherin (red) was not detected at day 3 (D, G, respectively) but was observed at day
10 (E,H). (J,K) Sall1 expression (red) at day 10. (LM) Agp1 (red, proximal tubule marker) was expressed in some cells of the colony. Feeder cells have
larger nudlei (DAPI, blue; arrows) than cells consisting of colonies. Control staining with rabbit (FK,M) and mouse (l) igGs. Mesenchyme of Sall1-GFP
knock-in mice was used for J and K to visualize Sall1 expression using anti-GFP immunostaining, while EGFP transgenic mesenchyme was used for

D-1,L,M. Scale bars: 50 pm.

To examine the multilineage differentiation of single cell-derived
colonies, RT-PCR was done for 22 independent wells containing a
colony at day 20. The representative data from three colonies are
shown in Fig. 2B (lanes 1-3). Although variation existed between
colonies, all the colonies expressed markers for each of the three
segments: glomerular podocytes, proximal tubules and Henle’s loop
or distal tubules. Double staining using PNA and LTL, specific to
glomerular podocytes and the proximal renal tbule, respectively,
showed that adult kidney (8 weeks old) contained three kinds of
cells; single-positive for PNA (those in the glomerulus); single-
positive for LTL (those in the proximal renal tubule); and double-
negative for LTL or PNA (Fig. 2C, left panel). Similarly, a single
cell-derived colony at day 20 contained these three kinds of cells
(Fig. 2C, right panel). With a combination of LTL and E-cadherin,
at least three cell types were observed in adult kidney (Fig. 2D, left
panel) and in a single cell-derived colony (right panel): cells strongly
expressing only E-cadherin characteristic of distal renal tubules (Fig.

2D, arrows), and LTL-positive or -negative cells, with a faint
expression of E-cadherin in the cell boundary. These results suggest
that a colony was derived from a single progenitor, with multipotent
differentiating capacity into epithelial cells in glomeruli, proximal
and distal tubule, and the loop of Henle.

Colony-forming progenitors exist in the Sall1-
GFPhYh sybpopulation of the metanephros

We next attempted to identify prospectively the renal progenitor
cells using Salll-GFP knock-in mice (Takasato et al., 2004). As
Salll is expressed in mesenchyme-derived tissues, GFP was
detected in the mesenchyme around the ureteric bud at E11.5 in the
Salll-GFP heterozygous mouse (Fig. 3A, arrows). At E17.5, GFP-
expressing cells were observed in the mesenchyme near the surface,
as well as in C- or S-shaped bodies, and parts of renal tubules (Fig.
3B). By flow-cytometrical analysis, three subpopulations were
fractionated based on the expression of Sall1-GFP: Salll-GFPhigh,
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Fig. 2. Colonies are derived from a single multipotent renal
progenitor. (A) One colony derived from a single cell of EGFP
transgenic mesenchyme at culture day 20. (B) RT-PCR of three
independent wells containing a single cell-derived colony after 20-day
culture. Lanes 1-3: colonies; 4: organ culture of E11.5 mesenchyme
rudiments. (C) Lectin staining of 8-week-old adult kidney (left panel)
and a single cell-derived colony (right) with PNA (red, podocyte marker)
and with LTL (green, proximal tubule marker). (D) Staining of adult
kidney (left panel) and a single cell-derived colony (right) with E-
cadherin (red, arrow, distal tubule marker) and with LTL (green). Scale
bars: 50 um.

Salll-GFPY and Salll-GFP™&i* (Fig, 3C), and cells in these
subpopulations were separated by flow cytometry sorting to be
characterized using RI-PCR. As shown in Fig. 3D, Sall|-GFP"i"
cells expressed Salll and Pax2. Salll-GFP'" cells expressed
markers of stroma (Foxd!, previously known as BF2), endothelia
(Flk1 and VE-cadherin), and blood cell (Cd4.5), in addition to Sall/
and Pax2. Salll-GFP™8"" cells expressed Flk! and Cd45. The
markers of fully differentiated renal epithelia were not expressed in
these three populations. These data suggested that cells of stromal
lineage were included in cell populations weakly expressing Salll
and that those of hemangiogenic lineage were included in both
Sall I-GFP'®" and Sall1-GFP"#¢ populations. Then, the numbers
of the colony-forming progenitors in each subpopulation were
examined using the low-density culture on 3T3Wnt4 (Fig. 3E). At
E11.5, colonies were formed exclusively from the Salll-GFP"igh
population, and not from Salll-GFP'Y or Salll-GFprestive
populations. At E14.5 and 17.5, colonies were also formed only

from Sall1-GFP " subpopulations, but the frequency of colony-
forming progenitors decreased as gestation proceeded. These results
indicate that renal progenitors with multipotent differentiating
capacity are included in cell populations strongly expressing Sa/ll
throughout gestation periods.

Sall1-GFP"9" mesenchyme reconstitutes a three-
dimensional structure in organ culture

We next examined the in vitro differentiation capacity of three
subpopulations in E11.5 mesenchyme by modifying organ culture
of mesenchyme rudiments (Grobstein, 1953; Kispert et al., 1998).
Salll-GFP"e" Salll-GFP™®¥ and Salll-GFP"&" cells were
separated by flow cytometry, aggregated to form a cell pellet by
centrifugation and cultured on 3T3Wnt4 feeder cells in an organ
culture setting. Starting from day 3 in culture, tubulogenesis was
observed only in the aggregate of the Sall1-GFP"&" population (Fig.
4A, upper panels), while that from Sall1-GFP'®" or Sall1-GFpegutive
did not differentiate and disappeared by day 7 (Fig. 4A, lower
panels; data of Sall1-GFP™#4ve not shown). In sections of the Salll-
GFP"eh agoregate (Fig. 4B), many tubule- (t) and glomerulus-like
structures (g) were observed, and the expression of markers for
glomerular podocyte (Wtl, Fig. 1C, red) and proximal tubule (LTL,
green) was confirmed by confocal microscopy. These data suggest
that only Sall1-GFP"" cells differentiate into renal epithelia in vitro
in a three-dimensional setting, in addition to forming colonies.

Colony size is affected by the absence of Sall1

To investigate the role of Salll in colony formation, mesenchymal
cells from Salll**, Salll*~ and Salll™" embryos at E11.5, which
were obtained from intercrosses of Salll-GFP mice, were plated on
3T3Wnt4 feeder cells at a low density. Ten days after culture,
double immunostaining using anti-GFP and anti-E-cadherin
antibodies was done to strengthen the green fluorescence and to
examine the expression of E-cadherin, respectively (Fig. 5). The
numbers of colonies formed were not significantly different among
wild-type, heterozygous and homozygous mesenchyme, suggesting
that colony-forming progenitors do exist and are not decreased in
the absence of Salll (data not shown). Colonies derived from
SallI*"* wild-type mesenchyme were not stained with GFP (Fig.
5A), while Salll*" and Salll~- colonies were positive for GEP (Fig.
5C,E, green), indicating that Salll itself is not required for Salll
promoter activity. Colonies from all three groups (Salll*™*, SallI*"
and Salil”") were also positive for E-cadherin (Fig. 5B,D,F),
suggesting that differentiation (mesenchymal-to-epithelial
transformation) may not be impaired in the absence of Salll.
Indeed, marker gene expression for terminally differentiated
epithelia in glomeruli and renal tubules was not changed among
Salll*™, Salll*~ and Saill~~ colonies on RT-PCR analyses (data not
shown). By contrast, the size of Salll" colonies (Fig. 5E,F) was
significantly smaller than SallI*"* and Salll*~ colonies (Fig. 5B-
D), and this was confirmed statistically (Table 1). Thus, Sall{ is not

Table 1. Colonies derived from Sall7-mutant metanephric
mesenchyme

Area at day 10

Genotype Embryos* (meanzs.d.) (um?) (n=60) P
+H+ 2 16,118+7219

+— 2 16,318+7473 0.44
/- 2 5140+2071 <0.001

*Number of embryos examined. P values were analyzed against wild type (+/+)
using a t-test. Embryos of a total of four litters were analyzed in this way.
Representative data from one experiment are shown.
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Fig. 3. Colony-forming progenitors exist in the Sall1-GFP"9" subpopulation of the metanephros. (A,B) Cryosections of metanephros of
Sall1-GFP knock-in mouse (A: E11.5; B: £17.5). Blue: DAPI. (C) Metanephros contains three subpopulations (Sall1-GFPMa", Sall1-GFP% and Sall1-
GFPe9atve) The percentages of the subpopulations at each fetal stage are shown. Figures are the average of five independent experiments. (D) RT-
PCR analysis of three subpopulations included in E11.5 mesenchyme. (E) Numbers of colonies in each subpopulation derived from E11.5
mesenchyme, E14.5 and E17.5 metanephros. The numbers of colony were counted after 20-day culture. The graph shows the average of five
independent experiments. ub, ureteric bud; mes, mesenchyme; ¢, C-shaped body; rt, renal tubule. Scale bars: 50 pm.

required for generation or differentiation of renal progenitors, but
the colony size is affected by Salll absence. This is consistent with
our previous report that Sa/l1-deficient mesenchyme is competent
with respect to epithelial differentiation tested by spinal cord
recombination (Nishinakamura et al., 2001). In the spinal cord
recombination experiments, Salll-deficient mesenchyme was
consistently smaller than wild-type mesenchyme, but this could be
due to differences in the initial size of the mesenchyme. Using the
colony-forming assay starting from a single cell, we now show that
Salll is indeed required for the colony from the mesenchyme to
develop into a normal size.

The PCP pathway regulates colony size and the
differentiation of colony-forming cells

By combining the colony-forming assay set up in this study and gene
transfer using retroviral vector pMY-IRES-EGFP (Morita et al.,
2000; Kitamura et al., 2003), we observed EGFP expression in
12.9% of colony-forming progenitor cells (116 colonies expressing
green fluorescence per total of 896 colonies formed from three
independent experiments). Thus, the colony-forming assay in this
study enables us to investigate direct effects of reagents and gene
transduction on colony-forming progenitor cells, allowing us to
examine the roles of Wnt and its downstream branches in kidney
development. Positive immunostaining of the colonies for activated
JNK 1 and 2 indicated that the JNK branch of the PCP pathways
(Boutros et al., 1998) may be activated downstream of Wnt4 (Fig.
6A). Indeed, the addition of two kinds of INK inhibitor (JNKII1 and
INKI2) (Bonny et al., 2001; Bennett et al., 2001) gave rise to smaller
colonies than did the control without reagents (Fig. 6B,C, colonies

from EGFP transgenic mesenchyme, Table 2). The result of control
experiments using the HIV-TAT peptide excluded the possibility that
the effects of INKII were derived from non-specific toxicity of the
peptide constituting the inhibitor (Fig. 6B). We then investigated
effects of both activation and inactivation of Racl, one of the Rho
family GTPases implicated in PCP pathways (Habas et al., 2003),
on colony formation. Cells from wild-type E11.5 mesenchyme were
transduced with both constitutively active (CA) and dominant-
negative (DN) forms of Rac! using the retroviral vector pMY-IRES-
EGFP. Colonies consisting of cells expressing both EGFP and CA-
Racl were larger than those transduced with pMY-IRES-EGFP
controls (Fig. 6D, Table 3), suggesting positive effects on colony
size. By contrast, the transduction of DN-Rac] gave rise to smaller

Table 2. Effects of reagents on the area of colony

Area at day 10
{meanzs.d.) (um?) P

35,429+15,132

Reagent n

Control (without reagents) 20

HIV-TAT peptide 20 38,198+11,357 0.25
INK inhibitor 1 20 77714520 <0.001
Control (without reagents) 30 36,330+15,065

JNK inhibitor 2 20 6687+2834 <0.001
Y27,632 20 92,359+24,768 <0.001
LiCl 20 5687+3535 <0.001
BiO 30 743644897 <0.001
Dkk-1 20 31,998+12,566 0.147

n, number of colonies measured. P values were analyzed against control using a t-
test. For each reagent, more than three independent experiments were performed.
Representative data from one experiment are shown.
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Fig. 4. Sall1-GFP"%h mesenchyme differentiates into renal
epithelia in organ culture. (A) Three subpopulations in E11.5
mesenchyme (Sall1-GFPMP, Sall1-GFP% and Sall1-GFP™e92tve) were
cuftured on 3T3Wnt4 feeder cells in an organ culture setting. Only
Sali1-GFP"e" cells (upper panels) differentiated into kidney structure,
while Sall1-GFP cells (lower) disappeared. (B) Hematoxylin-eosin
staining of sections of Sall1-GFPN9" aggregates at day 10. Tubule- and
glomerulus-like structures are seen. (C) Double staining with Wt1 (red,
podocyte marker) and LTL (green, proximal tubule marker) of Sall1-
GFPMah aggregates. g, glomerulus-like structure; t, tubule-like structure.
Scale bars: 500 wmin A; 25 pmin B,C.

colonies than did the controls (Fig. 6D, Table 3). The numbers of
colonies formed were not significantly changed either with the
addition of inhibitors or with gene transduction (data not shown).
These data indicate that Rac and JNK pathways positively regulate
colony size.

By contrast, inactivation of the Rho/Rho-associated protein
kinase (ROCK) pathway, another branch of PCP (Strutt et al., 1997;
Winter et al., 2001; Habas et al., 2001; Habas et al., 2003), with the
addition of ROCK inhibitor, Y27,632 (Uehata et al., 1997) (Fig. 6E,
colonies from EGFP transgenic mesenchyme, Table 2), or the
transduction of DN-RhoA, increased the colony size (Fig. 6F, Table

Table 3. Effects of gene transduction on the area of colony

Area at day 20
Gene transduced n {meanzs.d.) (pm?) P
Control (vector) 23 49,666x32,111
CA-RacT 12 83,990+52,619 0.01
DN-Ract 24 23,045+22,791 <0.001
CA-RhoA 12 25,658+19,205 <0.005
DN-RhoA 21 89,723+49,989 0.001%
Control (vector) 38 62,013+£31,212
Active-g-catenin 20 23,241+21,685 <0.001
Axin 22 65,352+27,675 0.34

n, number of colonies measured. P values were analyzed against control using a
t-test. Data from three independent experiments is shown.
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Fig. 5. Colony formation from SallT-mutant metanephric
mesenchyme obtained from intercrosses of Sall7-GFP mice.

(A-F) Colonies derived from Sall1** (A,B), Sall7*~ (C,D) and Sali1™ (E,F)
mesenchyme were stained both with anti-GFP (A,C,E, green) and with
anti-E-cadherin antibodies (B,D,F, red). Sall7-deficient colonies (E,F)
were significantly smaller than those from wild-type (A,B) and
heterozygous (C,D) mesenchyme. Scale bars: 50 pm.

3), while the activation with CA-RhoA decreased it (Fig. 6F, Table
3). Activation of B-catenin signaling both with the addition of two
kinds of glycogen synthetase kinase (GSK)-3 inhibitors, lithium
chloride (LiCl) (Klein and Melton, 1996) (Fig. 6G, colonies from
EGFP transgenic mesenchyme, Table 2) and (2'Z, 3'E)-6-
Bromoindirubin-3’-oxime (BIO) (Sato et al., 2004) (Table 2) and
with the transduction of the active form of 8-carenin (Fig. 6H, Table
3) gave rise to smaller colonies. However, inactivation of the -
catenin pathway with the addition of recombinant dickkopf
homolog | (Dkk-1), a specific inhibitor of the B-catenin pathway
(Glinka et al., 1998) and with the transduction of axin (Zeng et al.,
1997) exerted no significant effects on colony formation (Tables 2,
3). These data suggest inhibitory roles of Rho/ROCK and [3-catenin
pathways in regulating colony size.

RT-PCR analysis showed that the expression of marker genes (E-
cadherin, P-cadherin, podocalyxin, Agp !, Clc5, Brul, Nkcc2, ENaC
and Clck2) was inhibited with the addition of JNK inhibitors (Fig.
6I). Although the addition of LiCl and JNK inhibitors resulted in a
decreased size of colonies to the same extent, immunostaining
confirmed that E-cadherin was lost with JNK inhibitors 1 and 2, but
not with LiCl (Fig. 6J, colonies from EGFP transgenic
mesenchyme). Thus, the INK pathway is likely not only to regulate
colony size but also to be involved in epithelialization
(mesenchymal-to-epithelial transformation) of colony-forming
progenitors.
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The PCP pathway is involved in tubulogenesis in
organ culture

To examine if the results described above were consistent with
kidney formation in vivo, we tested the effect of the reagents on
whole metanephroi (Fig. 7A-E) and mesenchyme rudiments (F-J)
in an organ culture setting. After 7 days of culture, the size of
kidney structures was measured. As compared with the control
explants cultured without reagents (Fig. 7A,F), the addition of JNK

Table 4. Effects of reagents on the area of organ culture

w | + DN-Racl

ws |+ DN:RIIOA

4 Active B-catenin o

Fig. 6. PCP pathways regulate colony size
and the differentiation of colony-forming
cells. (A) Immunostaining of activated JNK1
and 2 in the colony. (B,C) The addition of two
kinds of JNK inhibitors JNKI1 and INKI2,

10 wmol/) gave rise to smaller colonies than
did the control without reagents or HIV-TAT
peptide (10 wmolfl). (D) The transduction of
CA-Rac1 resulted in an increase in colony size,
whereas that of DN-RacT resulted in a
decrease. (E,F) The addition of Y27,632 (E,

10 wmol/l), or the transduction of DN-RhoA,
increased colony size, while activation with
CA-RhoA decreased it (F). (G,H) Activation of
the B-catenin pathway by adding LiCl (G,

10 wmol/l) or transducing the active form of
B-catenin (H) gave rise to smaller colonies.

(1) RT-PCR analysis of colonies treated with
INKi-1, HIV-TAT peptide, JNKI-2, Y27,632 and
LiCl. (J) E-cadherin expression was lost with
INKI-1 and -2 but not with LiCl. EGFP
transgenic mesenchyme was used for B,C,E,G
and J, while wild type was used for D,F and
H, to visualize colonies infected by retrovirus
vectors. ¢, colony. Scale bars: 50 pm.

inhibitor 1 (Fig. 7B,G) and JNK inhibitor 2 (Fig. 7C,H) and LiCl
(Fig. 7E,J) resulted in a decrease in the size of kidney structures
developed, while the addition of ROCK inhibitor Y27,632 (Fig.
7D,I) gave rise to larger ones. These findings were observed both
in whole kidney and in mesenchyme rudiments, and were
confirmed statistically (Table 4). We also evaluated the effect of the
reagents on tubule formation and branching of ureteric bud
by staining with an antibody against secreted frizzled-related

Whole metanephroi

Mesenchymal rudiments

Area at day 7

Area atday 7

Reagent n (mean % s.d.) (mm?) n {mean % 5.d.) (mm?) P
Control (without reagents) 7 1.717+0.381 6 1.912+0.200

HIV-TAT peptide 5 1.500+£0.215 0.12 7 1.838+0.364 0.33
JNK inhibitor 1 6 1.020+£0.325 <0.005 7 0.651+0.131 <0.001
INK inhibitor 2 6 1.105+0.260 <0.005 7 1.078+0.377 <0.001
Y27,632 5 2.871+0.879 <0.01 7 3.401+0.433 <0.001
Licl 5 0.716x0.070 <0.001 7 1.270+0.238 <0.001

n, number of explants measured. P values were analyzed against control by using a t-test. Data from five independent experiments each for whole metanephroi and

mesenchyme rudiments are shown.
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protein 2 (sFRP2; Fig. 7K-N, red), the gene expressed only in newly
formed tubular epithelia (Lescher et al., 1998), and DBA (Fig.
7K,L, green), respectively. While some tubules expressing sFRP2
were found in explants treated with control HIV-TAT peptide (Fig.
TK,M, arrows), they were lost with JNK inhibitor 1 both in whole
metanephroi (Fig. 7L) and in mesenchyme explants (Fig. 7N),
suggesting the involvement of INK pathways in mesenchymal-to-
epithelial transformation in organ culture. By contrast, branching
of ureteric bud was proportional to the size of explants, and there
were no specific effects of the reagents observed on the ureteric bud
itself (data not shown). These findings were consistent with the
results observed in the colony-forming assay (Fig. 6, Table 2), Thus
our colony-forming assay, which enables analysis at a single cell
level, could be used for examining mechanisms of three-
dimensional kidney development.

DISCUSSION

Renal progenitors defined by colony-forming
assay

In this study, we provide evidence, using in vitro clonal analysis
combined with flow cytometry, for the presence of progenitor cells
in the fetal mouse kidney. Results of staining with PNA, LTL and E-
cadherin, and of RT-PCR showed the differentiating capacity of a
single Salll-GFP"2" cell into glomerular epithelia (podocyte),
proximal and distal tubule, respectively. In addition to lineage-
marker expression, both glomerulus- and tubule-like structures were
reconstituted by Sall1-GFP"ib cells, supporting their differentiation
ability. A multipotent renal stem cell line has been isolated from
E11.5 mesenchyme utilizing immortalization with T antigen of

E

organ culture. Whole metanephroi (A-E) and
mesenchyme rudiments (F-J) cultured for 7 days.
(A,F) Control explants without reagents, (B,G)

10 wmol/l INK inhibitor 1 (JNKI1), (C,H) 10 pmol/
INKI2, (D,) 10 pmol/l Y27,632, (E,J) 20 mmol/l (E)
and 10 mmol/l () LiCl. (K,L) Section staining using
DBA (green), an anti-sFRP2 antibody (red) and DAPI
(blue) on whole kidneys treated with 15 wmol/l HIV-
TAT peptide (K) and JNKI-1 (L). (M,N) Double
labeling with sFRP2 and DAPI on mesenchyme
rudiments treated with HIV-TAT peptide (M) and
JNKI-1 (N). ub, ureteric bud. Scale bars: 500 pm in
A-J; 200 pm in K-N.

SV40 virus (Oliver et al., 2002). The cell line expresses marker
genes of endothelia and smooth muscle cells with treatment of
TGF1, in addition to gene expression of mesenchyme and renal
epithelia. It has not been known, however, whether they normally
resided in the fetal kidney or accidentally emerged by the influence
of the process with immortalization. In our colony-forming system,
gene expression of endothelia and smooth muscle cells was not
observed, and expression of Foxd! (BF2), a marker gene specific to
stroma, a third cell population included in metanephros was not
found (data not shown). Thus, it remains to be elucidated whether
embryonic kidney contains stem cells that can differentiate into
endothelium, smooth muscle or stroma in addition to epithelia of
glomerulus and renal tubules.

The renal progenitors defined by our colony-forming assay are
included in cell populations strongly expressing Sall/ throughout
gestation periods, and they might continue to reside in the outer layer
of embryonic kidney, where undifferentiated metanephric
mesenchyme resides and strongly expresses Salll (Fig. 3B). As
shown in Table 5, the total cell numbers of metanephros increased
and the frequency of colony-forming Sall1-GFP "% cells decreased
as gestation proceeded. Interestingly, the calculated numbers of the
colony-forming cells remained almost constant throughout gestation
periods (400-800 cells/embryonic kidney). The amplification of
these progenitors might not occur in the embryonic kidney. One
interesting question is whether they continue to remain in the adult
kidney. From 8-week-old mice, however, colonies were not formed
under the same culture conditions (data not shown). Renal
progenitors defined by our colony-forming assay might be lost by
the time kidney development is complete.

Table 5. Calculated number of colony-forming progenitors in embryonic kidney

E11.5 E14.5 E17.5
Total cell number of kidney (x10% 0.77+0.24 21.4x2.7 77.9+19.4
Sall1-GFPhigh cells in kidney (%) 23.6x1.7 46.3x2.1 44.5+0.9
Colony formation in Sall1-GFPMigh cells (%) 322428 0.79:0.18 0.1420.07
Calculated numbers of colony-forming cells* 585.1 782.7 485.3

Meanzs.d. {from five independent experiments each for £11.5, E14.5, and £17.5).

*Numbers of colony-forming cells were calculated by multiplying the means of the three values above.
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Analysis of gene function in kidney development
by colony-forming assay

The knowledge of gene function in kidney development has mainly
been obtained from analyses using knockout mice, while
experimental systems that investigate gene function in individual
cells of metanephros have been lacking. By setting up a novel
system combining colony formation from a single cell and gene
transduction using a retroviral vector, our culture system enables the
direct observation of effects of reagents and gene transduction on
colony-forming progenitor cells. As similar results were obtained
from organ culture experiments (Fig. 7), it is less likely that the
cellular behavior observed in our colony-assay system might be
artifactual.

Mice lacking the constituent genes involved in downstream
branches of Wnt signaling pathways often show early embryonic
lethality, such as Racl (Sugihara et al., 1998), Jnkl and Jnk2 (Kuan
et al., 1999), B-catenin (Haegel et al., 1995), axin (Zeng et al., 1997),
and their functions in kidney morphogenesis remain largely
unknown. Using our culture system, functions of these genes in
metanephros development were elucidated. Furthermore,
experiments for colony formation from mesenchyme of Salll-
mutant embryos demonstrated the roles of SallI for the colony size.
Thus, the colony-assay system set up in this study can also be
applied to the analysis of genetic mouse models.

Roles of PCP pathway in kidney development
Among downstream branches of Wnt4 signal, we found that Rac-
and JNK-dependent PCP pathways positively regulated the colony
size and the differentiation of colony-forming cells. This result is
compatible with several previous reports (Du et al., 1995; Ungar et
al., 1995; Maretto et al., 2003). In frogs and fish, the Wnt4 family
does not strongly activate the B-catenin pathway, and affects
convergent extension, which is polarized movement during
embryonic development regulated by the PCP pathway (Du et al,,
1995; Ungar et al., 1995). Activation of the (3-catenin signaling was
not detected at various stages of differentiation of the metanephric
mesenchyme, which was examined using transgenic mice
expressing the lacZ reporter genes under the control of (-
catenin/TCF responsive elements (Maretto et al., 2003).
Furthermore, activation of the B-catenin pathway is implicated in
epithelial-to-mesenchymal transition during mesoderm formation in
embryonic development and tumorigenesis (Polakis, 2000; Bienz
and Clevers, 2000), which is opposite to the process we examined in
this study: mesenchymal-to-epithelial transformation. Thus it may
be possible that PCP pathways, not the B-catenin pathway, play
central roles as downstream branches of Wnt4 for epithelial
differentiation of metanephric mesenchyme.

We demonstrated that Racl and RhoA play positive and negative
roles for the regulation of colony size, respectively. The Rho family
of small GTPases is known to be implicated in cell proliferation by
the regulation of cell cycle progression, in addition to its effects on
the cytoskeleton (Etienne-Manneville and Hall, 2002). Antagonism,
or the opposing activities, between two Rho GTPases have been
noted in some cell types (Luo, 2000; Gu et al., 2005). For instance,
a hematopoietic-specific Rho GTPase, RhoH, negatively regulates
both growth and actin-based function of hematopoietic progenitors
via suppression of Rac-mediated signaling (Gu et al., 2005).
Similarly, our data suggested the possibility that Racl and RhoA
might antagonistically regulate the growth of progenitors in kidney
development. Recently the roles of the JNK pathway in epithelial
morphogenesis have been noted both in Drosophila and in mice
(Xia and Karin, 2004). Our data also suggested the essential roles

of JNK pathways in epithelialization, as well as in regulation of
colony size. Common mechanisms regulating epithelial
morphogenesis might underlie these processes. The PCP pathways,
including the Rho family of small GTPases and JNK, control
several developmental processes, mainly by regulating cell
cytoskeletons, such as the polarity of hairs on the epidermal cells of
Drosophila wings, the arrangement of ommatidial cells of
Drosophila eyes, the polarity of stereocilia in the inner ears of
mammals, and convergent extension in Xenopus and zebrafish
(Veeman et al., 2003; Wallingford et al., 2002). In addition to these
processes, we provide a novel hypothesis of the involvement of the
PCP pathways in kidney development.

In summary, we set up a novel colony-forming assay by which
we demonstrated the presence and the frequency of multipotent
progenitor cells in embryonic kidneys. This assay would serve as a
useful tool for analyzing differentiation mechanisms in the kidney
at a single cell level, taking advantage of the facility of gene
transfer.
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Essential roles of Salll in kidney development
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Essential roles of Salll in kidney development. SALLI is
a mammalian homologue of the Drosophila region-specific
homeotic gene spalt (sal) and heterozygous mutations in
SALLI in humans lead to Townes-Brocks syndrome. We iso-
lated a mouse homologue of SALLI (Salil} and found that mice
deficientin Salll die in the perinatal period with kidney agenesis.
Salll is expressed in the metanephric mesenchyme surrounding
ureteric bud and homozygous deletion of Salll results in an in-
complete ureteric bud outgrowth. Therefore, Salll is essential
for ureteric bud invasion, the initial key step for metanephros
development. We also generated mice in which a green fluores-
cent protein (GFP) gene was inserted into the Salll locus and we
isolated the GFP-positive population from embryonic kidneys
of these mice by fluorescence-activated cell sorting (FACS). We
then compared gene expression profiles in the GFP-positive
and -negative population using microarray analysis, followed
by in situ hybridization. We detected many genes known to be
important for metanephros development, and genes expressed
abundantly in the metanephric mesenchyme. We also found
groups of genes which are not known to be expressed in the
metanephric mesenchyme. Thus a combination of microarray
technology and Sa/lI-GFP mice is useful for systematic identi-
fication of genes expressed in the developing kidney.

THREE KIDNEYS DURING DEVELOPMENT

The kidney develops in three stages: pronephros,
mesonephros, and metanephros. The nephric duct (Wolf-
fian duct) develops in the craniocaudal direction from the
intermediate mesoderm and acts upon the surrounding
mesenchyme as an inducer of epithelial transformation to
nephrictubules. The pronephric and mesonephric tubules
and the anterior portion of the Wolffian duct eventually
degenerate, and it is the metanephros that becomes the
permanent kidney in mammals.

IDENTIFICATION OF Sall GENES USING FROG
EMBRYOS

The animal cap is a tiny portion of the presumptive
ectoderm of Xenopus embryos in the blastula stage. In
the presence of activin, animal caps differentiate into a
variety of tissues. A combination of activin plus retinoic
acid induces pronephric tubules efficiently and selectively

© 2005 by the International Society of Nephrology

[1]. We used this animal cap system to identify molecules
expressed in pronephros and potentially in mesonephros
and metanephros. Thousands of animal caps treated with
activin plus retinoic acid were collected at various time
points and subjected for a varitety of subtraction proce-
dures. One of the obtained molecules was Xsal-3, which
is homologous to Drosophila region-specific homeotic
gene spalt (sal) and has multiple double-zinc finger mo-
tifs characteristic of the sal gene family [2]. We also
isolated a mouse homologue (Salil) and found it to be
expressed in otic vesicles, limb buds, anus, hearts, and
kidneys (metanephric mesenchyme) [3].

Salll 1S ESSENTIAL FOR KIDNEY
DEVELOPMENT

When we generated Salll knockout mice, all of ho-
mozygous mice died within 24 hours after birth, and kid-
ney agenesis or severe dysgenesis were present (Fig. 1)
[3]. About one third had no kidneys or ureters, bilat-
erally (Fig. 1B). The remaining mice had either unilat-
eral kidney agenesis, or bilateral hypolasia (Fig. 1C).
At day 11.5 of gestation, the ureteric bud invades the
metanephric mesenchyme and subsequent reciprocal in-
teraction between these two tissues leads to development
of a metanephric kidney (Fig. 1D). In Salll-null mice,
morphologically distinct metanephric mesenchyme was
formed, albeit the size being reduced (Fig. 1E). In con-
trast, the ureteric bud formed but failed to invade the
metanephric mesenchyme. Thus, loss of Salll leads to a
failure of ureteric bud invasion into the mesenchyme, the
initial key step for metanephros development.

KIDNEY ABNORMALITIES CAUSED BY
HUMAN SALLI MUTATIONS

Humans and mice have four known sal-related genes,
respectively (SALLI-4 for humans and Salll-4 for mice).
Mutations in SAL LI have been associated with Townes-
Brocks syndrome, an autosomal-dominant disease with
features of dysplastic ears, preaxial polydactyly, imperfo-
rate anus, and, less commonly, kidney and heart anoma-
lies [4]. Mice deficient in Salll show kidney agenesis or
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Fig. 1. Kidney phenotypes in SallI-deficient mice. (A) Kidneys (k) of wild-type newborn. Urinary bladder (bl) is filled with urine. (8) Kidneys of
Salll-deficient newborn. Note kidneys are absent and the urinary bladder is not inflated with urine. Other organs, such as adrenal glands (a) and
testis (t), are normal. (C) Kidneys of another Sa/ll-deficient newborn with severe bilateral kidney hypoplasia. Urine is absent in the bladder. (D)
Metanephros in wild-type mice at 11.5 days past coitus (dpc). Ureteric bud (ub) branches from Wolffian duct (W) and metanephric mesenchyme
(mm) are condensed around the bulging ureteric bud. (E£) Metanephros in Sal{l-deficient mice at 11.5 dpc. Metanephric mesenchyme is formed but

reduced in size and is not invaded by the ureteric bud.

Fig. 2. Generation of Sall1-green fluorescence protein (GFP) knockin mice. (A) GFP expression in embryonic kidney of heterozygous Salll-GFP
knockin mice, (B) 5-bomo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal) staining of embryonic kidney in heterozygous Salll-LacZ knockin
mice. Arrowhead is the stroma; m is condensed mesenchyme; ¢ is comma-shaped bodies; t is tubles; and g is glomerulus.

severe dysgenesis, but other phenotypes observed in hu-
man disease are not apparent, as described above [3].
This discrepancy could be explained by truncated SALL1
proteins by human mutations, possibly functioning in a
dominant-negative manner, as mutant mice that produce
a truncated Salll protein exhibit more severe defects than
Salll-null mice, including renal agenesis, exencephaly,
limb, and anal deformities [S]. Sall2-deficient mice show
no apparent phenotypes, and mice lacking both Sa/ll and
Sall2 show kidney phenotypes comparable to those of

Salll knockout [6]. Sali3-null mice die on the first post-
natal day and deficiencies in cranial nerves and abnor-
malities in the oral structures are present [7]. Mutations
of SALL4 cause an autosomal-dominant disorder Oki-
hiro syndrome, characterized by limb deformity and eye
movement deficits, and, less commonly, anorectal and
kidney anomalies [8, 9], and we are currently generating
Sall4-deficient mice. Generation of mice lacking all of the
Sall genes would be necessary to address developmental
roles of Sall family.
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IDENTIFICATION OF KIDNEY MESENCHYMAL
GENES BY A COMBINATION OF MICROARRAY
ANALYSIS AND Salll-GFP KNOCKIN MICE

In the embryonic kidney, Salll is expressed abun-
dantly in mesenchyme-derived structures from con-
densed mesenchyme, S-shaped, comma-shaped bodies,
to renal tubules and podocytes (Fig. 2). We generated
mice in which GFP gene was inserted into the Salll lo-
cus and we isolated the GFP-positive population from
embryonic kidneys of these mice by FACS [10]. The
G FP-positive population indeed expressed mesenchymal
genes, while the negative population expressed genes in
the ureteric bud. To systematically search for genes ex-
pressed in the mesenchyme-derived cells, we compared
gene expression profiles in the GFP-positive and GFIP-
negative populations using microarray analysis, followed
by in situ hybridization. We detected many genes known
to be important for metanephros development, includ-
ing Salll, GDNF, Raldh2, Pax8, and FoxDI, and genes
expressed abundantly in the metanephric mesenchyme
such as Unc4.1, Six2, Osr-2, and PDGFc. We also found
groups of genes, including SSB-4, Smarcd3, p-Crystallin,
and TRB-2, which are not known to be expressed in the
metanephric mesenchyme. Therefore, a combination of
microarray technology and Salll-GFP mice is useful for
systematic identification of genes expressed in the devel-
oping kidney. To find essential genes from this large list,
efficient and rapid screening is needed. Recently emerg-
ing siRNA technology is one potent method, but gener-
ating knockout mice of each candidate gene is necessary
for proof.
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Abstract

Leukaemia inhibitory factor (LIF) was the first soluble factor identified as having potential to maintain the pluripotency of mouse
embryonic stem (ES) cells. Recently, a second factor, Wnt, with similar activity was found. However, the relationship between these com-
pletely different signals mediating the overlapping functions is still unclear. Here, we report that the conditioned medium of L cells
expressing Wnt3a maintains ES cells in the undifferentiated state in feeder-free culture, followed by expression of stem cell markers
and their ability to generate germline chimaeras. However, although the activity of this conditioned medium is dependent on Wnt3a,
recombinant Wnt3a protein cannot maintain ES cells in the undifferentiated state. As supplementation with Wnt3a to the sub-threshold
level of LIF alone was not sufficient to maintain ES self-renewal, the results of maintenance of the undifferentiated state indicated the
synergistic action of Wnt and LIF. Induction of constitutively activated B-catenin alone is unable to maintain ES self-renewal but shows
a synergistic effect with LIF. These observations indicate that the Wnt signal mediated by the canonical pathway is not sufficient but

enhances the effect of LIF to maintain self-renewal of mouse ES cells.

© 2006 Elsevier Inc. All rights reserved.
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Mouse ES (mES) cells can be propagated in medium
containing foetal calf serum (FCS) and the cytokine, leu-
kaemia inhibitory factor (LIF), without the support of
feeder cells [1,2]. The effect of LIF is mediated through a
cell-surface complex composed of LIFRf and gp130. Upon
ligand binding, gp130 activates Janus-associated tyrosine
kinases (JAK) and their downstreamn component, signal
transducer and activator of transcription (STAT)3. Activa-
tion of STAT3 is necessary and sufficient for suppression of
differentiation of mES cells [3,4]. However, LIF alone is
not sufficient for clonal expansion of feeder-free mES cells
in the absence of serum [5] and is unable to support self-
renewal of human or monkey cells without feeder layers

* Corresponding author. Fax: +81 78 306 1929.
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even in the presence of serum [6,7]. These findings suggest
that unidentified growth factors provided by feeder cells
and serum contribute to the maintenance of the self-renew-
al capacity of ES cells.

Wingless/Wnts are developmentally regulated secretory
proteins that control cell differentiation, movement, and
proliferation. Large-scale gene expression profiling of
mES cells revealed that components of several signal trans-
duction pathways are transcriptionally enriched in the
undifferentiated state, and the main components of
the canonical Wnt pathway are detected in ES cells in the
undifferentiated state [8]. Sato et al. [9] reported that the
GSK-3 inhibitor, 6-bromoindirubin-3’-oxime (BIO), main-
tains the pluripotency of mES and human ES (hES) cells.
However, another group reported that addition of Wnt3a
stimulated not only hES cell proliferation but also
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differentiation [10]. These discrepancies suggest that the
canonical Wnt signal activation is not absolutely sufficient
for maintenance of the pluripotency of ES cells, but that its
activity is context-dependent.

In this study, we investigated the effects of the Wnt sig-
nal on mES cell self-renewal using a stem cell selection sys-
tem based on Oct3/4 expression and feeder-free culture
conditions [11], which allowed us to determine the direct
effect of Wnt on undifferentiated ES cells.

Materials and methods

ES cell culture. ES cells were maintained on feeder-free gelatine-coated
plates in FCS-containing medium supplemented with LIF: Glasgow
minimal essential medium (GMEM: Sigma-Aldrich) supplemented with
10% FCS (selected batches, Sigma-Aldrich), 100 pM 2-mercaptoethanol
(Nacalai Tesque), 1x non-essential amino acids (Invitrogen), 1 mM sodi-
um pyruvate {Invitrogen), and 1000 U/m! (U) LIF (ESGRO; Invitrogen).
EB3 and OLG2-3 ES cells were generated by introduction of Oct3/4
knockout vector carrying IRESBSDpA and EGFP IRES pacpA into
E14TG2a ES cells by homologous recombination [11,12], and cultured in
the presence of 5 pg/ml blasticidin S (Kaken Pharmaceutical) and 1.5 pg/
ml puromycin (Sigma-Aldrich) for stem cell selection. For in vitro
experiments, EB3, OLG2-3 or D3 ES cells were seeded onto gelatine-
coated 12- or 6-well plates at a density of 3 x 10 or 1 x 10* cells/well, and
cultured for 5-6 days in conditioned or non-conditioned medium, in the
presence of LIF or recombinant Wnt3a (R&D Systems) or recombinant
frizzled8-Fc (Fz8-Fc; R&D Systems) or anti-LIF antibody (R&D Sys-
tems), which were added to fresh medium three days later, or the GSK-3
inhibitor, 6-bromoindirubin-3'-oxime (BIO; Calbiochem). Alkaline phos-
phatase staining was carried out using BCIP/NBT solution (Sigma-
Aldrich).

Conditioned media. L cells (1 x 10° cells) expressing mouse Wnt3a or
vector alone {ATCC) were plated onto dishes 9 cm in diameter [13). Three
days later, cells were washed three times with phosphate-buffered saline
(PBS) and transferred to fresh FCS-containing medium. The supernatants
were collected after 3 days and used at a threefold dilution for ES cell
culture. These conditioned media were designated L-Wnt3a CM and
L-CM, respectively. To collect the supernatants of L cells stimulated with
Wiit-3a, L cells (1 x 10° cells) were expanded in L-Wnt3a CM for 3 days,
washed three times with PBS, and transferred to fresh FCS-containing
medium. The supernatants were collected after 3 days and designated
L{w3a) CM, and used at a threefold dilution for ES cell culture.

Generation of EBRTcPf-cateninwt and EBRTcPB-cateninAGSK ES
cells. B-Catenin and B-cateninAGSK cDNA were introduced into the X/ol
and Notl sites of the exchange vector pPthC to obtain pPthC-B-cateninwt
and pPthC-B-cateninAGSK, respectively [14,15]. EBRTcH3 ES cells were
seeded onto gelatine-coated 6-well plates at a density of 1 x 10° cells/well.
The next day, 0.5 pug pPthC-B-cateninwt or pPthC-B-cateninAGSK and
0.5 pug pCAGGS-Cre were co-transfected using Lipofectamine 2000
(Invitrogen). The transfected cells were re-plated onto dishes 9 cm in
diameter in medium containing 1 pg Tc (Sigma—~Aldrich) and transferred
to medium FCS-containing 1 pg Tc and 1.5 pg/ml of puromycin. The
selected recombinant cells were maintained in FCS-containing medium
containing 1 pg Te and 1.5 pg/ml of puromyein. For in vitro experiments,
EBRTcPp-cateninwt or EBRTcPB-cateninAGSK ES cells were seeded
onto gelatine-coated 6-well plates at a density of 2 x 10* cells/well, and
cultured for 5 days in FCS-containing medium, in the presence or absence
of Tc or LIF, which were added to fresh medium three days later. Alkaline
phosphatase staining was carried out using BCIP/NBT solution {Sigma—
Aldrich).

Luciferase  reporter  assay. OLG2-3, EBRTcPfcateninwt, and
EBRTcPBcateninAGSK ES cells were seeded onto gelatine-coated 24-well
plates at a density of 5x 10" cells/well. The following day, cells were
co-transfected with 0.5 pug of TOP-Flash or FOP-Flash reporter (Upstate)
or 2 pg of 4 x APRE-luc and 0.005 pg or 0.02 ug pRL-CMV (Promega)

using Lipofectamine 2000 [16,17]. Luciferase activities were measured by
dual luciferase assay 24 h after transfection (Promega). Luciferase activi-
ties were normalized to those of co-transfected pRL-RL.

RNA isolation, Northern blotting, and reverse transcription-polymerase
chain reaction (RT-PCR) analysis. Total RNAs were prepared with
TRIzol reagent (1nvitrogen) according to the manufacturer’s instructions.
Oligo(dT)-primed ¢cDNAs were prepared from 1 pg of total RNA using
ReverTra Ace (Toyobo) and aliquots of 1/20th of the cDNA products
were used for each PCR amplification. The gene-specific primers were as
follows: sense primer for H/9 CAAGGTGAAGCTGAAAGAACA
GATGG, antisense primer for H/9 TCCAAACCAGTGCAATCGACTT
AG, sense primer for tP4 GCCCTCTGGTGTGCATGATCAAT and
antisense primer for tPA4 TTCCAAAGCCAGACCTTCATCCTT. These
corresponded to the Accession Nos: J03250 (:PA) and X58196 (H19).
PCR products were separated by electrophoresis on 1.2% agarose gels and
visualized with ethidium bromide. For Northern blotting analysis, ali-
quots of 4 ng of total RNA were separated on denaturing agarose gels and
then blotted onto Hybond-N membranes (Amersham Biosciences).
Analyses were performed with Genelmage (Amersham Biosciences)
according to the manufacturer’s instructions.

Generation of chimaeric mice. EB3 cells were propagated at clonal
density and maintained for more than 2 months in L-Wnt3a CM.
Microinjection of ES cells into C5S7BL/6J blastocysts was performed
according to standard procedures [18].

Western blotting analysis. For analysis of STAT3 phosphorylation,
aliquots of 1x 107 OLG2-3 ES cells were seeded onto gelatine-coated
dishes 9 cm in diameter and cultured in FCS-containing medium without
LIF. The next day, cells were treated with LIF or Wnt3a in FCS-
containing medium for 2 h. Cells were then washed twice with ice-cold
PBS and scraped off in 100 pl of ice-cold lysis buffer (50 mM Tri-HCI, pH
7.4, 1% NP-40, 0.025% sodium deoxycholate, 150 mM NaCl, 1 mM
EDTA, | mM PMSF, I mM Na3VO,, and 1| mM NaF) containing 1%
proteinase inhibitor cocktail (Sigma). Aliquots of 30 pg of total protein
from each sample were separated by electrophoresis on 10% SDS-poly-
acrylamide gels and electroblotted onto PDF membranes (Immobilon;
Nihon Millipore). After treatment in blocking bufler (10 mM Tris-HCI,
pH 7.4, 137 mM NaCl, 2.7 mM KCI, 0.1% Tween 20, and 3% skimmed
milk), the membranes were probed sequentially with anti-STAT3 (Cell
Signaling Technology) or anti-phospho-STAT3 (705Tyr) (Cell Signaling
Technology) and then with horseradish peroxidase-coupled anti-rabbit
IgG (Jackson Immuno Research), developed using ECL reagents
(Amersham Biosciences).

Results and Discussion

To determine whether activation of the Wnt signal is
absolutely sufficient to maintain pluripotency of mES cells,
we first examined the effects of conditioned medium from
mouse fibroblast L cells expressing Wnt3a (L-Wnt3a
CM) as a source of Wnt activity on mES self-renewal using
a feeder-free culture system [11,13]. To determine the actu-
al effect of Wnt3a in the conditioned medium on mES cells,
we used two different negative controls: conditioned medi-
um from wild-type L cells (L CM) and conditioned medi-
um from these cells stimulated with L-Wnt3a CM
(L({w3a) CM). The latter allowed us to distinguish the
direct effect of Wnt3a on mES cells from its indirect effect
via stimulation of L cells to produce factors that affect mES
self-renewal. Monitoring of Wnt activity on mES cells by
luciferase assay using TOP-Flash (TOP) and FOP-Flash
(FOP) reporters revealed that only L-Wnt3a CM contained
significant levels of Wnt activity sufficient to stimulate the
canonical Wnt signal mediating B-catenin/T-cell-specific
factor (TCF) transcriptional activity in mES cells
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(Fig. 1A) [16]. In contrast, the same reporter assay revealed  via activation of the autocrine loop of the Wnt signal.
no detectable activation of the canonical Wnt signal in  Functional assays of these conditioned media indicated
mES cells maintained by LIF, indicating that LIF does  that only L-Wnt3a CM showed the ability to maintain
not have any cross-reactivity either directly or indirectly = EB3 or OLG2-3 feeder-free ES cells in the undifferentiated
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Fig. 1. L-Wnt3a CM maintains the pluripotency of mES cells. (A) Luciferase assay for TOP/FOP reporters in OLG 2-3 ES cells. Each bar represents the
mean + SEM (n = 3). (B) Colony morphologies of OLG2-3 and EB3 ES cells. OLG2-3 (upper and middle) or EB3 (lower) cells were cultured in L-Wnt3a
CM, L{w3a)CM, L CM, or FCS-containing medium supplemented with or without LIF for 5 days. The middle panel shows expression of Oct3/4-EGFP
and the lower panel shows AP-staining as markers of the undifferentiated state. Scale bars, 200 pm. (C) Expression of stem cell marker genes Oct3/4, Sox2,
and Rex! in OLG2-3 ES cells cultured in L-Wnt3a CM, L(w3a)CM, L CM or FCS-containing medium supplemented with or without LIF for 5 days
examined by Northern blotting analysis. Gapdh was used as a loading control. (D) Expression of differentiated cell marker genes in OLG2-3 ES cells
analysed by RT-PCR. Gapdh was used as loading control. (E) Germline-competent male chimaeric mice (arrowhead) derived from EB3 cells cultured with
L-Wnt3a CM for at least 2 months, and mated with female C57BL/6J mice, resulting in Agouti pups.
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state, as determined by the compact colony morphology as
well as the expression of Oct3/4 or alkaline phosphatase
(AP) activity, comparable to that of medium containing
1000 U/ml (U) of recombinant LIF (Fig. 1B). Another cell
line, D3 ES cells, can also be maintained in L-Wnt3a CM
(Fig. 2D). Maintenance of the undifferentiated state and
prevention of differentiation were confirmed by the expres-
sion of marker genes, and stem cell markers, such as Oct3/
4, Rexl, and Sox2, were maintained (Fig. 1C), while differ-
entiation markers, such as tPA and H19, were suppressed
in ES cells maintained in L-Wnt3a CM (Fig. 1D)
[11,19,20]. Finally, the appropriate maintenance of pluripo-
tency in L-Wnt3a CM was confirmed by generation of
germline-competent chimaeric mice by injection of EB3
ES cells maintained in L-Wnt3a CM for over 2 months
(Fig. 1E). These results indicated that L-Wnt3a CM is
absolutely sufficient to maintain pluripotency of mES cells
and that Wnt3a in L-Wnt3a CM coatributes directly to this
effect.

Next, we examined the effect of Wnt3a on mES cells as
distinct from that of L-Wnt3a CM. First, we evaluated the
contribution of Wnt3a to the effect of L-Wnt3a CM by
withdrawal of its activity using soluble frizzled receptor,
Fz8-Fc, a specific Wnt antagonist. Although the almost
complete blockage of Wnt3a activity by Fz8-Fc was mon-
itored by TOP/FOP reporter assay (Fig. 2A), we found
that the effect of Fz8-Fc on ES self-renewal maintained
by L-Wnt3a CM was weaker than that of complete replace-
ment of L-Wnt3a CM with L CM (Figs. 1B and 2B), sug-
gesting that not only Wnt3a but also another factor(s)
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contributes to the ability of L-Wnt3a CM to maintain ES
self-renewal. As LIF is the most potent factor to maintain
pluripotency of mES cells, we tested the activity of LIF in
Wnt3a CM by LIF-dependent reporter assay. Experiments
using a STAT3-responsive reporter 4 xacute phase
response element (APRE)-luc indicated that Wnt3a CM
contains LIF activity comparable to that of 10 U of recom-
binant LIF (Fig. 3C) [17]. The concentration of LIF in
L-Wnt3a CM was estimated as 60 pg/ml (about 6 U) by
enzyme immunoassay, whereas that in L. CM was 20 pg/
ml (about 2 U). Neutralization of LIF activity in L-Wnt3a
CM by addition of anti-LIF antibody resulted in its
reduced ability to maintain self-renewal (Fig. 3D). These
observations suggested that L-Wnt3a CM may maintain
the pluripotency of mES cells via the synergistic action of
Wnt3a and LIF.

The synergistic action of Wnt3a and LIF on mES self-
renewal was evaluated by addition of each recombinant
protein to serum-containing medium. Activation of STAT3
by phosphorylation on 705Tyr was reported to be neces-
sary and sufficient to maintain pluripotency of mES cells
[3). Addition of recombinant Wnt3a resulted in activation
of the canonical Wnt signal monitored by TOP/FOP
reporters comparable to that by L-Wnt3a CM (Fig. 3A),
but had no effect on STAT3 phosphorylation (Fig. 3B),
whereas recombinant LIF stimulated STAT3 phosphoryla-
tion in a dose-dependent manner without activation of the
canonical Wnt signal (Figs. 3A and B). These observations
indicated that there is no cross-effect between these two
ligands. Various concentrations of LIF were examined
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Fig. 2. Synergistic effect between Wnt and LIF signal in L-Wnt3a CM. (A) Luciferase assay for TOP/FOP reporters in OLG 2-3 ES cells. Each bar
represents the mean + SEM (n = 3). (B) Effects of antagonists against Wnt (1 pg/ml mouse Fz8-Fc) on self-renewal of OLG2-3 ES cells cultured in
L-Wnt3a CM. ES cells were cultured in L-Wnt3a CM supplemented with (left) or without Fz8-Fc (right) for 5 days. The lower panel shows expression of
Oct3/4-EGFP. Scale bars, 200 pm. (C) Luciferase assay for 4 x APRE-luc in OLG2-3 ES cells. (D) Effects of antagonists against Wnt (1 pg/ml mouse Fz8-
Fc) and/or LIF (1 pg/ml anti-LIF antibody) on self-renewal of D3 ES cells cultured in L-Wnt3a CM. D3 ES cells were cultured in L-Wnt3a CM
supplemented with Fz8-Fc and/or anti-LIF antibody or with no additional factors for 6 days. AP staining shows undifferentiated D3 ES cells.
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Fig. 3. Synergistic effect between Wnt3a protein and LIF on mES cell self-renewal. (A) Luciferase assay for TOP/FOP reporters in OLG2-3 ES cells. Each
bar represents the mean + SEM (n = 3). (B) Effects of Wnt3a protein on STAT3 phosphorylation in OLG2-3 ES cells. EBS5 cells were treated with Wnt or
LIF at the indicated concentration for 2 h and subjected to Western blotting analysis using anti-phospho-STAT3 (705Tyr) antibody (upper panel} and
anti-STAT3 antibody (lower panel). (C) Colony morphologies of OLG2-3 ES cells. OLG2-3 cells were cultured in FCS-containing medium supplemented
with or without 200 ng/ml Wnt3a at various concentrations of LIF for 5 days. The second and fourth panels show expression of Oct3/4-EGFP. Scale bars,

200 pm.

for their abilities to maintain mES cells in the undifferenti-
ated state. Our results indicated that 10 U was the minimal
dose to give Oct3/4-positive stem cell colonies (Fig. 3C). In
contrast, if recombinant Wnt3a was added simultaneously
with LIF, 6 U of LIF was sufficient to support Oct3/4-posi-
tive colony formation (Fig. 3C), indicating that Wnt3a can
reduce the requirement for LIF to maintain self-renewal.
However, Oct3/4-positive colonies could not be generated
in medium containing Wnt3a without LIF (Fig. 3C), indi-
cating that Wnt3a alone is not sufficient to maintain ES
self-renewal but that it acts synergistically with LIF.
These observations raise the question of how the syner-
gistic action of Wnt3a and LIF is mediated. To assess the
contribution of the canonical Wnt signal to this phenome-
non, we examined the effect of direct activation of this sig-
nal by accumulation of B-catenin in ES cells. For this
purpose, we introduced tetracycline-regulatable transgenes
for expression of either wild-type (wt) or the constitutively
active form of B-catenin, which carries four point muta-

tions (S33A, S37A, T41A, and S45A) at the GSK-binding
site to prevent the interaction [14,15]. The effect of B-cate-
nin AGSK overexpression on the canonical Wnt signal was
confirmed by TOP/FOP reporters, which was comparable
to the effect mediated by L-Wnt3a CM (Fig. 4A). The
effects of overexpression of B-catenin wt and B-catenin
AGSK to support self-renewal, and we detected their syn-
ergistic activities with sub-threshold levels of LIF to main-
tain the cells in the undifferentiated state (Fig. 4B).
Moreover, as shown in the case of recombinant Wnt3a,
direct activation of the canonical Wnt signal alone was
not sufficient to maintain ES self-renewal. These results
suggested that the canonical Wnt signal acts synergistically
with the LIF signal.

Sato et al. [9] reported that the GSK3-specific inhibitor,
BIO, can replace the activity of L-Wnt3a to maintain ES self-
renewal. Therefore, we examined its effect using our feeder-
free ES cell culture system as described for L-Wnt3aCM
and recombinant Wnt3a. Interestingly, addition of BIO to
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Fig. 4. Synergistic effect between constitutively activated B-catenin induction and LIF on mES cell self-renewal. (A) Luciferase assay for TOP/FOP
reporters in EBRTcPB-catenin wt and EBRTcPB-cateninAGSK ES cells. Each bar represents the mean £ SEM (n=3). (B) AP-stained colony
morphologies of EBRTcPp-catenin wt (upper panel) and EBRTcPp-cateninAGSK (lower panel) ES cells. Both ES cells were cultured in FCS-containing
medium supplemented with or without Tc at various concentrations of LIF for 5 days, Withdrawal of Tc (top and third panels) induced expression of

B-catenin wt and B-catenin AGSK. Scale bars, 200 pum.

FCS-containing medium resulted in not only strong activa-
tion of the canonical Wnt signal as determined using TOP/
FOP reporters (Fig. 5A), but also generation of Oct3/4-posi-
tive colonies in the absence of LIF, although the colony size
was smaller than that supported by LIF for the same period
(Fig. 5C). The effect of BIO on the LIF signal was estimated
using APRE-luc, and the results indicated that BIO activated
its expression to the same level as that induced by 100 U LIF
(Fig. 5B). Although the molecular mechanism of this effect
remains unclear, maintenance of ES self-renewal by BIO
may be due to its combinatorial effect in activating both
the canonical Wnt signal and the LIF signal simultancously,
asin the case of L-Wnt3a CM and the combination of recom-
binant Wnt3a and LIF.

The results of the present study indicated that addition
of recombinant Wnt3a protein and induction of constitu-
tively activated B-catenin maintain the pluripotency of
mES cells by cooperation with sub-threshold levels of
LIF, but that they were not sufficient to maintain self-
renewal of mES cells in the absence of LIF. Our findings
in mES cells were consistent with those in mouse haemato-
poietic stem (HS) cells, for which Wnt3a by cooperation
with Steel locus factor (SLF) has been shown to support
stem cell self-renewal [21]. These findings indicate that
the function of the Wnt signal is limited to a supportive
effect for the maintenance of the pluripotency of mES cells.

We found that BIO maintained the undifferentiated
state of a subset of mES cells and induced differentiation
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Fig. 5. Synergistic effect between Wnt and LIF signal by BIO. (A)
Luciferase assay for TOP/FOP reporters in OLG 2-3 ES cells. (B)
Luciferase assay for 4 x APRE reporters in OLG 2-3 ES cells. Each bar
represents the mean + SEM (i = 3). (C) Effects of BIO on OLG2-3 ES cell
self-renewal. ES cells were cultured in FCS-containing medium supple-
mented with 2 yM BIO, 1000 U LIF, 200 ng/ml Wnt3a or no factor for 6
days. The lower panel shows expression of Oct3/4-EGFP. Scale bars,
200 pm.

of the remaining cells with activation of STAT3-specific
reporter. The variation of responsiveness of mES cells to
BIO may reflect the heterogeneity of Oct3/4-positive mES
cells in which different subpopulations show various capa-
bilities of signal integration [22]. Our results suggest that
BIO may have combinatorial effects on mES cells, activat-
ing both the canonical Wnt signal and the LIF signal
simultaneously to maintain the cells in the undifferentiated
state, as in the case of the combination of recombinant
Wnt3a and LIF. We could not evaluate the mechanism
by which BIO activates STAT3 transcriptional activity as
there is no evidence of a connection between GSK3 and
the LIF-Jak-STATS3 signal cascade.

It was reported recently that recombinant Wnt3a alone
is not sufficient to maintain human ES cells in the undiffer-
entiated state, although L-Wnt3a CM can do so [9,10].

These findings were similar to our observations in mES
cells, indicating that factor(s) in L-Wnt3a CM act synergis-
tically with Wnt. However, it was also reported that activa-
tion of STAT3 is neither sufficient nor necessary to
maintain self-renewal of hES cells. Therefore, the LIF-
STATS3 signal should not be a partner of Wnt for its syner-
gistic action. We are currently attempting to identify the
unknown partner(s) of Wnt for human ES cells, which
may be activated by BIO, as it is sufficient to maintain
the undifferentiated state in a limited period.
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