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Abstract: ReNcell VM is an immortalized human neural progenitor cell line
with the ability to differentiate in vitro into astrocytes and neurons, in which the
Whnt/B-catenin pathway is known to be involved. However, little is known about
kinetic changes of this pathway in human neural progenitor cell differentiation.
In the present study, we provide a quantitative profile of Wnt/B-catenin pathway
dynamics showing its spatio-temporal regulation during ReNcell VM cell
differentiation. We show first that T-cell factor dependent transcription can be
activated by stabilized p-catenin. Furthermore, endogenous Wnt ligands,
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pathway receptors and signaling molecules are temporally controlled,
demonstrating changes related to differentiation stages. During the first three
hours of differentiation the signaling molecules LRP6, Dvl2 and B-catenin are
spatio-temporally regulated between distinct cellular compartments. From 24 h
onward, components of the Wnt/B-catenin pathway are strongly activated and
regulated as shown by mRNA up-regulation of Wnt ligands (Wnt5a and Wnt7a),
receptors including Frizzled-2, -3, -6, -7, and -9, and co-receptors, and target
genes including Axin2. This detailed temporal profile of the Wnt/B-catenin
pathway is a first step to understand, control and to orientate, in vifro, human
neural progenitor cell differentiation.

Key words: Wnt/B-catenin pathway, Spatio-temporal dynamics, Quantitative
kinetics

INTRODUCTION

Human neural progenitor cells (hNPCs) are considered as a therapeutic tool for
treatment of neurological diseases such as Parkinson’s and Huntington’s
diseases, spinal cord injury and stroke [1-3]. hNPCs can be first differentiated,
in vitro, into the desired type of neurons, which are sequentially used for
transplantation treatment [1]. ReNcell VM [4], a hNPC line derived from the
ventral mesencephalon of a 10-week old fetus, has been extensively characterized
and is known to differentiate, in vitro, into astrocytes, oligodendrocytes and
neurons, €.g., dopaminergic neurons [4-6].

Wnt proteins are secreted morphogens involved in cell proliferation and
differentiation, cellular polarity and apoptosis, cell migration, axon guidance,
and synaptogenesis, and play an important role during embryogenesis and tissue
formation [7]. Upon binding to Frizzled (Fz) receptors on the cell surface, Wnt
proteins can trigger three different signaling pathways: the Wnt/B-catenin
pathway, the Wnt/calcium pathway, and the planar cell polarity (PCP) pathway.
In the Wnt/B-catenin pathway, a series of events occurs when Wnt proteins bind
to the Fzs and their co-receptors LRP5/6, resulting in a stabilization of -catenin
in the cytosol by activation of Dishevelled (Dvl) family proteins. The Dvl
proteins inhibit the degradation complex, which consists of Axin, adenomatous
polyposis coli (APC), glycogen synthase kinase 3 (GSK3p) and casein kinase 1
(CK1), resulting in accumulation of B-catenin in the cytosol. Subsequently,
B-catenin translocates into the nucleus, where it interacts with members of the
lymphoid enhancer factor/T-cell factor (LEF/TCF) transcription factors to drive
specific expression of target genes [8]. Remarkably, Wnt signals regulate both
proliferation and differentiation of NPCs in a stage-specific and cellular context-
dependent manner [9, 10]. For example, Wntl, Wnt3a and Wnt5a cooperate and
regulate the proliferation and differentiation of dopaminergic progenitor cells
during neurogenesis in the ventral midbrain [11].

However, little is known about the kinetic regulation of the Wnt signals during
these processes although the specificity of signaling pathways rely on their
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temporal and spatial dynamics, especially of the pathway’s downstream
signaling proteins [12]. Our previous studies showed that the Wnt/B-catenin
pathway and Wnt3a, a typical activator of the Wnt/B-catenin pathway [13],
regulate neurogenesis of ReNcell VM cells in vitro [14, 15]. Thus, in the present
study, we investigate the kinetic and dynamic Wnt/B-catenin pathway during
physiological differentiation of ReNcell VM cells, in order to elucidate the role
of this pathway during hNPC differentiation. We first elucidate whether Wnt/(3-
catenin is inducible in ReNcell VM cells, characterize the differentiation of these
cells upon arrest of the cell cycle by removal of growth factor, and investigate
the presence of neurons and glial cells 72 h after differentiation. In the second
part we analyze the kinetic and quantitative changes of the pathway signal
molecules at mRNA and/or protein levels during cell physiological
differentiation or upon Wnt3a stimulation. The results show that the key
signaling proteins, the mRNAs of Wnt ligands and relative receptors, and other
targeting molecules are dynamically regulated in time and space during cell
differentiation, suggesting that the ReNcell VM cell is a good cell model to
study hNPC differentiation and the role of the Wnt/B-catenin pathway in this
process. Our data help understand how the Wnt/ B-catenin pathway is regulated
during ReNcell VM cell differentiation and provide reliable data that can be
used for computational modeling of the pathway in the context of systems
biology [16, 17].

MATERIALS AND METHODS

Cell culture

The ReNcell VM cell line used in this study is derived from the ventral
mesencephalon of a 10-week-old human fetus and is immortalized by retroviral
transduction with v-Myc oncogene (ReNeuron Ltd, Guildford, UK). ReNcell
VM cells were cultivated according to the protocol described previously [5].
Briefly, cells were cultured in laminin (Trevigen, Gaithersburg, USA) coated
cell culture flasks and maintained at 37°C with 5% CO, in DMEM/F12
supplemented with Glutamax, B27 media supplement, heparin sodium salt and
gentamycin (Invitrogen, Karlsruhe, Germany). For proliferating culture, 20 ng/ml
epidermal growth factor (EGF; Roche, Mannheim, Germany) and 10 ng/ml basic
fibroblast growth factor (bFGF; Roche) were added to the medium. Proliferating
cells were passaged when confluency reached approximately 80%. The medium
was changed every 2-3 days. For initiation of differentiation, cells were washed
with HBSS, and new medium without EGF and bFGF was added. Cells were
harvested either in the proliferating state as a control (time point 0) or at time
points of 0.5, 1, 2, 3, 4, 8, 12, 24, 48, 72, 96, and 120 h after initiation of
differentiation. Cells were detached from flasks by adding Trypsin-EDTA
(Gibco) in Benzonase (Merck, Darmstadt, Germany) and collected by
centrifugation. Cells were directly used for the processes of sub-cellular
fractionation.
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RNA extraction

After trypsinization, cells were washed twice with HBSS and collected by
centrifugation at 1500 rpm for 5 min at room temperature. Cell pellets were
frozen in liquid nitrogen and stored at -80°C. RNA was extracted using the
RNeasy Plus Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s guidance. The quantity and quality of total RNA were
determined by spectrometry (Nano-Drop; ThermoScientific, Wilmington, USA)
and denaturing agarose gel electrophoresis, respectively.

Quantitative real-time RT-PCR

To quantify mRNA in cells, a LightCycler (Roche) in combination with the
LightCycler 3.52 software was used. The first-strand cDNA was synthesized
using FastLane cDNA Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. PCR was performed using the FastStart DNA
SYBRGreen Plus Kit (Roche) according to the manufacturer’s instructions. PCR
products were verified by size in agarose-gel electrophoresis, sequencing and
melting point analysis. Relative changes of mRNA amount were calculated
using the ddCr method [18]. The tested gene mRNA amount was normalized to
housekeeping gene Glucose-6-phosphate-dehydrogenase (G6PD). All samples
were run in duplicate. Cycling parameters were as follows: initial denaturation at
95°C for 12 min; 45 cycles of 1 s at 95°C for denaturation, 5 s at 62°C for
annealing and 10 s at 72 °C for extension. Primer sequences were as follows:
Axin2-FW: 5’-agtcagcagagggacaggaa-3’, Axin2-RW; 5’-agctctgagccttcagcatc-
3’; G6PD-FW: 5’-atcgaccactacctgggeaa-3’, GOPD-RW: 5’-ttctgcatcacgtceegga-
3’ [19]. All primer sequences exclude amplification of genomic DNA under the
parameters described above.

TaqMan array

A custom 384-well format TagMan Array (Applied Biosystems Inc, Foster,
USA) was used for gene mRNA quantification. The first strand cDNA was
synthesized with 400 ng total RNA as a template using the High Capacity cDNA
Kit (Applied Biosystems) according to the manufacturer’s instructions. Each slot
was filled with a cDNA equivalent derived from 200 ng whole RNA. Samples
were run in duplicate on an ABI-7900HT real-time PCR system. Cycling
parameters were as follows: 2 min at 50°C for activation of the Uracil DNA-
Glycosidase; 20 s at 95°C for denaturation; followed by 45 cycles of 1 s at 95°C
for denaturation and 20 s at 60°C for annealing and extension. The threshold line
was set automatically by SDS 2.3 software and the threshold cycle (Cr) values
were determined by the threshold line crossing the amplification curve. The PCR
data were normalized to GAPDH. Target transcript abundance was quantified
using the ddCt method.

Cell cycle analyses
Propidium iodide (PI) staining was used for detection of the cell cycle status of
proliferating and differentiating ReNcell VM cells. To prepare a single cell
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suspension, cells were harvested by treating with Trypsin/Benzonase solution.
The reaction was stopped using Trypsin-Inhibitor/Benzonase solution. Cells
were fixed in ice-cold 70% ethanol for at least 1 h at -20°C. Before measurement
fixed cells were incubated with 1 mg/ml RNaseA (Sigma-Aldrich, Munich,
Germany) for 30 min at 37°C following incubation with 50 pg/ml PI for 30 min
at 37°C. Determination of DNA content was measured immediately after PI
staining by flow cytometry (FACSCalibur, BD Bioscience, San Jose, CA, USA)
and analyzed using the Cell Quest Pro software (BD Bioscience). PI intercalates
into double-stranded nucleic acids; therefore the fluorescence signal intensity of
PI is directly proportional to the amount of DNA in each cell. Cells in G0/G1
phases of the cell cycle are defined by a DNA content of 2n and cells within the
G2/M phases have a DNA content of 4n, while S phase cells have DNA content
greater than 2n and less than 4n. Cell doublets and debris were excluded by
gating out cells that are sub-diploid (< 2n).

Preparation of subcellular fractions

Cell sub-cellular fractions were prepared using the Qproteome Cell
Compartment kit (Qiagen) according to the manufacturer’s instructions. Purity
of the fractions of the membrane, cytosol and nucleus were analyzed by
immunoblotting using antibodies against the specific compartmental marker
proteins: the mitochondrial inner membrane translocase subunit TIM23
(BD Biosciences, Franklin Lakes, NJ, USA) and glucose-regulated protein 78
(GRP78; Santa Cruz Biotechnology, Santa Cruz, USA, #1050, dilution 1:2000)
for the membrane fraction; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Santa Cruz Biotechnology #25778, dilution 1:2000) for the cytosolic
fraction and lamin A/C (BD Biosciences #612163, dilution 1:1000) for the
nuclear fraction.

Protein determination and quantitative Western blot analysis

Protein concentrations in total cell lysates or sub-cellular fractions were
estimated by the bicinchoninic acid assay (BCA™, Pierce, Rockford, IL, USA).
Samples were diluted in 5x Laemmli-buffer and boiled at 95°C for 5 min.
Lysates were loaded into gradient (4-15%) SDS-polyacrylamide gels (10-50 pg
of proteins per lane) and separated electrophoretically by an electroporator
(Biorad, Hercules, USA). Prestained peqGOLD marker IV (PEQLAB, Erlangen,
Germany) was used as a molecular weight marker. Proteins were transferred
(wet transfer) to nitrocellulose membrane by electroblotting (Amersham
Biosciences, Freiburg, Germany). After blocking with 5% milk or 5% serum
albumin (for detection of phosphorylated proteins) for 1 h, the membranes were
incubated with primary antibodies, such as mouse anti-B-catenin (Santa Cruz
#7963, dilution 1:1000), rabbit anti-Dishevelled-2 (Cell Signaling #3216,
dilution 1:4000), rabbit anti-phospho-LRP6 (Ser'*’) (Cell signalling #2568,
dilution 1:2000), rabbit anti-LRP6 (Cell Signaling #2560, dilution 1:4000),
rabbit anti-f-actin (Delta Biolabs #070, dilution 1:1000) and rabbit anti-GAPDH
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(Santa Cruz #25778, dilution 1:2000) overnight at 4°C. Blots were rinsed 3 times
with TBST (Tris-HCI with 1% Tween 20; pH 7.6) and probed with appropriate
fluorescent secondary antibodies such as goat anti-rabbit and goat anti-mouse
Alexa Fluor 680 (Invitrogen #A-21076 and #A-21057), and goat anti-rabbit and
goat anti-mouse IRDye 800 (Rockland, #611-131-122 and #610-131-003)
(all diluted 1:10000). Visualization and quantification of proteins were
performed using the Odyssey Infrared Imaging System (LI-COR Biosciences
GmbH, Bad Homburg, Germany). For quantification of the target proteins,
samples were loaded onto the gel in a randomized and non-chronological order
to reduce systematic errors [20]. Expression of B-actin or GAPDH protein was
used as a loading control to normalize the expression of the target proteins.
Thereby relative expression levels of the target proteins were determined. For
each quantified Western blot, the relative expression at a given time point is
normalized to the mean of the time series. The resulting values are normalized to
the one in proliferating cells (time point 0 h) which is set to 1.

Plasmid construction

The construction of expression plasmid pCAGGS-S33Y containing a mouse
mutant S33Y B-catenin sequence with a C-terminal HA-tag has been described
previously [14, 15].

TCF-reporter gene assay

TCF-dependent transcription in cells was analyzed by the TCF-reporter gene
assay. pTCF-EGFP plasmids, in which EGFP protein expression is driven by
a promoter containing six TCF binding sites [21], and pCAGGS-S33Y for
expression of stabilized B-catenin [14, 15] were cotransfected into cells using
Amaxa Nucleofector technology (Amaxa, Gaithersburg, USA) according to the
manufacturer’s instructions. Twenty-four hours after transfection, GFP-positive
cells were analyzed by FACS analysis.

FACS analysis

To quantify GFP-positive cells, cells were collected, washed and resuspended in
PBS (with 0.5% BSA and 0.02% Na-azide). Measurement was done using
FACSCalibur (Becton Dickinson, San Jose, USA) in combination with
CellQuest Pro software. A green fluorescent signal defined all transfected cells.
Mock transfected cells served as a negative control.

Immunocytochemistry

For immunocytochemistry, the following antibodies were used: rabbit polyclonal
antibodies against GFAP (Dako, #720334), S100 (Dako, #20311), and against
B-catenin (clone H102; Santa Cruz, #7199, dilution 1:300); mouse monoclonal
antibodies against Ill-beta tubulin (Tuj-1; Santa Cruz, #51670) and Nextin
(R&D, #MAB1259). All antibodies were used with a dilution of 1:500, except
for clone H102. The secondary antibodies of Alexa 488-labeled goat anti-rabbit
and anti-mouse IgG were used.
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Cells cultured in chamber slides were washed with PBS and fixed with 4 % PFA
in PBS for 20 min at room temperature. Then cells were washed with PBS and
stored in PBS with 0.02 NaNj as a preservative at 4°C. To reduce the unspecific
reaction, cells were first incubated in 5% normal goat serum together with 0.3%
Triton-X100 in PBS for 30 min and then with primary antibody in PBS with 1%
normal goat serum for 30 min. Then cells were washed 3 times with PBS and
incubated for 30 min at room temperature with the appropriate secondary
antibody. Finally, cells were mounted with the medium containing DAPI
(VectaShield) for staining of nuclei. Fluorescence on slides was imaged under
a fluorescent microscope (BZ-8000; Keyence Deutschland GmbH, Neu-
Isenburg, Germany) or a Leica SP2 AOBS confocal laser scanning microscope
(Leica, Germany). Digital images were adjusted in contrast and brightness with
Photoshop software (Adobe Systems).

Statistical analysis

Results are reported as mean £ SEM from at least three independent
experiments. Statistical evaluation was carried out using the two-tailed Student’s
t-test. A difference was considered to be statistically significant when the
p-value < 0.05.

RESULTS

Wnt/B-catenin pathway is inducible in ReNcell VM cells

p-catenin/TCF-dependent transcription is inducible in ReNcell VM cells

To verify whether TCF-dependent transcription is inducible by the Wnt/B-
catenin pathway in ReNcell VM, a pTCF-EGFP plasmid, in which an EGFP
gene is driven by a promoter containing TCF binding sites, and a pCAGGS-
S33Y plasmid for overexpression of stabilized [B-catenin [14, 15] were
cotransfected into ReNcell VM cells and the number of GFP-positive cells was
measured 24 h after transfection by flow cytometry. Results show that compared
to the control group with only pTCF-EGFP transfection, the number of GFP-
positive cells in the cotransfected group increases by about 5-fold to 6% of the
total cell population (Fig. 1A). These data suggest that TCF-dependent
transcription can be activated by B-catenin in ReNcell VM cells.

Axin2 transcription is inducible in ReNcell VM cells upon LiCl treatment

LiCl inhibits the activation of GSK3f, resulting in cytoplasmic B-catenin
accumulation and is widely used to pharmacologically induce Wnt/B-catenin
signaling [22]. Therefore, we verified whether the hallmark of Wnt/B-catenin
signaling, i.e., Axin2 upregulation [23], is inducible in ReNcell VM cells upon
treatment with LiCl (20 mM) in proliferation medium. The results show that
Axin2 is upregulated 6-fold upon 8 h treatment with LiCl as detected by
quantitative real-time PCR (qRT-PCR) (Fig. 1B). Thus, our data demonstrate
that Wnt/B-catenin-dependent signaling is inducible in ReNcell VM cells upon
LiCl treatment.
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Fig. 1. Activation of TCF-reporter by FACS and induction of -catenin-dependent signaling
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with LiCl (20 mM) in proliferation medium for 8 h, the mRNA level of Axin2 was measured
by real-time RT-PCR. Values are presented as mean + SEM from at least 3 independent
experiments. **p <0.01 compared to control (time point 0 without LiCl treatment as a control).
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Fig. 2. Cell cycle analyses by FACS assay and expression of cyclin D1 during differentiation
of ReNcell VM cells. A — The cells were harvested at distinct differentiation time points and
the percentages of the cells in cell cycle phases were measured by flow cytometry after cells
were stained with propidium iodide. B — Cyclin D1 mRNA levels at different time points
(time point 0 with proliferating cells as a control) were detected by quantitative real-time
RT-PCR. Values are normalized to GAPDH and presented as mean + SEM from three
independent experiments. *p < 0.05 compared to control (0 h).

Cell cycle analysis of ReNcell VM cells during differentiation

The differentiation of ReNcell VM cells is triggered by the removal of growth
factors from the culture medium. To follow the differentiation dynamics, the cell
cycle and its controlling gene, i.e., cyclin D1, were first investigated. Results
demonstrate that in the proliferating state (0 h, Fig. 2A), the percentage of cells
in GO/G1 phases is 53.13 £4.67%, in S phase 23.22 +2.52% and in G2 phase
20.05 £3.37%. Twenty-four hours after induction of differentiation, the
percentage of cells in GO/G1 phases reaches a very high level at 96.06 + 1.87%
(Fig. 2A), suggesting that almost all cells are arrested. Furthermore, the
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expression of cyclin DI — a member of the cyclin family functioning as
a regulatory subunit of cyclin/cyclin dependent kinase (Cdk) holoenzymes,
which is crucial for the progression of cells from G1 to S phase [24] — is strongly
downregulated 3 h after induction of differentiation, proving the arrest of mitogen
signaling in the differentiation process due to growth factor removal (Fig. 2B).

Cell morphological change and expression of different markers during
differentiation

The cell morphology changes throughout the differentiation period. Generally,
during differentiation, the cells extend axons and assume neuronal morphology
(Fig. 3). Furthermore, 72 h after differentiation, the cells express the neuronal
marker BllI-tubulin (Fig. 3G), and astrocyte markers such as glial acidic
fibrillary protein (GFAP) (Fig. 3H) and S100 (Fig. 3J), indicating that ReNcell
VM cells differentiate into different cell types.

Fig. 3. Morphological changes and different marker protein expression during ReNcell VM
cell differentiation. A-F — ReNcell VM cells were cultured in proliferation medium until 80%
confluence (time point 0 h; A) and differentiated by removal of the growth factors.
Representative phase contrast pictures are shown at 24 h (B), 48 h (C), 72 h d (D), 96 h (E)
and 120 h (F) of differentiation. G-J — Imaging of immunostained ReNcell VM after 72 h of
differentiation. Neurons stained against BIII-tubulin (Tujl; green) exhibit long neurites; glial
cells stained with glial acidic fibrillary protein (GFAP, green) and S100 (green). Nuclei are
stained with DAPI (blue). Scale bar =20 uM.
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Temporal regulation of endogenous mRNAs of Wnt pathway components
during differentiation of ReNcell VM cells

During physiological differentiation, endogenous Wnt ligands, Wnt receptors,
and other pathway components show distinct temporal responses. Figs 4 and 5,
and Tab. 1 display the mRNA expression profiles in term of fold change
compared to proliferation as revealed by TagMan array.

Tab. 1. Fold changes of the endogenous Wnt pathways' components in ReNcell VM cells
at different time points during differentiation (Cr stands for threshold cycle).

Time point 1-5-fold decrease 5-13-fold decrease >13-fold decrease
0-6 h Fz5
Dkk1
6-48 h WNT10b
Maximum increase: Maximum increase: Maximum increase:
1-5-fold 5-13-fold >13-fold
24-48 h WNTS5B Fz3 WNTS5A
Fz7 Fz6 WNT7A
Fz9 LRP6 Fz2
c-Myc TUBB3 ROR2
Kremenl Ryk Axin2
MAP2
72 h Fz1
Fz4
LRP5
Low expression (Cr value >35) Not detected
WNT3 WNTI1
WNT4 WNTI10A
WNT7B WNTI11
WNT8A WNT16
WNTEB WNT2
WNT9B WNT2B
WNT3A
LEF1 WNT6
Fz8 WNT9A
Fz10
KREMEN2 RSPO3
RSPO2

The first observation concerns the downregulation of Wnt10b (Fig. 4D), Fz5
(Fig. 4K) and the pathway inhibitor Dickkopf 1 (Dkk1) (Fig. 5C) as early as 3 h
after differentiation. A second phase of regulation takes place from 24 h onward
after differentiation with the changes of different pathway components (Tab. 1),
including the ligands Wnt5a (Fig. 4A) and Wnt7a (Fig. 4C); the receptors Fz2
(Fig. 4H), Fz3 (Fig. 41), Fz6 (Fig. 4L), Fz7 (Fig. 4M), Fz9 (Fig. 4N), Ror2 (Fig. 5A)
and Ryk (Fig. 5B); the co-receptor LRP6 (Fig. 4F); the Wnt target gene Axin2
(Fig. 5D) and c-Myc (Fig. SE). The neuron-specific markers MAP2 (Fig. 5G)
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Fig. 4. Endogenous expression of Wnt ligands and relative receptors in ReNcell VM cells by
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**p <0.01, ***p < 0.001 compared to control (0 h).
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and Bll-tubulin (Fig. 5H) are also increased, consistent with the ability of
ReNcell VM cells to differentiate into neurons [6] as shown in Fig. 3.
A further upregulation phase is observed after 48 or 72 h of differentiation for
Wnt5b (Fig. 4B), the receptors Fz1 (Fig. 4G) and Fz4 (Fig. 4J), the co-receptor
LRP5 (Fig. 4E), and the modulator Kremen1 (Fig. 5F).
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VM cells by TagMan array. The mRNA levels of Ror2 (A), Ryk (B), Dkkl1 (C), Axin2 (D),
c-Myc (E), Kremen1 (F), MAP2 (G), and BIII-tubulin (H) at different time points (time point
0 with proliferating cells as a control) were detected by TagMan qRT-PCR. Values are
normalized to GAPDH and presented as mean + SEM from at least three independent
experiments. *p <0.05, **p <0.01, ***p <0.001 compared to control (0 h).

Spatio-temporal regulation of signaling proteins during differentiation of
ReNcell VM cells

First/early protein response during the first 3 h of differentiation

During ReNcell VM cell differentiation, total LRP6 (t-LRP6; two bands with the
endoplasmic reticulum (ER) form of 180 kDa and the mature form of 190 kDa)
[25] and phosphorylated LRP6-Ser'*° (p-LRP6; 190 kDa) [26] were detected
using different antibodies against LRP6. In the membrane subcellular fraction,
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Fig. 6. Measurement of different forms of LRP6 during differentiation under native state or
upon Wnt3a stimulation of ReNcell VM cells. A, C — Representative Western blots of total
LRP6 (t-LRP6) and phosphorylated LRP6 on serine 1490 (p-LRP6) in membrane fraction
under native state (A) or upon Wnt3a (100 ng/ml) stimulation (+) or without Wnt3a (-) (C).
Time point 0 stands for control using proliferating cells. The white arrowhead for t-LRP6
shows the mature form of the receptor at 190 kDa (A, C). The black arrowhead shows the ER
form of LRP6 at 180 kDa (A, C). The white arrowhead for p-LRP6 shows the mobility shift
to 200 kDa (A, C). B, D — Quantified Western blot analysis of total LRP6 in membrane
fraction at different time points (B) and of p-LRP6 with (+) or without (+) Wnt3a (100 ng/ml)
at different time points (D). Time point 0 stands for control using proliferating cells, and
GAPDH was used as a loading control. The signal intensities at 0 h are normalized to 1 and
the values are presented as mean + SEM from at least 3 independent experiments. *p < 0.05
and **p < 0.01 compared to control.

the amount of t-LRP6 increases as early as 0.5 h after initiation of differentiation
followed by a decrease (Fig. 6A, B), whereas the amount of p-LRP6 remains
unchanged (Fig. 6A). Upon Wnt3a stimulation, both t-LRP6 and p-LRP6
increase immediately and p-LRP6 reaches a peak as early as 0.5 h after
treatment, as detected by the shift of the original band at 190 kDa to 210 kDa
(Fig. 6C,D) [27]. It is followed by a decrease of p-LRP6 throughout kinetic
analysis although its amount remains at a significantly higher level than the
control without Wnt3a (Fig. 6D).

Two forms of DvI2 are found in the membrane (Fig. 7A) and cytosolic
subcellular fractions (Fig. 7D): a mature one (m-DvI2) and an active
phosphorylated one (p-Dvl2). In the membrane fraction, both forms of DvI2
increase as early as 0.5 h after initiation of differentiation (Fig. 7A) and are
maintained until 2 h of differentiation. This is followed by a decrease before
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a second increase at 12 h. In contrast, in the cytosol fraction, DvI2 does not
change during the first 8 h of differentiation and only slightly decreases at 12 h
(Fig. 7D). Upon stimulation with Wnt3a, in the membrane fraction, DvI2
responds quickly and increases immediately (Fig. 7B, C), while in the cytosolic
fraction, only p-Dvl2 increases immediately, as detected by a shift from m-DvI2
(black arrow) to p-DvI2 (white arrow) (Fig. 7E).
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Fig. 7. Measurement of Dishevelled 2 protein levels in the membrane and cytosol fractions
during ReNcell VM cell differentiation. A-C — Kinetics of Dishevelled 2 (Dv12) under native
differentiation (A, D) or with (+) or without (-) Wnt3a (100 ng/ml) stimulation (B, C, E) in
the membrane (A-C) or the cytosol (D, E) fractions of ReNcell VM cells. Protein amount was
quantified by Western blot analysis along the differentiation time course for the
phosphorylated DvI2 (p-DvI2) and the mature, mobile fraction of DvI2 (m-DvI2). (D, E)
Representative Western blots show DvI2 abundance in the cytosol fraction (E) upon Wnt3a
stimulation. The white arrowhead indicates p-DvI2 at 95 kDa and the black arrowhead m-
Dv12 at 90 kDa. Time point 0 stands for control using proliferating cells, and GAPDH was
used as a loading control. The signal intensities at 0 h are normalized to 1 and the values are
presented as mean + SEM from at least 3 independent experiments. *p < 0.05 and **p <0.01
compared to control.

In the cytosol, B-catenin protein decreases significantly at 1 h after differentiation
(Fig. 8A, B), whereas in the nucleus it increases between 0.5 and 1 h after
differentiation (Fig. 8C, D). Upon Wnt3a stimulation, in the cytosol fraction,
B-catenin decreases significantly at 0.5 h after differentiation and then increases
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to 1.5-fold after 3 h of differentiation (Fig. 8E, F). In the nucleus fraction, a fast
and large increase of B-catenin to 2-fold after 0.5 h of differentiation is observed

(Fig. 8G, H), suggesting that Wnt3a can accelerate this process compared to the
native state.
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Fig. 8. B-catenin accumulation in cytosol and nuclear fractions during ReNcell VM cell
differentiation. A-D — Representative Western blots of total B-catenin (B-cat) in the cytosol
fraction (A) and in the nucleus fraction (C) from which protein amount was quantified (B, D,
respectively) along the differentiation of ReNcell VM cell differentiation in the physiological
state. The quantification indicates a significant decrease of B-catenin in the cytosol at 1 h (B),
which is correlated with a significant increase in the nucleus between 0.5 and 1 h of
differentiation (D). Late accumulation of B-catenin occurs at 24 h in the cytosol fraction and
already at 8 h in the nucleus fraction. E-H — Kinetics of B-catenin for the first 3 h of
differentiation with (+) or without (-) Wnt3a (100 ng/ml). Representative Western blots of
total B-cat in the cytosol fraction (E) and in the nucleus fraction (G), from which protein
abundance was quantified (F, H, respectively). Wnt3a accelerates cytosolic [B-catenin
decrease (F; at 0.5 h instead of 1 h in native condition) and enhances nuclear B-catenin
increase at 0.5 h (H). Time point 0 stands for control using proliferating cells, and B-actin was
used as a loading control. The signal intensities at 0 h are normalized to 1 and the values are
presented as mean + SEM from at least 3 independent experiments. *p < 0.05 and **p < 0.01
compared to control.

Second/late protein response 24 h after differentiation

In the membrane fraction t-LRP6 significantly increases at 24h of differentiation
(Fig. 6B), but p-LRP6 increases at 48 h (Fig. 6A) and both decrease at 72 h (Fig. 6A, B).
In the membrane fraction, DvI2 is maintained at a low level at 24 h and increases
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gradually at 72 h (Fig. 7A), whereas in the cytosol, DvI2 decreases significantly
at 48 and 72 h (Fig. 7D).

In the cytosol fraction, B-catenin accumulation increases constantly from 24 h
onwards to 2.5-fold at 72 h (Fig. 8A, B); in the nucleus fraction, it gradually
increases from 8 h onwards to 2.7-fold at 72 h (Fig. 8C, D). B-catenin expression
analyzed by immunocytochemistry correlates with these data (Fig. 9). For
example, in proliferating cells, P-catenin is mainly distributed at the cell
membrane and in the cell periphery (Fig. 9A, B), whereas in differentiated cells
(72 h after differentiation), B-catenin is found mainly in the cytosol and in the
nucleus (Fig. 9C, D).

Interestingly, we found that the changes of LRP6, Dvl2 and B-catenin in the
subcellular fractions show a biphasic-dependent regulation manner with an
initial increase peak followed by a decrease and then a further increase (Figs. 6-8).
Taken together, the results described above show that LRP6, DvI2 and B-catenin
are temporally and spatially regulated during ReNcell VM cell differentiation.

A*— BA-"

Fig. 9. Confocal imaging of immunostained B-catenin during ReNcell VM cell
differentiation. (A-B) In proliferating cells (time 0 h), B-catenin is mainly located at the cell
membrane and periphery (white arrow). During differentiation, cells exhibit increasing
nuclear B-catenin levels, (C-D) at 72 h, B-catenin levels are elevated in cytosol (white
arrowhead) and especially in nuclei (white arrow) as indicated by colocalization of chromatin
(blue, Hoechst) and B-catenin (red) resulting in purple color. Scale bar =20 uM.
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Fig. 10. A spatio-temporal model for the regulation of Wnt/B-catenin pathway components,
during ReNcell VM cell differentiation. Trafficking is observed during the first wave of
regulation (first 3 h of differentiation). The proteins are relocated (thick black arrow), i.e.
B-catenin from the cytosol to the nucleus, DvI2 from the cytosol to the membrane. Presence
of Wnt3a in the cell environment increases B-catenin trafficking and LRP6 phosphorylation
(dashed arrows). B — Synthesis is observed during the second and third waves of regulation
(after 24 h of differentiation). Accumulation of B-catenin in the cytosol and in the nucleus is
accompanied by an increase of mRNA expression, such as Wnt ligands, Wnt receptor
mRNAs, as well as Wnt target genes such as Axin2. Translation of these mRNAs via the
ribosome might lead to increased protein expression after 72 h of differentiation.

DISCUSSION

In the present study, we investigate the dynamics of Wnt pathway components
and signaling proteins during differentiation of ReNcell VM cells and provide
a detailed biochemical profile of Wnt/B-catenin signaling referring to both
mRNA and protein levels. In ReNcell VM cells, we show first that TCF-
dependent transcription can be activated by B-catenin and that Axin2, a target
gene of Wnt/B-catenin signaling, is inducible upon stimulation with LiCl, an
inhibitor of GSK3p (Fig. 1). Additionally, we prove that proliferating ReNcell
VM cells are sensitive to the withdrawal of growth factors from the culture
medium, which is sufficient to induce cell proliferation arrest, as supported by
the fact that 96% of the cells remain in G0/G1 phases 24 h after differentiation
and the decrease of cyclin D1 from 3 h onward after differentiation (Fig. 2).
Furthermore, the removal of the growth factors triggers the Wnt/B-catenin
pathway, as indicated by the upregulation of Axin2 (Fig. 5), and by the fact that
the endogenous Wnt ligands, Wnt receptors and signaling molecules are
temporally regulated at mRNA levels during ReNcell VM cell differentiation
(Figs. 4, 5). Further analyses of the core proteins of the Wnt/B-catenin pathway
reveal that the signaling proteins of LRP6, DvI2 and B-catenin have a response
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to the removal of the growth factors, e.g., phosphorylation of DvI2 and B-catenin
accumulation with spatio-temporal modifications during differentiation (Figs. 6-9).
The biphasic regulation of LRP6, DvI2, and B-catenin, with an initial peak
followed by a decrease and a later increase, which is known as a typical dynamic
for a signaling pathway, is also found (Figs. 6-8). Upon stimulation with Wnt3a,
the amounts of the core components increase (Fig. 6-9). Finally, the
differentiated ReNcell VM cells can develop potentially into various neural cell
types, e.g., neurons and astrocytes, as detected by immunostaining (Fig. 3).
Taken together, all these data demonstrate that the components of the Wnt/fB-
catenin pathway are involved in the differentiation of ReNcell VM cells and,
remarkably, its activation is temporally and spatially regulated.

For the analysis of gene expression in progenitor cells, real-time PCR is a good
choice due to its reliability, affordability, and ease of performance. The most
applied approach for normalization is the use of reference genes, also known as
housekeeping genes [28]. These genes should have similar mRNA levels in all
samples analyzed and they should not be regulated significantly by the
experimental treatment or condition used. For example, Willems et al. [29]
selected GAPDH, Pgkl, and Ubc as the most stable reference genes in human
embryonic stem cells. Although membrane GAPDH in some cell types changes
considerably and is not recommended to be used as an internal loading control,
the membrane GAPDH in ReNcell VM cells both in the physiological state and
upon Wnt3a stimulation is quite stable during cell differentiation (Fig. 6A, C),
suggesting that GAPDH is a candidate for loading control in ReNcell VM cells.

Two different regulation waves of endogenous Wnt signaling molecules
during ReNcell VM cell differentiation

ReNcell VM cells express a wide range of Fz receptors, co-receptors and Wnt
ligands in a time-dependent manner with a balance of component expression
during cell differentiation. The most relevant, for example, is Axin2, the direct
target gene of B-catenin/TCF signaling, which is strongly upregulated 24 h after
differentiation.

The first wave is the down-regulation of Dkkl, Wntl0b, and Fz5 from 3 h
onward. Dkk1 can antagonize Wnt signaling by an LRP6-dependent mechanism
preventing Wnt-induced Fz-LRP6 complex formation [30] or inducing
internalization and degradation of LRP6 [31], or by an LRP6-independent
mechanism [32]. WntlOb is involved in cell growth in the presence of growth
factors [33] and maintains self-renewal of stem cells [34]. Fz5 mediates cell
growth of endothelial cells, possibly via its binding to Wntl0b [35], and its
down-regulation in human progenitor cells (NT2/D1 cells) inhibits cell growth
[36]. Therefore, we assume that the early down-regulation of Dkk1, Wnt10b and
Fz5 might help to stop cell proliferation and triggers the differentiation of
ReNcell VM cells.

Furthermore, Wnt5a and Wnt7a, which are known to trigger the Wnt/B-catenin
pathway [37-39], are up-regulated from 24 h of differentiation in the second wave
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(Fig. 4). Wnt7a promotes neuronal differentiation in mouse NPCs [9] and
triggers the Wnt/B-catenin pathway when binding to Fz5 in the presence of
LRP6 in rat CNS cells [38]. Interestingly, Fz7 is a specific receptor for Wnt7a [40]
and both are upregulated during ReNcell VM cell differentiation (Fig. 4).
Therefore, we can speculate that the binding of Wnt7a to Fz7 triggers ReNcell
VM cell differentiation. Wnt5a and Wnt5b regulate the proliferation and
differentiation of chondrocytes [41] and Wnt5a can promote dopaminergic
neurogenesis [42]. Previous studies have shown that ReNcell VM cells are
inducible to differentiate into dopaminergic neurons [4, 6]. Therefore, whether
the upregulation of Wnt5a and Wnt5b is responsible for activation of the Wnt//[-
catenin pathway during ReNcell VM cell differentiation should be further
analyzed.

Two Kkinetic phases of signaling protein regulation during ReNcell VM cell
differentiation

Our data show that the intracellular signaling proteins LRP6, DvI2, and B-catenin
are temporally and spatially regulated, through a biphasic kinetic with the first
phase during the first 3 h of differentiation involving protein phosphorylation
and protein shuttling between different subcellular compartments, and a second
phase after 24 h of differentiation involving protein phosphorylation and
accumulation changes that accompany mRNA increases. Wnt3a stimulation
increases the phosphorylation of membrane-associated LRP and cytosolic Dvl2,
and the B-catenin shuttling from the cytosol into the nucleus.

Interestingly, in the first phase, we found that LRP6 phosphorylation of the
PPP(S/T)P motifs, a trigger of pathway activation [26], occurs only upon Wnt3a
stimulation, but not in the physiological state (Fig. 6). This suggests either that
LRP6 phosphorylation is not necessary, as proposed by a previous study [43], or
that the sensitivity of the antibody used here is not sufficient to detect low
physiological levels of phosphorylation. Moreover, we observed an increase of
p-LRP6 protein at 24 h after physiological differentiation and this change is
correlated with an increase of cytosolic B-catenin (Fig. 8A) at the same time
point, consistent with the notion that LRP6 phosphorylated on PPP(S/T)P motifs
increases active B-catenin [44]. By TagMan array we found that LRP6 mRNA
increases only after 24 h during differentiation, suggesting that the increase of
the ER form of LRP6 (180 kDa) observed by Western blot at the same time
point reflects the synthesis and turnover of the receptor. These data suggest that
the ReNcell VM cell line is a good cell model to study the dynamics of the
co-receptor LRP6 in regulation of the Wnt/B-catenin pathway.

DvI2 is highly regulated during ReNcell VM cell differentiation. Interestingly,
the increase of Dvl2 in the membrane fraction, upon Wnt3a stimulation, is
similar to the one in the physiological state (Fig. 7). In contrast, the cytosolic
p-Dvi2 is immediately increased by a shift from m-DvI2. This has been
described as the notion of the phosphorylation-dependent Dv12 mobility shift in
a dopaminergic neuronal cell line [45]. However, due to our subcellular analysis,
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we show that this shift only occurs in the cytosol upon Wnt3a stimulation. Why
Wnt3a regulates DvI2 in a spatially dependent manner should be further
investigated.

B-catenin is highly regulated in a spatio-temporal manner during ReNcell VM
cell differentiation: an early shuttle of the protein from the cytosol to the nucleus
is suggested by a decrease of cytosolic B-catenin and an increase of nuclear one,
which can be accelerated upon Wnt3a stimulation. Acceleration of protein
trafficking upon Wnt3a stimulation has also been reported in mouse F9
teratocarcinoma cells [46]. From 24 h of differentiation onward, the accumulation
of B-catenin in both nucleus and cytosol (Figs. 8, 9) suggests a very pronounced
and effective response to the pathway stimulation. Indeed, a close correlation
between nuclear B-catenin accumulation and the upregulation of specific gene
transcription such as Axin2 is found in our analysis (Figs. 1B, 5).

It is noteworthy that the differentiation of ReNcell VM cells is not homogeneous
due to the diversity of the cell types obtained after 72 h (Fig. 3), as well as the
delay in the cell cycle arrest after withdrawal of growth factors (Fig. 2).
Synchronization of the ReNcell VM cells should allow a homogeneous analysis
of the pathway during differentiation. However, such a method remains delicate
to apply to hNPCs and brings more bias in the analysis. We used a computational
systems biology approach to clarify whether the temporal dynamics observed are
intrinsic to the pathway activation [17] (Mazemondet et al., manuscript under
revision). However, as over 50% of the cells are synchronized and start to
differentiate after growth factor removal, and that 90% of the cells are arrested
in the GO/G1 phase at 14 h (Fig. 3), we assume that the time course observed is
representative of the ReNcell VM cell population during differentiation.

Taken together, our data show that growth factor removal and Wnt3a stimulation
change the key components of the Wnt/B-catenin pathway by protein
phosphorylation and compartment redistribution during early ReNcell VM
differentiation (Fig. 10A). As cell differentiation continues from 24 h onward,
Wnt/B-catenin pathway activation results in expression of target genes associated
with synthesis of signaling components, as reported previously in other cells
[47-50] (Fig. 10B), which further control the cell differentiation in a context-
and stage-dependent manner.

CONCLUSION

The endogenous expression of the Wnt ligands, their receptors and the signaling
molecules is temporally regulated during hNPC cell differentiation.
Furthermore, the kinetics of trafficking and phosphorylation of the key signaling
proteins LRP6, DvI2 and B-catenin are spatio-temporally controlled at early
differentiation stages, followed by mRNA synthesis after activation of the
Wnt/B-catenin pathway from 24 h onward during differentiation. These data
definitely prove for the first time that Wnt/B-catenin signaling is involved in the
differentiation of ReNcell VM cells.
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