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Promoting human embryonic stem cell renewal or differentiation by
modulating Wnt signal and culture conditions
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We previously showed that Wnt3a could stimulate human embryonic stem (hES) cell proliferation and affect cell fate
determination. In the absence of feeder cell-derived factors, hES cells cultured under a feeder-free condition survived
and proliferated poorly. Adding recombinant Wnt3a in the absence of feeder cell derived-factors stimulated hES cell
proliferation but also differentiation. In the present study, we further extended our analysis to other Wnt ligands such as
Wntl and Wnt5a. While Wntl displayed a similar effect on hES cells as Wnt3a, Wnt5a had little effect in this system.
Wnt3a and Wntl enhanced proliferation of undifferentiated hES cells when feeder-derived self-renewal factors and
bFGF are also present. To explore the possibility to promote the proliferation of undifferentiated hES cells by activating
the Wnt signaling, we overexpressed Wnt3a or Wntl gene in immortalized human adult fibroblast (HAF1i) cells that are
superior in supporting long-term growth of undifferentiated hES cells than primary mouse embryonic fibroblasts. HAFi
cells with or without a Wnt transgene can be propagated indefinitely. Over-expression of the Wnt3a gene significantly
enhanced the ability of HAFi feeder cells to support the undifferentiated growth of 3 different hES cell lines we tested.
Co-expression of three commonly-used drug selection genes in Wnt3a-overpressing HAFi cells further enabled us to
select rare hES clones after stable transfection or transduction. These immortalized engineered feeder cells (W3R) that
co-express growth-promoting genes such as Wnt3a and three drug selection genes should empower us to efficiently make
genetic modified hES cell lines for basic and translational research.
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Introduction embryonic fibroblasts (pMEFs) were used as feeder cells
to establish and propagate hES cell lines. Several groups

Pluripotent hES cell lines offer unprecedented oppor-  have subsequently found that selected human cells of fetal

tunities to investigate human cell biology and to develop
novel cell-based therapies [1, 2]. Initially, primary mouse
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or adult origins can substitute pMEFs in supporting the
prolonged growth of undifferentiated hES cells [3-7]. The
expanded hES cells cultured on these supportive human
feeder cells after many passages continue to form compact
colonies of cells expressing undifferentiated markers such
as alkaline phosphatase (AP). These studies also found,
however, that many human cell types were not supportive:
AP positive (AP") compact colonies of undifferentiated
hES cells disappeared after 2 passages. The pace of down-
regulation in the expression of AP and other undifferenti-
ated markers in differentiating hES cells is much slower
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than mouse ES cells, probably due to the fact that the cell
cycle of hES cells is 3 time longer than that of mouse ES
cells [8-9]. Therefore, a longer time frame is required in
assays to distinguish undifferentiated from differentiating
or differentiated hES cells.

When an extracellular matrix mixture such as Matrigel
is provided, undifferentiated hES cells can be propagated
by supplementing conditioned medium (CM) from pMEFs
to either serum-containing or serum-free media [9]. Un-
der the latter condition, adding basic Fibroblast Growth
Factor (bFGF) and insulin is necessary [8, 9]. It becomes
increasingly clear that external factors required for the
growth of undifferentiated hES cells are different from
those required for mouse ES cells. While the combination
of LIF and BMP4 is sufficient to propagate mouse ES cells
[10], LIF had little effect on hES cells and BMP4 induces
hES cell differentiation preferentially to trophoectoderm
[11-12]. Using multiple (supportive and non-supportive)
feeder cells, and soluble recombinant factors (and their an-
tagonists), we now have a better understanding of multiple
external signals required for the growth of undifferentiated
hES cells. One can envision that at least 3 types of external
signals are required: 1) From factors such as insulin and
neurotrophins that activate the PI3 kinase/AKT pathway
and promote cell survival [13]; 2) From factors such as
Wnt that activate c-Myc and cyclin D and stimulate cell
proliferation [14, 15]; 3) From factors such as TGFp,
activin A, or BMP antagonists that prevent spontaneous
differentiation or maintain undifferentiated hES cells dur-
ing cell proliferation in culture [16-20]. A single growth
factor may transmit multiple types of signals, or multiple
factors can provide a specific type of signals such as one
required for cell survival and proliferation. Indeed, many
cells could provide the first two types of signals and sup-
port the survival and proliferation of hES cells, at least
transiently. In contrast, pMEFs and selected human feeder
cells provide an additional (the third type) signal to support
the prolonged growth of undifferentiated hES cells [15-22].
Although multiple factors such as activin, TGF3 or BMP
antagonists, and a high concentration of bFGF have been
shown to promote the growth of undifferentiated hES cells
[16-20], it is unclear whether they are sufficient to sustain
the prolonged expansion of bona fide hES cells (vs. those
that have been adapted or mutated during the selective
culture process). In addition, it remains a challenge to
develop culture conditions for the efficient and prolonged
propagation of homogenous undifferentiated hES cells and
the culturing of these cells at a clonal level.

We previously showed that recombinant Wnt3a proteins
stimulate hES cell proliferation and affect cell fate determi-
nation [15]. In the absence of feeder cell-derived factors,
hES cells cultured under a feeder-free condition survived
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and proliferated poorly. Adding recombinant Wnt3a stimu-
lated hES cell proliferation but also differentiation [15].
This is consistent with the finding that B-catenin—mediated
transcriptional activation in the canonical Wnt pathway
was minimal in undifferentiated hESCs, but greatly up-
regulated upon induction of differentiation [15]. In the
present study, we further extended our analysis to other
Wnt ligands available to us. Wntl, another ligand that ac-
tivates canonical Wnt pathways, displayed a similar effect
on hES cells as Wnt3a. However, Wnt5a which activates
non-canonical Wnt pathways had little effect in this assay.
To explore the possibility of promoting the proliferation
of undifferentiated hES cells by activating the canonical
Wnt signaling, we overexpressed Wnt3a or Wntl gene in
immortalized human adult fibroblast (HAFi) cells that are
able to replace pMEFs in supporting long-term growth
of undifferentiated hES cells. Unlike pMEFs whose pro-
liferation and ability to support hES cells decline after 3
passages, HAFi cells with or without a Wnt transgene can
be propagated indefinitely. Over-expression of the Wnt3a
gene significantly enhanced the ability of HAFi feeder
cells to support the growth of undifferentiated colonies of
3 different human ES cell lines.

Materials and Methods

Human embryonic stem (hES) cell cultures

The H1 and H9 hES cell lines were obtained from WiCell Research
Institute (Madison, WI, www.wicell.org) at passage (p) 22 or p23
[1]. I-6 was obtained from Technion-Israel Institute of Technology at
p30. We propagated hES cells on pMEFs or HAFi cell as previously
described [15, 21]. I-6 hES cells were propagated by collagenase IV
following the provider’s instruction. Undifferentiated H1 hES cells
from p35-80, H9 cells of p29-73, and I-6 of p30-64 with a normal
karyotype were used in this study. Approximately once every 2—-3
months, hES cells were karyotyped and their ability to form teratomas
in SCID-beige mice was also tested [15, 23].

Immortalized HAFi and derivatives as feeder cells

HAFi cells derived from human skin fibroblasts and hTERT
transduction have been previously described [15, 23]. They triplicate
every week for years, and maintain a typical and non-transformed
fibroblast phenotype. For use as feeders, HAFi cells or derivatives
were irradiated (40 Gy) and plated at a density of ~2.5x10* cells/cm?
(5%10" cells per well in 24 well plates). Although hES cells grow
slightly slower in the first passage after switching from pMEF to
HAFi feeder cells, the growth of hES cells in subsequent passages
were at least as good as on the pMEFs feeders that we have used.
The co-culture with hES cells were replenished daily with the hES
cell medium. After 3-9 d, the co-cultures were either passaged along
after split or stained for AP activity. All the feeder cells were nega-
tive for AP, while undifferentiated hES cell colonies stained densely
for AP [15, 23].

Immortalized HAFi cells can be transfected by a plasmid, or
stably transduced by a retroviral or lentiviral vector more efficiently.
To make stable HAFi derivatives over-expressing Wntl or Wnt3a
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proteins (tagged with the HA epitope), we used two existing retroviral
vectors as a gift from Dr Hongjun Song (Johns Hopkins University,
JHU). The retroviral vectors (LTR-neo-CMV promoter-Wntl or
Wnt3a gene with the HA tag) were produced in 293T cells by tran-
sient transfection as previously described [24]. Stably transduced
cells were selected by G418 (500 pg/ml). In addition, we have
also created puromycin-resistant HAFi cells (HAFi-puro) with a
retroviral vector, and Wnt3a-producing HAFi cells by a lentiviral
vector. In both cases, the puromycin resistance gene is controlled
by the PGK promoter.

Western blot to monitor the over-expression of Wnt proteins
in HAFi cells

HAFi cells with or without the stably-transduced Wnt gene were
harvested and analyzed by Western blotting for the production of
recombinant Wnt protein that is tagged by the hemaggutinin (HA)
epitope. The blot was first probed by the anti-HA rabbit antibody
(1: 500 or 2 pg/ml) purchased from Abcam, UK. After stripping, the
blot was re-probed by a mouse monoclonal antibody recognizing the
B-actin (clone AC-15, 1:5 000, from Sigma, USA).

A luciferase reporter assay to measure the Wnt mediated
transcriptional activation

The Wnt activity that activates its canonical (B-catenin mediated)
signaling pathway was assayed using the STF reporter cells that
stably express a luciferase reporter gene driven by the TCF optimal
promoter (TOP) [25]. The STF is derived from 293 cells containing
the TOP-luciferase reporter vector. 4 000 STF cells were co-cultured
overnight with 1.6x10* HAFi, HAFi cells transduced with Wntl or
Wnt3a, or 293T (as a negative control). Cells were then harvested
and lysed with Glo lysis buffer (Promega, Madison, USA) and the
luciferase activity was measured as previously described [15].

The feeder-free culture of hES cells

We often used the feeder-free culture system described previously
with modifications [9, 23] to reduce the numbers of carryover feeder
cells and perform growth factor requirement assays. Matrigel™ (BD
Biosciences, Bedford, MA, USA) was diluted at 1:30 to coat the plate
and used as extracellular substrates. Human ES cells were cultured
on Matrigel with the pMEF conditioned medium (CM), which
provides soluble factors required for cell survival/proliferation and
maintenance of undifferentiated hES cells. Recombinant Wnt3a and
Whnt5a proteins were purchased from R & D Systems (Minneapolis,
MN, USA). Wntl was purchased from Peprotech, USA. As expected,
Wntl and Wnt3a, but not Wnt5a, activate the canonical Wnt signaling
pathway and a TOP luciferase reporter.

To test the effects of growth factors such as Wnt1, hES cells were
cultured on Matrigel with pMEF-CM for at least one passage to re-
duce the numbers of carryover pMEFs from previous co-cultures as
described [15]. After harvest by 0.05% trypsin/0.5 mM EDTA, hES
cells in small clumps (~10-20 cells) were seeded on Matrigel-coated
24-well plates (1.5x10* cells per well) with pMEF-CM or the plain
hES cell medium, in the presence or absence of Wnt (100 ng/ml unless
otherwise indicated). The culture medium was changed daily. At day
4-5 when largest colonies in the positive control reached confluency,
the cells in each group were harvested and counted using 0.4% try-
pan blue solution. A fraction of harvested cells were also seeded on
PMEEF feeder cells to assess numbers of hES cell capable of forming
colonies subsequently. The undifferentiated hES cell colonies formed
on pMEFs were counted after AP staining. The AP colony-forming

units are used to quantify numbers of undifferentiated hES cells in
the test population [23].

Stable transfection of human ES cells by a plasmid vector
To assess transfection of hES cells, we used both enhanced green
fluorescent protein (GFP) and an improved red fluorescent protein
(RFP) called tandem dimer (td) Tomato (Ex=554 nm, Em=581 nm)
as reported recently [26]. A cDNA3.1-based plasmid expressing
the tdTomato RFP reporter was provided by Dr. Nicolas Christofo-
rou (JHU). The plasmid also contains a neomycin resistance gene
controlled by the SV40 promoter. The circular plasmid (5 pg) was
transfected into ~2x 10° hES cells by Amaxa’s electroporation method
(“nucleofection™) using the mouse ES cell solution and Program
A23 of Nucleofector II, following the manufacturer’s recommenda-
tion. Treated cells were plated into 3 wells of HAFi/Wnt3a feeder
cells (in a 6-well plate, after 40 Gy irradiation). Two days after, 100
png/ml G418 were added. Transfected cells were passaged onto fresh
HAFi/Wnt3a cells as needed. Similar results were obtained by using
lipofectamine 2000-mediated DNA transfection (Invitrogen).

Results

Recombinant Wntl but not Wnt5a acted similarly as Wnt3a
on hES cells

In addition to Wnt3a, we also tested the effect of re-
combinant Wntl and Wnt5a proteins on hES cells. As
described in our previous study with Wnt3a [15], hES cells
were cultured on Matrigel in the presence or absence of
CM from pMEFs. When CM was absent, an equal volume
of the hES cell medium (containing insulin and bFGF)
was added. Wntl or Wnt5a were added in the presence or
absence of CM. In the absence of pMEF-CM, a few cell
survived after 5 d in culture (Figure 1A). The addition of
Wntl into the hES cell medium provided a cell survival/
proliferation advantage similar to what was observed pre-
viously with Wnt3a [15]. The promotion of Wntl on hES
cell growth is also obvious in the presence of CM (Figure
1A). The harvested cells were further tested for the con-
tent of undifferentiated hES cells based on their ability to
form undifferentiated colonies. Numbers of AP*, compact
hES colonies (from 1 000 cells plated onto pMEFs) were
counted and shown in Figure 1B. Cells cultured with
Wntl in the hES cell basal medium could not maintain
the undifferentiated (self-renewing) state of hES cells. In
contrast, addition of Wntl into CM doubled the total cell
number and did not alter the frequency of undifferentiated
(colony-forming) hES cells (Figure 1B). While the Wnt1
effect is very similar to Wnt3a as we previously described
[15], Wnt5a (up to 100 ng/ml) showed little effect in this
system (data not shown). Combined with other evidence,
these data indicated that Wnt ligands such as Wntl and
Wnt3a that activate the canonical Wnt signaling pathway
can stimulate proliferation of hES cells. In the absence of
CM, the stimulation of hES cell proliferation by Wnt1 and
Wnt3a is also accompanied with acceleration of differen-
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Figure 1 Wntl stimulates the growth of hES cells in the presence or
absence of CM from primary mouse embryonic fibroblasts (pMEFs).
H1 hES cells were cultured in 24-well plates (15 000 cells/well)
coated with Matrigel in the presence or absence of CM. When CM
was absent, an equal volume of the hES cell medium (Med) con-
taining insulin and bFGF was added. Wntl (20 ng/ml) was added in
the presence or absence of CM, and the media were changed daily.
After 5 days, total cells were harvested and numerated. Mean and
SD (n=2) were plotted in (A). To assess undifferentiated hES cells,
1 000 cells of each population were seeded on the pMEFs to allow
the growth of undifferentiated colonies. After 6 days, alkaline phos-
phatase positive (AP") colonies were numerated after AP staining,
as an index of undifferentiated hES cells. Mean+SD of AP" colonies
per 1 000 input cells (n=3) were plotted in (B). *3 000 cells cultured
with hES medium and Wnt1 for 5 days did not give rise to a single
AP" hES cell colony.

tiation and loss of self-renewing capacity. However, in the
presence of CM that contains renewing factors, Wnt1 (and
Wnt3a) enhanced the growth of undifferentiated hES cells
that are able to generate colonies of undifferentiated hES
cells (i.e., self-renewal).

Wnt accelerates hES cell proliferation and differentiation
when bFGF is absent

We also used a second strategy to assess the role of the
Wnt canonical signaling pathway. It has been previously
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shown that, when the serum-free medium is used, exog-
enous bFGF is required for the renewing proliferation of
hES cells. This is also true under the feeder-free culture con-
dition whereby hES cells are cultured on Matrigel together
with pMEF CM that provides other growth factors required
for hES cell survival and proliferation [8, 9]. Thus, we made
pMEF CM in the presence or absence exogenous bFGF.
Human ES cells were cultured as before with either type of
CM (-bFGF and +bFGF), and in the presence or absence
of Wnt3a (Figure 2A). When the -bFGF CM was used, hES
cells survived and passaged well on Matrigel at least for
15 d (vs 4-5 d when CM was absent, Figure 1A), similar
to the case when the +bFGF CM was used. Adding Wnt3a
led to a moderate increase of cell numbers with both types
of CM (-FGF and +bFGF). The resulting cells were then
analyzed, based on the presence of undifferentiated markers
such as SSEA-3 (Figure 2B and 2C) and the ability to form
undifferentiated hES colonies (Figure 2D). Adding Wnt3a
did not alter the high level expression of SSEA-3 when the
+bFGF CM was used (Figure 2B). Under the culture condi-
tion with -bFGF CM, however, adding Wnt3a resulted in
the loss of SSEA-3 expression (Figure 2C), indicating that
the treated cells were differentiated. The harvested cells
were further tested in a hES cell colony formation assay
as in Figure 1B. When the -bFGF CM was used for 15 d,
undifferentiated hES cells (capable of forming colonies in
the subsequent assay) were still abundant, but diminished
when Wnt3a was added (Figure 2D). In contrast, adding
Wnt3a to the +bFGF CM moderately increased the fre-
quency of colony forming undifferentiated hES cells as
well as the total cell number as seen in Figure 2A. These
data better illustrated the Wnt “activation” hypothesis
that we have previously proposed [15]. In the absence of
a sufficient level of bFGF or CM-derived factors that are
required to maintain hES cells at an undifferentiated state,
the canonical Wnt signaling activation accelerates cell
proliferation as well as differentiation. In the presence of
bFGF and supportive feeder cells (or CM), however, Wnt
will stimulate the self-renewing proliferation of the undif-
ferentiated hES cell population.

Modulating Wnt activity using Wnt-overexpressing feeder
cells

Although several recombinant Wnt proteins became
available recently, it remains technically challenging to
purify bioactive Wnt proteins. They are lipid-modified,
tightly associated with extracellular matrix of Wnt-produc-
ing mammalian cells, and poorly released to culture media
naturally [27, 28]. One way to overcome the limitation is to
directly use Wnt over-expressing cell lines. To propagate
hES cells more efficiently, we decided to over-express
Wntl or Wnt3a in the immortalized human adult fibroblasts
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Figure 2 Wnt stimulates human ES cell proliferation, but also differentiation when exogenous bFGF is absent. H1 ES cells were
cultured on Matrigel with two types of the CM from pMEFs. In addition to the standard CM which bFGF (4 ng/ml) was added before
and after CM collection (+bFGF), we also made CM devoid of exogenous bFGF (-bFGF). The —-bFGF CM supported the growth of
hES cells for at least 15 days (3 consecutive passages), in the presence or absence of Wnt3a (100 ng/ml). (A) Numbers of harvested
cells after 15 days + Wnt3a and in the presence of —-bFGF and +bFGF CM. Aliquots of cells were analyzed for the expression of
an undifferentiated marker SSEA-3 (B and C). Flow cytometric analysis of cells cultured with the +bFGF and -bFGF CM, with or
without Wnt3a. The blue lines were the background staining from an irrelevant control antibody. While hES cells treated with (red)
or without (green) Wnt3a showed a similar level of high SSEA-3 expression after cultured with +bFGF CM (B), the Wnt3a-treated
cells (red) lost the SSEA-3 expression greatly after culturing with the -=FGF CM (C). (D) Colony forming assays for the level of
undifferentiated hES cells in each population in (A). 10 000 cells from each population were plated on pMEF feeder cells under
the optimal culture condition (+bFGF) as in Figure 1B. Six days after, undifferentiated hES cell colonies were stained for alkaline
phosphatase and counted. Mean+SD (n=3) was plotted. The cells cultured with —-bFGF CM in the presence of Wnt3a did not form
any undifferentiated compact hES colonies (*, from 30 000 cells), while the three other samples showed comparable frequencies of

undifferentiated hES cell colonies.

(HAF1) cells we established previously [15, 23]. As shown
previously, H1 or I-6 hES cells maintained undifferenti-
ated morphology even after 6 consecutive passages on the
parental HAFi feeder cells or a derivative expressing the
puromycin selection gene, HAFi-Puro (Figure 3A and 3B).
Human ES cells cultured on HAFi had a similar or slightly
better growth rate than that on pMEFs, formed embryoid
bodies in vitro and teratomas in vivo [23].

After stable transduction by a retroviral vector express-
ing HA-tagged Wntl or Wnt3a (and co-expressing the
neomycin resistance gene), selected HAFi cells (HAFi/
Wntl or HAFi/Wnt3a) maintained a similar growth rate
(triplication per week, data not shown). We also examined
the relative level of HA-tagged Wntl or Wnt3a proteins
produced by transduced HAFi cells by Western blot using

the HA-specific antibody (Figure 3C). As expected, the
HA antibody detected a protein band of predicted sizes
(42 KDa for Wnt1-HA and 40 KDa for Wnt3a-HA) in
HAFi/Wntl and HAFi/Wnt3a cells, respectively, but not
in the parental HAFi cells. The level of Wnt3a proteins
is about 3 fold higher than that of Wntl. By the same as-
say, however, we have not been able to detect HA-tagged
soluble Wnt proteins released in the conditioned medium
from either HAFi/Wntl or HAFi/Wnt3a cells. Similarly,
we did not find a detectable level of soluble activity that
activates the Wnt canonical pathway in a responding cell
line STF expressing a TOP-luciferase reporter [25]. This
is consistent with the notion that Wnt proteins that are
lipid-modified and tightly associated with the extracel-
lular matrix are poorly released to culture media [27].
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To detect the cell- or extracellular matrix-associated Wnt
activity, we cultured Wnt producing HAFi cells together
with the STF reporter cells that express a TOP-lucifer-
ase reporter [25]. The parental HAFi cells showed little
activity as compared to the negative control 239T cells
as expected (Figure 3D). The HAFi/Wntl cells showed
some while HAFi/Wnt3a cells showed the best activity
in this surrogate assay, consistent with the fact that more
Wnt3a proteins are expressed in HAFi/Wnt3a cells than
Wntl in HAFi/Wntl cells. In a preliminary test with H9
hES cells, the HAFi/Wnt3a cells supported the growth of
undifferentiated hES cells measured as AP" colonies after
two passages (Figure 3E).

A H1 on HAFi-puro

D wnt activated TOP activity
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Wnt-producing HAFi feeder cells are more efficient to
support hES cells

We next examined whether these Wnt-expressing HAFi
cells are more potent to support the growth of undifferenti-
ated hES cells, including different hES cell lines that grow
poorly at a clonal level. For example, we had to propagate
the I-6 hES cell stock by partially dissociating hES cell
colonies using collagenase and passaging them as fairly
large cell clumps. The expansion efficiency of these cells
was poor and it is very difficult to achieve clonal expansion
from single cells either on pMEFs or HAFi feeder cells.
With Wnt-producing HAFi cells, we examined whether
clonal growth of I-6 hES cells would be more efficient
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Figure 3 Immortalized HAFi feeder cells and their derivatives over-expressing Wnt. In addition to the original HAFi cells, we have
also made the derivative expressing the puromycin (HAFi-Puro) resistance gene (A and B), and those expressing Wntl or Wnt3a
(C-E). Bar scale: 100 um in (A, B and E). H1 hES cells (A) or I-6 cells (B) were passaged as small clumps as usual on HAFi-puro
feeder cells. Undifferentiated ES cell clones were evident after 6 passages of continuous culture on HAFi-puro as on HAFi feeder
cells. (C-E) HAFi cells stably expressing Wnt together with the neomycin resistance gene after retroviral transduction. (C) After
transduction with vectors expressing Wntl (lane 2) or Wnt3a (lane 3), expanded HAFi/wnt1 and HAFi/Wnt3a cells were analyzed
for production of Wnt proteins (tagged with HA epitope), together with parental HAFi cells (lane 1). Lysates from 3 HAFi cell types
were made and analyzed by western blot using specific antibodies recognizing either the HA epitope (fused with the Wnt protein)
or beta-actin (as a loading control). The HA antibody detected HA-tagged proteins in HAFi/Wnt1 cells (~42 kDa) and HAFi/Wnt3a
cells (~40 kDa) as expected. After striping, the blot was re-probed by a beta-actin antibody, which detected a constitutive protein of
42 kDa in all 3 cell types as expected. (D) The production of Wnt activation activity by HAFi cells was also measured by co-culture
with a Wnt-responsive reporter cell line STF expressing the TOP-luc reporter. The mean+SD (n=3) of the Wnt/TOP activated lucif-
erase activity (in 1000 photon units) by each type of HAFi cells and a negative control (293T cells) were plotted. (E) H9 cells were
cultured on Wnt3a-producing HAFi cells (HAFi/Wnt3a) for two passages and then stained for the alkaline phosphatase marker. See

Figure 4 for more quantitative data.
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Figure 4 Wnt-producing HAFi cells better support the undifferentiated growth of 3 hES cell lines. (A-C). I-6 hES cells after one
(A) or two passages (B-C) on various versions of HAFi cells. I-6 hES cells (p64) that were maintained on pMEFs and passaged
by collagenase IV were plated on Matrigel for one passage. Then hES cells were digested by Trypsin/EDTA to achieve single cell
suspension. 5 000 cells were plated in each well in 24-well plates (n=4) that were coated with irradiated HAFi feeder cells. After
9 d, a half of wells were stained for AP" colonies (A) and the second half were harvested and re-plated (1:3 split) as before. After
additional 5 d, one half of wells were stained (n=3, B) and the second half were harvested for FACS analysis. The mean+SD of AP"
colonies after the first and second passage were plotted. (C) FACS of I-6 cells after co-culture with HAFi cells for 14 d. Harvested
cells were stained for an undifferentiated hES surface marker Tra-1-60 and the histograms were overlayed. hES cells co-cultured
with HAFi (black), HAFi/Wntl (green) and HAFi/Wnt3a (red) were identified in the marked (M) region. The percentage of Tra-1-60
positive (undifferentiated hES) cells in each co-culture is also denoted. HAFi cells (xWnt) are Tra-1-60 negative. (D) Similarly, 5,000
H1 hES cells were assayed for one passage (6 d, n=4). (E) H9 (p73) hES cells were assayed on 3 types of HAFi cells and pMEFs. 3
000 cells per well were seeded in the first passage and re-plated after 1:4 split. After a total of 9 d in co-culture, AP™ colonies were
counted. Mean+SD (n=4) with 4 types of feeder cells were plotted as before. Note that the colony formation efficiency and growth
rate of the H9 hES cells were much higher than the [-6 and H1 hES cells.

(Figure 4A and 4B). Single cell suspension was plated on
the 3 types of HAFi cells. At the end of first passage, 50%
of the wells were stained for AP" colonies (Figure 4A) and
the other 50% were passaged (after 1:3 split) onto the same
type of HAFi feeder cells followed by the count of AP"
colonies (Figure 4B). The Wnt3a-producing HAFi cells
were 7-8 fold more efficient than the parental HAFi cells
after the first passage and >13 fold after the second passage
in supporting the clonal growth of undifferentiated hES
cells (Figure 4B). The 1-6 cells after 2 passages (14 d) were
also analyzed by FACS analysis for the expression of an

undifferentiated marker Tra-1-60 (Figure 4C). The Tra-1-60
expression after 14 d remained high after co-culture with
the 3 types of HAFi cells. Co-culture with Wnt3a-producing
HAFi cells resulted in the most numbers of Tra-1-60 cells
(24.6%), while Tra-1-60 negative cells were likely HAFi
or derivative cells harvested from co-cultures (Figure 4C).
Similar data were obtained with later passage H1 (Figure
4D) and H9 (Figure 4E) hES cells that grew more effi-
ciently, although the difference was less than that observed
with I-6 cells. Nonetheless, Wnt3a-producing HAFi cells
(in short WHAFi) cells gave the best results for 3 differ-
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Figure 5 Wnt3a-producing HAFi cells support the growth of transfected or transduced hES cells stably expressing RFP and GFP
reporter genes (A and B) H9 hES cells were transfected by a plasmid co-expressing the neomycin resistance gene and an improved
red fluorescent protein (RFP) called tdTomato. Human ES cells were then plated on Wnt3a-producing HAFi (WAHF1) feeder cells
(that are G418 resistant) that had been irradiated and plated in 6-well plates one or a few days before. After 3 passages, G418-resis-
tant stably transfected colonies emerged, and further expanded. Micrographs of colonies expressing the tdTomato RFP were taken
using either bright field (A) or a fluorescence filter suitable for the RFP (B). After prolonged cell expansion (>5 passages), the stable
transgene expression (tdTomato RFP) in undifferentiated hES cells (Tra-1-60 positive) was examined by flow cytometry (C). The
percentage of each cell population is denoted in each quadrant. The majority of undifferentiated hES cells is RFP+ and the vast
majority of RFP+ cells expressed the Tra-1-60 undifferentiated marker. WHAFi cells were further engineered to be puromycin-re-
sistant. The new feeder cells W3R are resistant to the selection of 3 antibiotics. (D and E). Micrographs of co-cultures of W3R and
HO cell colonies stably expressing the monomeric cherry RFP after transduction by a vector co-expressing the cherry RFP gene and
the puromycin-resistance gene, and after puromycin selection and expansion. (F and G). Similarly, W3R cells support the growth

of H1 hES cells that are stably transduced by GFP. Bar scale: 100 um.

ent hES cell lines, and were thus used more frequently in
subsequent experiments.

Creation and selection of rare stably-transfected hES cell
clones after plasmid transfection

It has been difficult to obtain stably-transfected hES
clones after plasmid transfection, despite that the tran-
sient transfection efficiency is as high as 40-60% by both
lipofectamine 2000 and eletroproation (Amaxa) methods.
This is likely due to at least in part the poor growth of hES
cells at a clonal level (<1-2%) as compared to mouse ES
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cells (10-30%). With the WHAFi feeder cells that are also
neomycin (G418) resistant, we tested if we could obtain
stable clones of hES cells after transfection by an existing
plasmid co-expressing the improved red fluorescent protein
(RFP) called tdTomato [26]. After sustained G418 selec-
tion of transfected hES cells cultured on WHAFi feeder
cells, many colonies emerged. When the plasmid co-ex-
pressing tdTomato RFP was used, ~20% of stable H9 hES
cell colonies expressed bright red fluorescence as shown
in Figure 5A and 5B. After G418 selection on WHAFi
cells, many undifferentiated colonies remained RFP posi-
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tive but RFP negative colonies were also observed. After
extensive passages and expansion, hES cells cultured on
WHAFi feeder cells were harvested and analyzed by flow
cytometry (Figure 5C). Among undifferentiated hES cells
(Tra-1-60 positive), the majority expressed a high level of
red fluorescence from the tdTomato RFP reporter. We also
made a derivative of WHAFi cells by stable transduction
with a vector expressing the puromycin resistant gene.
This WHAFi derivative is dubbed as W3R, because of its
resistance to the selection by 3 commonly-used antibiotics:
hygromycin, neomycin and puromycin. Micrographs (Fig-
ure 5D and 5SE) show H9 cell colonies stably expressing the
monomeric cherry (mCherry) RFP gene after transduction
by a vector co-expressing the mCherry RFP gene and the
puromycin-resistance gene. Similarly, W3R feeder cells
also support the growth of H1 hES cells that were stably
transduced by a GFP vector (Figure 5F and 5G). These
experiments demonstrated the utility of WHAFi or W3R

cells to support the growth of clonal hES cells.

Discussion

Pleiotrophic Wnt cytokine family members play im-
portant roles in many developmental events [29-31]. It is
now clear that there are at least two types of Wnt signal-
ing pathways: one is dependent on the -catenin mediated
activation that turns on the expression of a group of genes
via TCF/LEF nuclear factors and the second is 3-catenin in-
dependent. The latter is less defined and commonly referred
as the non-canonical Wnt signaling pathway [32]. The Wnt
canonical signaling pathway is known to be associated with
cell proliferation during the embryonic development, tissue
regeneration after injury and tumor formation, among many
other functions [29, 30]. In recent years, the Wnt canoni-
cal signaling is also implicated to support stem cell self-
renewal or differentiation, although the exact role of the
Wnt canonical signaling was unclear until recently [27, 28,
31-43]. On one hand, Wnt appears to be an important factor
for stem cell self-renewing that requires cell division. For
example, in a widely cited study, Wnt/B-catenin activation
appeared to expand murine hematopoietic stem/progenitor
cells in vitro when other signals were also present [27, 28].
In vivo, Wnt/B-catenin activation is commonly observed in
the “activated” stem cells as well as subsequently derived
(transiently-amplifying) progenitor cell populations [38-
40]. On the other hand, Wnt activation is also found to be
required for cell specification (i.e., differentiation) from a
more primitive stem cell precursor [35-37]. Thus, the Wnt
canonical signaling does not appear to act on stem cell
maintenance that prevents differentiation from stem cells.
These data are contradictory to the “maintenance” model
that was proposed previously to explain the roles of Wnt

on stem cells and their self-renewal.

In contrast, the “activation” model proposed recently
is also better in explaining the diverse or even contradic-
tory roles of Wnt signaling in regulating stem cells [15,
40]. In this “activation” model, Wnt canonical signaling
stimulates stem cell activation, survival or proliferation,
which is required for either self-renewal or differentiation
(that generates progeny cells). Thus the Wnt activation
can enhance “stem cell fate determination”: whether the
term is used to describe the expansion of undifferentiated
stem cells, or cellular differentiation (“specification”). In
adult stem cell systems, stem cell self-renewal and dif-
ferentiation does not have to be mutually exclusive, e.g.,
in embryonic development or a setting after tissue injury.
The regenerative process requires the transient activation
of resting stem cells by Wnt and other proliferative signals,
generation and expansion of committed progenitor cells,
and finally replacement of terminal differentiated cells
that perform specified functions. The “activation” model
for the role of Wnt/P-catenin activation in regulating adult
stem cells is further supported by the results in two recent
papers, which are contradictory to the prediction from the
“maintenance” model [41-43].

The data presented here provide additional evidence to
the “activation” model in which the Wnt signaling serves
as an “amplifier or accelerator” for hES cells, analogous
to what is observed with adult stem cells. In the absence of
sufficient levels of factors such as bFGF or CM-derived fac-
tors that are required to sustain an undifferentiated state, the
Wnht activation accelerates cell proliferation as well as dif-
ferentiation. In the presence of bFGF and supportive feeder
cells (or CM), however, Wnt stimulates the self-renewing
proliferation of the undifferentiated hES cell population.
Based on the “activation” model, we over-expressed Wntl
or Wnt3a in immortalized adult human fibroblasts (HAF1)
to enhance the expansion of undifferentiated hES cells.
Testing with 3 hES cell lines showed that Wnt3a-overepres-
sion in HAF1i feeder cells further enhanced cell proliferation
as well as colony formation of undifferentiated hES cells.
With the features of unlimited (immortal) growth and the
convenience of using one or more drug selection, Wnt3a-
producing HAFi cells such as WHAFi or W3R cells will
improve our ability to grow either wildtype or genetically-
modified hES cells co-expressing one or all 3 commonly
used drug-resistance genes. It is also conceivable that
immortal WHAFi or W3R cells can be further improved
by expressing other genes encoding growth-promoting
factors once they are identified. The ability of WHAFi or
W3R cells to support the derivation of hES cell lines from
blastocysts is unknown, but it is tempting to speculate that
they could be more efficient than pMEF or primary human
fibroblasts that often vary from batch to batch.
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Although the current study focused on the initial cell fate
determination of undifferentiated hES cells, modulating
Whnt signaling is also likely useful to promote differentiation
as observed in the absence of bFGF (Figure 2). Depending
on other extrinsic signals and cell-intrinsic factors, Wnt
activation using feeder cells or soluble factors could also
help directed differentiation from hES cells to generate (and
expand) committed progenitors cells of specific lineages.
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