Am J Transl Res 2017;9(10):4534-4544
www.ajtr.org /ISSN:1943-8141/AJTRO063627

Original Article

A novel culture system robustly maintained pluripotency
of embryonic stem cells and accelerated somatic
reprogramming by activating Wnt signaling

Shaojie Li*, Xiao Lu*, Haipeng He, Rong Cui, Xianxin Wang, Xiaoyun Wang, Xia Wu

State Key Laboratory of Reproductive Regulation and Breeding of Grassland Livestock, Inner Mongolia University,
Hohhot 010070, China. "Equal contributors.

Received August 14, 2017; Accepted September 18, 2017; Epub October 15, 2017; Published October 30, 2017

Abstract: Wnt signaling is intrinsic to embryonic stem cell self-renewal and mammalian development. However,
the effects of wnts on ES cells self-renewal and iPS cells transduction was not clearly understood. In this study,
L-Wnt3a cells that secreted activated Wnt3a protein into medium were used to produce Wnt3a condition medium
(Wnt3a-CM) or feeder layer for ES cells cultivation and iPS cells transduction. The results showed that L-Wnt3a
cells as feeder layer significantly promoted establishment of ES cell lines and generation of iPS cells. The ES cells
robustly maintained pluripotency in Wnt3a-CM on feeder free condition. Moreover, we demonstrate that activated
Wnt signaling by Wnt3a-CM at the early stage of reprogramming promoted generation of iPS cells by up-regulating
Tcf3 and Tef4, improving mesenchymal-to-epithelial transition (MET), promptly reactivating endogenous pluripotent
genes, and regulating epigenetic remodeling. Taken together, L-Wnt3a cells and their condition medium could be
a novel culture system to robustly maintained pluripotency of ES cells and accelerated somatic reprogramming by

activating Wnt signaling.
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Introduction

Embryonic stem cells (ES cells) derive from the
inner cell mass of the blastocysts, and have
ability to form all tissues in our body [1]. The
growth factors and several signaling pathway
had pivotal role to ES cells self-renewal or
differentiation. Although a core and extended
transcriptional networks were clearly critical for
maintaining and establishing cellular pluripo-
tency, the role of extracellular signals, such as
WNTs, has not been investigated [2]. Previously,
medium supplemented with purified Wnt3A
protein promoted the proliferation and sup-
press the differentiation of human hematopoi-
etic stem cells (HSCs) [3]. The canonical Wnt
signaling pathway up-regulated expression of
HoxB4 and Notchl genes which played impor-
tant role in the self-renewal of HSCs [4]. The
signal pathway also promoted the proliferation
and suppressed the differentiation of human
epidermal stem cells by keeping its internal
environment stability [5]. Importantly, the can-
onical Wnt signaling pathway was maintained

pluripotency of human and mouse ES cells, and
promoted expression of oct4, nanog, rex-1
genes [6]. However, wnt proteins could not
maintain ES cell self-renew, alone, they need to
synergistically act with LIF [7, 8]. During ES
cells self-renewal, the activated Wnt signaling
pathway inhibits GSK-3 activity and lead to the
accumulation of B-catenin. The stable 3-catenin
interacted with T-cell factors, and the latter
transcripted their target genes [9, 10]. The
member of T-cell factor family, Tcf3 existed in
an activating and repressive complex, and the
activating complex promoted maintenance of
pluripotency. On the contrary, the repressive
complex regulated differentiation of ES cells
[14].

During somatic nuclear reprogramming, acti-
vation of Wnt/B-catenin signaling strikingly
enhances the ability of ES cells to reprogram
somatic cells after fusion. Fused somatic cells
lost their markers, and demethylation of DNA
was observed in Oct4 and Nanog promoters
[12]. Wnt signaling also improved transcrip-
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tion factors mediating induced pluripotency.
Murine fibroblasts could be reprogrammed
into induced plruipotent stem cells (iPS) with-
out ¢c-Myc in Wnt3a-conditioned medium [13].
Zhang and their colleagues confirmed Wnt/[3-
catenin enhanced iPS cells generation at early
stage of reprogramming, and it was irrelev-
ant to stimulate cell proliferation or reactivate
c-Myc [14]. However, other studies showed that
the reprogramming was inhibited by stimulat-
ing Wnt signal during early stages [15, 16].
Finally, despite the effect of Wnt signaling on
generation of iPS cells and pluripotent mainte-
nance of ES cells was established, a strict
examination for Wnt3a during ES cells culture
and iPS cells transduction were not investi-
gated.

In the study, we employed an immortal cell line,
L-Wnt3a cells that were screened from ove-
rexpressing mouse Wnt3a gene in L-cell from
mouse subcutaneous connective tissue, and
secreted activated Wnt3a protein into medium
[3]. The cells as feeder layer and its conditioned
medium were used to isolate, culture mouse ES
cells and induce iPS cells in feeder or feeder-
free culture condition. The results showed that
inner cell mass outgrowth was significantly pro-
moted on L-Wnt3a cells feeder layer, the feeder
or Wnt3a-CM supported ES cells self-renewal
and maintained its pluripotency. L-Wnt3a cells
that mixed with MEFs at appropriate ratio also
promoted iPS cells transduction as feeder
layer. When Wnt3a-CM was added from PD3 to
PD6 during iPS cells transduction on feeder
free condition, the efficiency of generation of
iPS cells was significant increase. Analysis
showed that Wnt3a-CM treatment up-regulated
expression of Tcf3 and Tcf4, improved MET,
reactivated endogenous pluripotent genes and
regulated epigenetic remodeling.

Materials and methods

Unless otherwise mentioned, all reagents used
were purchased from Life Technologies Com-
pany (USA). All the procedures involving the
care and use of animals were approved by Inner
Mongolia University’s Animal Care and Use
Committee.

Cell culture

L-Wnt3a cells were purchased from cellbank of
China Academy of Science, and maintained in
medium: Dulbecco’s modified Eagle’'s medium
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(DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS), 4 mM L-glutamine, 1 mM
sodium pyruvate, 100 U/mL penicillin, 100 ug/
mL streptomycin and 400 ug/ml G-418. Mouse
embryonic fibroblasts (MEFs) were isolated
from 13.5 day post-coitum (DPC) C57BL/6
mouse embryos, and cultured in DMEM supple-
mented with 10% FBS, L-glutamine, sodium
pyruvate, non-essential amino acids (NEAA)
and penicillin/streptomycin. The ES or iPS cell
medium was Knock-out DMEM supplemented
with 20% knock-out Serum Replacement (KSR),
L-glutamine, sodium pyruvate, NEAA, B-merc-
aptoethanol, penicillin/streptomycin and 1000
units/ml leukemia inhibitory factor (LIF). Wnt3a-
CM [3] were prepared according to standard
protocols (ATCC), and supplemented with 10%,
30%, and 50% (v/v) concentrations of condi-
tioned medium from L-Wnt3a cells in ES or iPS
culture medium, named Wnt3a-CM-1, Wnt3a-
CM-3 and Wnt3a-CM-5. The blastocysts from
3.5 DPC C57BL/6 mouse embryos were cul-
tured in ES cells or Wnt3a-CM medium for out-
growth. Isolated primary outgrowths, ES cells
and iPS cells were expanded on mitomycin C
inactivated MEFs, L-Wnt3a feeder layers or 1%
gelatin coated dishes in ES cell medium or
Wnt3a-CM.

iPS cells transduction

pMXs retroviral vectors containing reprogram-
ming factors, Oct4, Sox2, KIf4 and c-Myc and
packaging vectors that expressed gag-pol and
VSV-G were transfected into HEK293T cells by
the calcium phosphate precipitation method.
After 16 h post-transfection, the medium was
changed with MEF medium. Two days later,
virus supernatant was collected and centrifuge
at 1500xg for 10 min at 4°C, store at -80°C.
For infecting somatic cells, equally mixed retro-
viral supernatant, and infected cells two times,
each 24 hr together with 8 ug/mL polybrene.
The day that retroviral supernatant was repl-
aced recorded post-infection day O (PDO). For
induction on feeder layer, the infected cells
were splited onto MEFs, L-Wnt3a cell feeder
layer at PD2, and the MEF medium was changed
with iPS cell medium at PD4. iPS colonies were
picked up at PD14 to PD18.

Alkaline phosphatase staining and immuno-
fluorescence analysis

Alkaline phosphatase (AKP) staining was per-
formed with BCIP/NBT Alkaline Phosphatase
Colour Development Kit (Beyotime) according
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Figure 1. pluripotent analysis of ES cells on MEFs and L-Wnt3a cells feeder layer. A. Blastocyst outgrowth on L-Wnt
3a cell and MEFs feeder layers, morphology of WF-ES and MF-ES cells, and AKP staining, bar=100 um; B. Immu-
nostaining of Oct4, Nanog, Sox2, SSEA1, SSEA4 and E-cadherin in WF-ES and MF-ES cells, bar=100 ym. C. Immu-
nostaining of Gata4, T and Nestin in EBs that derived from WF-ES and MF-ES cells, bar=100 pym; D. Expression of

three germ layer genes in EBs that derived from WF-ES and MF-ES cells; E. Tertomas from WF-ES and MF-ES cells,
bar=50 ym

ectoderm

to manufacturer’s instructions. For immunos-
taining, cells were fixed with 4% paraformalde-
hyde for 20 min, and then permeabilized with
1% Triton X-100 for 30 min followed by blocking
with 2% BSA (Sigma). Cells were incubated in
primary antibody overnight at 4°C and second-
ary antibody at 37°C for 1 h. Primary antibodies
were used that were anti-Oct4 (Santa Cruz),
anti-Nanog (Abcam), anti-Sox2 (Cell signaling),
anti-SSEA1 (Santa Cruz), anti-SSEA4 (Santa
Cruz), anti-E-Cadherin (BD Bioscience),

Quantitative and semi-quantitative RT-PCR

Total RNA was isolated from cells using Mini-
BEST Universal RNA Extraction Kit (TaKaRa)
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according to manufacturer’s instructions. RNA
quality and quantity were examined using a
NanoDrop 2000C Spectrophotometer (Thermo
Scientific). Before reverse transcription (RT),
concentration of total RNA was adjusted to 100
ng/ul. RT reaction solution was prepared which
contained 500 ng RNA, RNase Free H,O and
PrimeScript RT Master Mix (TakaRa) according
to manufacturer’s instructions. RT reaction was
performed on MasterCycler Nexus (Eppendorf).
Quantitative analysis of cDNA was performed
by Applied Biosystems® 7500 Real-Time PCR
System. PCR reactions were performed by ini-
tially denaturing cDNA at 94°C for 3 min, which
was followed by 35 cycles of denaturing at
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Table 1. mouse ES cell line derived from L-Wnt3a cell and MEF feeder

layer

appeared from the atta-
ched blastocysts. Compa-

Feeder Layer

No. of No. of attached No. of primary No. of established
embryos embryos (%) outgrowths (%)

red to ICM outgrowths on
ESC lines (%) MEFs feeder layer, no tro-

L-Wnt3a feeder 22
MEFs feeder 28

21 (95.5)?

19 (86.4)°
25 (89.3)° 16 (57.1)°

12 (54.5)° phectoderm expansion ar-
9 (32.1)° ound ICM outgrowths were

abValues in columns with different superscripts differ significantly (P<0.05).

94°C for 30 s, annealing for 30 s at the tem-
perature that was specified above for each
primer pair, and extension at 72°C for 20 s,
with a final 10 min extension step. For semi-
quantitative RT-PCR, equal amount of cDNA
was added into the reaction, and PCR products
were ran electrophoresis on a 1.5% agarose
gel. The primer sequences for quantitative and
semi-quantitative RT-PCR are provided in
Tables S1, S2.

In vitro and in vivo differentiation assay

ES or iPS cells were harvested by trypsinization
and transferred to Petri-dishes in the ES medi-
um without LIF. After 3 days, aggregated cells
were plated onto gelatin-coated tissue culture
dishes and incubated for another 3 days. The
cells were stained with anti-Nestin antibody
(Santa Cruz), anti-Brachyury antibody (T, Santa
Cruz) and anti-Gata4 antibody (Santa Cruz).

ES of iPS cells were suspended at 3x10° cells/
ml in DMEM containing 10% FBS, and injected
330 ul of cell suspension (1x10° cells) subcuta-
neously into groin and oxter of nude mice. Four
weeks after the injection, teratomas were iso-
lated and fixed in 4% paraformaldehyde, em-
bedded in paraffin. Histological sections were
stained with hematoxylin/eosin.

Statistical analysis

Statistically significant differences between gr-
oups were identified using t-test. Significance
was established at p<0.05.

Results

L-Wnt3a cell feeder layers promoted mouse ES
cells isolate and culture

Fifty C57BL/6 mouse blastocysts at 3.5 DPC
that the zonae pellucidae was removed were
seeded on L-Wnt3a cells or MEFs feeder layer,
respectively. After 6 days, domed outgrowths

4537

observed (Figure 1A, arr-
ow). In addition, formation
of primary outgrowths on
L-Wnt3a cells feeder layer was more effec-
tive than that on MEFs feeder layer (Table 1,
p<0.05). At last, twelve ES cell lines on L-Wnt3a
cells feeder layer and nine ES cell lines on MEFs
feeder layer were established, named WF-ES
cells and MF-ES cells, respectively. WF-ES cells
showed more round and compacted colonies
during long-term cultivation (Figure 1A). ES
cells from these two feeder layers were Alkaline
phosphatase (AKP) positive (Figure 1A), and
expressed pluripotent markers, like Oct4, Sox2,
Nanog, SSEA1 and E-Cadherin (Figure 1B).
Embryoid bodies (EBs) could be derived from
these two ES cells. Although immunostaining of
three germ layers markers, like Gata4, T and
Nestin were no difference in these two ES cells
(Figure 1C), Semi-quantitative analysis of dif-
ferentiation markers (nestin, Blli-tubulin, T, fit1,
gata4 and foxa2) revealed that High-level nes-
tin (ectoderm), fitl1 and T (mesoderm) were
detected in WF-ES cells (Figure 1D). After sub-
cutaneous injection into nude mice, all ES cells
differentiated into all three germ layers, includ-
ing epidermis, cartilage, and columnar epitheli-
um (Figure 1E).

In summary, L-Wnt3a cells could be used to
isolate and culture mouse ES cells as a novel
feeder layer. The WF-ES cells showed similar ex-
pression of pluripotent genes with MF-ES cells.
However, robust differentiated ability was ob-
served in WF-ES cells, suggested that pluripo-
tency of ES cells could be effective maintained
on L-Wnt3a cells feeder layer.

L-Wnt3a cells conditioned medium promoted
maintenance of pluripotency of ES cells on
feeder-free cultivation

Mouse ES cells that expressed GFP in Oct4
gene cassette (OG-ES cells) were derived from
MEF or L-Wnt3a cell feeder layer, and then tra-
nsferred on 1% gelatin coated dishes with MEF
medium, ES medium and Wnt3a-CM. To char-
acterize the concentration-dependent effects
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Table 2. Percent compact and GFP positive ES cell colonies in
Wnt3a-CM, ES and MEF medium

the teratomas from W-CM-
ES and EM-ES cells con-

Wnt3a-CM (% conditioned medium v/v)

tained tissues from three

Days ES medium MEF medium i i i-

Y 10% (%) 30% (%) 50% (%) ierm. Iayeri,I mcluddlng Iepl

3 90.8+1.9% 93.5+0.7% 93.9+2.2¢ 94.6+0.8° 63.8+10.3" ermls,. Car.l age a_n colum-

nar epithelium (Figure 2G).

5 92.7+4.0° 97+0.8° 95.242.32 95.9+2.1° 30.1+7.1° However, chimeras were only

10 90.5+2.2° 85.5+2.9° 93.5+3.0° 94.1+2.1° - derived from W-CM-ES cells

20 875+3.5° 87.2¢4.8° 942431 84.5+3.1 - suggested that Wnt3a-CM

30 76.149.5°  84.9+4.2° 92.3+4.0° 65.2+7.3° - cultured ES cells on feeder

60 27.945.48  65.3+9.0° 91.0+2.9° 25.5+11.5° - free condition showed intact
150 - - 85.5+3.0 - pluripotency (Figure 2H).

aValues in columns with different superscripts differ significantly (P<0.05).

of conditioned medium on the formation of
compact and GFP positive colonies during long-
termed cultivation, OG-ES cells were exposed
to Wnt3a-CM-1, Wnt3a-CM-3 and Wnt3a-CM-5
for long-termed cultivation. Formation of the
colonies was also estimated in MEF and ES
medium. The results showed that ES cells could
form more compact colonies in Wnt3a-CM-5
than that in Wnt3a-CM-1, Wnt3a-CM-3 and ES
medium (Figure S1). ES cells had exposed to
Wnt3a-CM-5 formed 85.3% compact colonies
for 150 days compared with Wnt3a-CM-1,
Wnt3a-CM-3, MEF medium and ES medium
(Table 2). During long-termed passages, num-
ber of compact and GFP positive colonies was
lost in Wnt3a-CM-1, Wnt3a-CM-3, and ES medi-
um, gradually (Table 2).

Wnt3a-CM-5 cultured ES cells (W-CM-ES cells)
kept more intensive GFP expression and com-
pacted colonies than that in ES medium (EM-
ES cells) (Figure 2A). However, ES cells that
were cultured in MEF medium (MM-ES cells)
quickly formed flat colonies and lost GFP ex-
pression (Figure 2A). Analysis of pluripotency
showed that AKP stainings rapidly dissolved
in MM-ES cells, but kept intensively in W-CM-ES
cells (Figure 2B). Intensive signals of Oct4,
Sox2, Nanog, SSEA1 and E-cadherin were
observed in W-CM-ES cells by immunostaining
and qPCR (Figure 2C and 2D). Only ES cells that
were cultured in Wnt3a-CM and ES medium
could form EBs. Although these EBs derived
from W-CM-ES and EM-ES cells emerged posi-
tive staining in three germ layer marker (Nestin,
T and Gata4), analysis of expression of three
germ layer genes showed that high-level meso-
derm markers fit1, T and endoderm marker
foxa2 were detected in W-CM-EBs (Figure 2E
and 2F). Histological examination revealed that
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In summary, Wnt3a-CM cou-

Id significantly maintain pluri-
potency of mouse ES cells on feeder free condi-
tion during long-term cultivation. The W-CM-ES
cells kept domed and compact colonies, ex-
pressed high-level pluripotent genes, differenti-
ated into three germ layers in vitro and in vivo,
and generated chimeric offspring.

L-Wnt3a cells as feeder layers promoted so-
matic reprogramming

During somatic reprogramming by transcrip-
tional factors, feeder layer was necessary to
generate iPS cells. In our study, L-Wnt3a cells
could be used to feeder layer during ES cells
cultivation in vitro and maintain their pluripo-
tency. However, it is unclear if the feeder layer
also could be used to generate iPS cells, or
not. When transferring infected OG-MEFs on
L-Wnt3a cell feeder layer, generation of iPS
cells was significantly inhibited. So, mixture of
MEFs and L-Wnt3a cells at different ratio was
prepared feeder layer. When the ratio was 2:1
(L-Wnt3a cells: MEFs), the Oct4-GFP positive
iPS cells were significant increasing, compared
with MEFs feeder layer or other ratio of these
two cells (1:2, 1:1, 4:1 and 8:1) (Figure 3A,
p<0.05). Interestingly, When the ratio was 1:2
(L-Wnt3a cells:MEFs), the Oct4-GFP positive
iPS cells were significant decreasing (Figure
3A, p<0.01). The iPS cells derived from L-Wnt3a
cell feeder layer (LF-iPS cells) maintained a
comparable expression of pluripotent factors
(Figures 3B, S2). Parpl, kdm2b and tetl were
significant up-regulation in LF-iPS cells (2:1),
and suv39h1 was significant down-regulation,
compared with iPS cells that derived from MEFs
feeder layer (MF-iPS cells) (Figure 3C). In LF-iPS
cells, endogenous transcriptional factors were
reactivated (Figure 3D). There was no signifi-
cant difference in expression of three germ
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Figure 2. pluripotent analysis of ES cells in Wnt3a-CM, ES medium (ES-M) and MEF medium (MEF-M) on feeder-free
condition. A. Morphology of ES cells on Wnt3a-CM, ES-M and MEF-M; B. AKP staining of W-CM-ES, EM-ES and MM-
ES cells, bar=100 um; C. Immunostaining of Oct4, Nanog, Sox2, SSEA1, SSEA4 and E-cadherin in W-CM-ES, EM-ES
and MM-ES cells, bar=100 pm; D. Expression of pluripotent genes in W-CM-ES, EM-ES and MM-ES cells; E. Immu-
nostaining of Gata4, T and Nestin in EBs that derived from W-CM-ES and EM-ES cells, bar=100 um; F: expression of
three germ layer genes in EBs that derived from W-CM-ES and EM-ES cells; G. Tertomas from W-CM-ES and EM-ES

cells, bar=50 ym; H. Chimeras generated from W-CM-ES cells.

layer markers in EBs that derived from LF-iPS
and MF-iPS cells (Figure 3E).

L-Wnt3a cells conditioned medium promoted
somatic reprogramming by stage-specific regu-
lation on feeder-free condition

OG-MEFs were transduced by Yamanaka fac-
tors, and cultured in Wnt3a-CM from PDO to
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PD15 for generating iPS cells on 1% gelatin
coated dishes (Figure 4A). However, few Oct4-
GFP positive colonies formed (Figure 4B, 4C).
Further, by optimizing usage of Wnt3a-CM dur-
ing reprogramming, we found that the efficien-
cy of iPS cells transduction was higher when
Wnt3a-CM was added from PD3 to PD6 (Figure
4B, 4C). Expression of pluripotent markers in
the W-iPS cells was comparable with iPS cells

Am J Transl Res 2017;9(10):4534-4544
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Figure 4. Wnt3a-CM promoted production of iPS cells on feeder free condition. A. Experimental design for tranduc-
ing iPS cells in wnt3a-CM; B: AKP staining of iPS cells; C. Number of Oct4-GFP colonies; D. Immunostaining of Oct4,
Nanog, Sox2, SSEA1, SSEA4 and E-cadherin in W-iPS and I-iPS cells, bar=100 ym; E. Tertomas from W-iPS and
I-iPS cells, bar=50 pm; F. Chimeras generated from W-iPS and I-iPS cells; G. The relative abundance of transcripts
for mesenchymal genes during reprogramming in wnt3a-CM. H. The relative abundance of transcripts for epithelial
genes during reprogramming in wnt3a-CM. |. The relative abundance of transcripts for pluripotent genes during re-
programming in wnt3a-CM. J. The relative abundance of transcripts for epigenetic modifiers during reprogramming
in wnt3a-CM. K. The relative abundance of transcripts for wnt target genes during reprogramming in wnt3a-CM. The
mRNA levels for quantitative RT-PCR were normalized by GAPDH mRNA level.

derived from iPS medium (I-iPS cells) (Figure
4D). W-iPS cells also differentiated into three
germ layers, and generated chimeras (Figure
4E, 4F). During reprogramming in Wnt3a-CM,
infected MEFs undergo mesenchymal-to-epi-
thelial transition (MET) more quick than that
in iPS medium around day 4 to 6. To examine
the phenotypic progression of reprogramming
in Wnt3a-CM, we collected reprogramming
intermediates after 6, 9, and 12 days of ind-
uction. Compared to reprogram somatic cells in
iPS medium, mesenchymal markers, Thyl,
N-cadherin (Cdh2), Snail, Snai2, Zebl and
Zeb2 were significantly reduced (Figure 4G),
and mRNA for epithelial markers, Pecami,
Ep-CAM, Crb1, Ocln and Cldn3, 4, 7 were sig-
nificantly up-regulated when the cells were
reprogrammed in Wnt3a-CM (Figure 4H). Fur-
thermore, except for Oct4, Sox2 and Dppa3,
pluripotent genes, Nanog, Zfp42, Utfl and
CDH1 in somatic cells were significantly up-reg-
ulated when treating with Wnt3a-CM (Figure
41). Reprogramming somatic cells in Wnt3a-
CM, the epigenetic modifiers, Parpl and Tetl
were up-regulation, but there is no difference
in expression of KdAm2b and Suv39h1 (Figure
4)). After treatment with Wnt3a-CM, expres-
sion of B-catenin and Tcfl was significantly up-
regulated after day 9 (Figure 4K). Expression
of Wnt/B-catenin signaling effectors, Tcf3 and
Tcf4 was up-regulation at PD6, but down-regu-
lation from PD9 to PD12 (Figure 4K). Lefl
was quickly down-regulated from PD6 to PD12
(Figure 4K).

Discussion

For mouse ES cells cultivation or iPS cells trans-
duction, feeder cell layer and LIF are usually
necessary to maintain their generation and plu-
ripotency in vitro. Recently, several gene-engi-
neered feeder systems, like feeder cells that
expressing E-cadherin or Wipl were robustly
maintained pluripotency of ES cells [17, 18].
Whnt signaling plays major roles in various devel-
opmental events [19]. In pluripotent stem cells,
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the canonical Wnt pathway have pivotal role in
the maintenance of ES cell self-renewal. The
pathway is also one of the few common path-
ways involved in self-renewal in both mouse
and human ES cells [20]. However, it is unclear
if feeder cells that expressed Wnt3a protein
can maintain pluripotency of ES cells and iPS
cells transduction. L-Wnt3a cells from mouse
subcutaneous connective tissue that express-
ed mouse Wnt3a gene, and secreted activat-
ed Wnt3a protein into medium [3]. In present
study, L-Wnt3a cells as feeder cells and their
conditioned medium were used to culture
ES cells and induce iPS cells. The results sho-
wed that formation of primary outgrowths on
L-Wnt3a cells feeder layer was more effective
than that on MEFs feeder layer (p<0.05). The
L-Wnt3a cells feeder layer could maintain ES
cells self-renew, stably, and showed compara-
ble pluriptency with ME-ES cells. These results
suggested that L-Wnt3a cells could be a noval
feeder cells for using to isolate and culture
mouse ES cells. Furthermore, the feeder layers
were used when transducing iPS cells, but no
iPS colonies were achieved. When the feeder
layer were prepared by mixing L-Wnt3a cells
with MEF at ratio of 2:1, iPS cells generation
were significantly improved. These cells had
comparable pluriptency with iPS cells that de-
rived from MEF feeder layer. These results sug-
gested that the L-Wnt3a cells could be a novel
feeder cells for ES cultivation and iPS cells
transduction.

Previous studies revealed that Wnt3a-CM
acted synergistically with LIF to inhibit ES cell
differentiation in feeder-free culture [7, 21].
Present study also confirmed that 50% (v/v)
Wnt3a-CM could maintain domed colonies of
ES cells, long-termed self-renew, and pluripo-
tency of ES cells was dose-dependent without
feeder layer. Furthermore, we tried to induce
iPS cells in Wnt3a-CM for 15 days in feeder-
free condition. However, generation of iPS ce-
lls was inhibited. The results were contrary to
previous study that Wnt3a-CM improved iPS
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cells generation, even without c-Myc [13]. In
our observations, although MEFs in Wnt3a-CM
underwent more quick epithelial-like morpho-
logical changes than that in traditional iPS
medium early in the reprogramming process,
many colonies exhibiting rough surfaces were
achieved late in the reprogramming process.
Finally, our results revealed generation of iPS
cells was significantly improved when MEFs
were exposed in Wnt3a-CM from post-infection
day 3 to day 6. Previous reports revealed that
active Wnt signaling was required the late st-
age of reprogramming to iPS cells, and during
the early stage, the signal pathway need to
be inhibited [15, 16]. Active canonical Wnt/[3-
catenin pathway activated target genes by
B-catenin association with the TCF factors
which include Tcfl, Lefl, Tcf3, and Tef4 [9, 22,
23]. In iPS cells transduction and pluripotent
regulation of ES cells, TCF factors usually have
opposing effects [16, 24]. Early in reprogram-
ming, Tcfl or Lefl were inhibitors, whereas
Tcf3 and Tcf4 are enhancers. Late in repro-
gramming, depletion of Tcf3 or Tcf4 regulated
the activity of the Wnt signaling pathway, and
improved iPS cells generation [16]. Our data
also revealed that Tcf4 and Tcf3 was up-regula-
tion, thereafter was down-regulation in Wnt3a-
CM during somatic reprogramming.

In present study, Wnt3a-CM treatment did not
directly activate Tcf1 and B-catenin, butinduced
MET and up-regulated expression of pluripo-
tent genes like Nanog, Zfp42, Utf1 and CDH1.
It was similar to previous results that Tcfl and
low-level B-catenin in MEFs that expressed
Yamanaka factors down-regulated senescence
genes, and improve MET during early repro-
gramming [15]. Generation of iPS cells by
somatic cell reprogramming involves global
epigenetic remodeling [25]. Therefore, the re-
programming enhancers, Parpl, Tetl and Kd-
m2b, and barrier, Suv39h1l were detected du-
ring reprogramming [26-29]. Expression of
Parpl, Tetl and Kdm2b were significant up-
regulation, whereas Suv39h1 was down-regula-
tion in Wnt3a-CM. The results suggested that
Wnt3a-CM treatment during iPS transduction
improved epigenetic remodeling.

In summary, L-Wnt3a cells as a novel feeder
cells significantly improved mouse ES cells iso-
lation and self-renew, and promoted iPS cells
transduction. On feeder-free condition, Wnt3a-
CM robustly maintained pluripotency and self-
renew of ES cells during long-term cultivation.
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Furthermore, when treating infected MEFs with
Wnt3a-CM early in reprogramming, synergic
factors of Wnt signal pathway, Tcf3 and Tcf4
was up-regulation, and mesenchymal-to-epi-
thelial transition, reactivation of pluripotent
genes and epigenetic remodeling was acceler-
ated. Taken together, L-Wnt3a cells and their
condition medium robustly maintained pluri-
potency of ES cells and accelerated somatic
reprogramming by activating Wnt signaling.
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Table S1. Real-time PCR primers

Primers Forward sequence Reverse sequence

pou5f1 AGGAAGCCGACAACAATG CGGGCACTTCAGAAACAT

sox2 GCGGAGTGGAAACTTTTGTCCCGG GAAGCGTGTACTTATCCTTGCCATC
nanog TCTTCCTGGTCCCCACAGTTT GCAAGAATAGTTCTCGGGATGAACC
akp CAACCTGACTGACCCTTCGATCCTG ATCCTGCCTCCTTCCACC
e-cadherin CAGGTCTCCTCATGGCTTTGCCTTC CGAAAAGAAGGCTGTCCCTACTTAT
utfl TGTCCCGGTGACTACGTCT CCCAGAAGTAGCTCCGTCTCT
zfp42 GAACCCACTGAGACTGGAGG TTCACCTTATAGCCAGGGTCAT
dppa3 GACCCAATGAAGGACCCTGAA GCTTGACACCGGGGTTTAG

tefl ATCTGCTCATGCCCTACCC GGTGTGGACTGCTGAAATGTT

tef3 AGCTCGGACTCCGAGGCGGAGA GGTACCCAGGATACGCAGGTCC
tef4 CACCCGGCCATCGTCACAC GCCACCTGCGCCCGAGAAT

lefl TGAGTGCACGCTAAAGGAGA ATAATTGTCTCGCGCTGACC
B-catenin ATGGACGTGGGCGAACTTTTA CGCCATCCCTGTCAATAATCTG
parpl GTGACTTTTTAGCGGAGTACGC CCAGCGGTCAATCATACCCAGGAAC
kdm2b GATGCTGAGCGGTATCATCCG GAGACAGCGATCCATGAGCAGACA
tetl CAGTGGTGCTAATGCAG AGCATGAACGGGAGAATCGG
suv39h1 CTGTGCCGACTAGCCAAGC ATACCCACGCCACTTAACCAG
pecaml CAAGCGAAGGATAGATAAGA CAGCGAAACACTAACAACG
epcam GCTGGCAACAAGTTGCTCTCTGAA CGTTGCACTGCTTGGCTTTGAAGA
crb3 CACCGGACCCTTTCACAAATA CCCACTGCTATAAGGAGGACT
ocln CCTCCAATGGCAAAGTGAATGGCA TGTTTCATAGTGGTCAGGGTCCGT
cldn3 ACCAACTGCGTACAAGACGAG CAGAGCCGCCAACAGGAAA
cldn4 GTCCTGGGAATCTCCTTGGC TCTGTGCCGTGACGATGTTG
cldn7 GGCCTGATAGCGAGCACTG GTGACGCACTCCATCCAGA

thyl TGCTCTCAGTCTTGCAGGTG TGGATGGAGTTATCCTTGGTGTT
n-cadherin AGCGCAGTCTTACCGAAGG TCGCTGCTTTCATACTGAACTTT
zebl TGCTCACCTGCCCGTATTGTGATA AGTGCACTTGAACTTGCGGTTTCC
zeb2 TGATAGCCTTGCAAACCCTCTGGA ATTGTGGTCTGGATCGTGGCTTCT
snail TTGTGTCTGCACGACCTGTGGAAA TCTTCACATCCGAGTGGGTTTGGA
snai2 CACATTCGAACCCACACATTGCCT TGTGCCCTCAGGTTTGATCTGTCT
gapdh TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Table S2. Semi-Quantitiy RCR primers

Primers Forward sequence Reverse sequence
Endogenous-oct4 TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC
Total-oct4 CTGAGGGCCAGGCAGGAGCACGAG CTGTAGGGAGGGCTTCGGGCACTT
Endogenous-sox2 TTGCCTTAAACAAGACCACGA TAGAGCTAGACTCCGGGCGATGA
Total-sox2 GGTTACCTCTTCCTCCCACTCCAGC TCACATGTGCGACAGGGGCAG
Endogenous-kif4 GCGAACTCACACAGGCGAGAAACC TCGCTTCCTCTTCCTCCGACACA
Total-kif4 CACCATGGACCCGGGCGTGGCTGCC TTAGGCTGTTCTTTTCCGGGGCCAC
Endogenous-c-myc ~ TGACCTAACTCGAGGAGGAGCTGGAATC AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC
Total-c-myc CAGAGGAGGAACGAGCTGAAGCGC TTATGCACCAGAGTTTCGAAGCTGTTCG
Gata4 AACCAGAAAACGGAAGCCCAAG TACGCGGTGATTATGTCCCCAT

MixI1 TGTACCCAGACATCCACTTGCG CCAGGAGTCCAACTTTGAGCCA
Sox17 GGACCCGGCTTTCTTTGCA ACACTGCTTCTGGCCCTCA

Foxa2 AGCCGTGAAGATGGAAGGG CGAGATGTACGAGTAGGGAGGT
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T CCCGGTGCTGAAGGTAAATGTG ATGAACTGGGTCTCGGGAAAGC
Fit1 TACGAAAAGTCCGTGTCCTCGC TTTCAGGTCCTCTCCTTCGGCT
Nestin GGCATCCCTGAATTACCCAA AGCTCATGGGCATCTGTCAA
Nefl GGCATCCCTGAATTACCCAA AGCTCATGGGCATCTGTCAA
Sox1 ATGTCAACGGCTGGGCTAA TAGTGCTGTGGCAGCGAGT
Blll-tubulin ACCTCCCTTCGATTCCCTG CCATCTCATCCATGCCCTC
Gapdh GCAGTGGCAAAGTGGAGATT GTCTTCTGGGTGGCAGTGAT

Figure S1. Morphology of ES cells in Wnt3a-CM during feeder-free culture. A. ES cells were exposed in ESCs-M; B.
ES cells were exposed in 10% Wnt3a-CM; C. ES cells were exposed in 30% Wnt3a-CM; D. ES cells were exposed in
50% Wnt3a-CM. Bar=100 pm.
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Figure S2. Pluripotent analysis of iPS cells that derived from L-Wnt3a feeder layer. Immunostaining of Oct4, Nanog,
Sox2, SSEA1, SSEA4 and E-cadherin in iPS cells, bar=100 um.



