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Abstract

Secreted Frizzled related proteins (SFRPs) are a family of proteins that modulate Wnt signaling,
which in turn regulates multiple aspects of ventral midbrain (VM) and dopamine (DA) neuron
development. However, it is not known which Wnt signaling branch and what aspects of midbrain
DA neuron development are regulated by sFRPs. Here, we show that SFRP1 and sFRP2 activate
the Wnt/planar-cell-polarity/Racl pathway in DA cells. in the developing VM, sFRP1 and SFRP2
are expressed at low levels, and sFRPI-/- or sFRP2-/- mice had no detectable phenotype.
However, compound sFRPI-/-;sFRP2-/- mutants revealed a Wnt/PCP phenotype similar to that
previously described for Wnt5a—/- mice. This included an anteroposterior shortening of the VM, a
lateral expansion of the Shh domain and DA lineage markers (Lmx1a and Th), as well as an
accumulation of Nurrl+ precursors in the VM. In vitro experiments showed that, while very high
concentrations of SFRP1 had a negative effect on cell survival, low/medium concentrations of
SFRP1 or sFRP2 promoted the DA differentiation of progenitors derived from primary VM
cultures or mouse embryonic stem cells (ESCs), mimicking the effects of Wnt5a. We thus
conclude that the main function of sSFRP1 and sFRP2 is to enhance Wnt/PCP signaling in DA cells
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and to regulate Wnt/PCP-dependent functions in midbrain development. Moreover, we suggest
that low-medium concentrations of sSFRPs may be used to enhance the DA differentiation of ESCs
and improve their therapeutic application.
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Embryonic stem cells; Neural differentiation; Developmental biology; Parkinson’s disease

Introduction

Secreted frizzled related proteins (sFRPs) are a family of five secreted proteins (sSFRP1-
SFRP5) that can be separated into two subgroups based on sequence homology: sSFRP1/2/5
and sFRP3/4 [1]. SFRPs are known to bind and interact with Wnts [2, 3], a large family of
ligands comprising 19 members in mammals [4], many of which are expressed in the
nervous system (for review see [5-7]), including the developing midbrain [8]. Early studies
found that sFRP binding to Wnt prevented the activation of Wnt receptors [9-14] leading to
the initial classification of SFRPs as Wnt signaling inhibitors. However, subsequent reports
have indicated that, depending on the cell context, different mechanisms and different
pathways can be activated by sFRPs. For instance, sFRPs can directly interact with Frizzled
[15] and can activate Wnt/B-catenin signaling [3, 16, 17]. To add a further layer of
complexity, the function of specific SFRPs has been found to be either redundant or distinct
depending on the cell types they act upon. For example, while sSFRP1 has been found to
sensitize cells to apoptotic stimuli, SFRP2 (also referred to as secreted apoptosis related
proteinl) conferred resistance to apoptotic stimuli [16]. On the other hand, while individual
SFRPI-/- or sFRP2-/- mutant mice did not show any defects in anteroposterior axis
elongation and thoracic somito-genesis, double mutant mice did, suggesting that some
functions are redundant [18]. Moreover, SFRPs have been found to modulate both Wnt/g-
catenin and Wnt/PCP pathways, as shown by the synergy between sFRP1/2/5 triple mutants
with Dkk1 or Vangl2 (looptail) loss of function mutants [19]. It has been proposed that
SFRPs may also play a role in establishing, maintaining, and/or modulating Wnt protein
gradients in vivo by affecting the diffusibility of Wnt ligands [20], thus regulating multiple
Whnt-dependent functions. Despite the growing knowledge of the function of sFRPs, their
roles in Wnt-dependent signaling events, such as development of the ventral midbrain (VM),
remain unknown. We have previously reported that Wnts selectively regulate distinct aspects
of VM dopamine (DA) neuron development. Within the VM, Wnt1, an activator of Wnt/3-
catenin signaling, regulates the expansion of neural progenitors, the specification of DA
neurons, and DA neuron survival [21-24]. Similarly, Wnt3a activates Wnt/B-catenin
signaling in DA progenitors [25] and increases their proliferation [26], while Wnt5a
activates Wnt/PCP signaling in DA neurons [27], promoting precursor proliferation,
differentiation, and survival of DA neurons [26, 28]. Furthermore, Wnt5a-/- mice display a
convergent extension (CE) defect in the development of the midbrain A9-A10 nucleus, an
increase in proliferation, and a transient excess of Nurrl + postmitotic DA neuroblasts [29].
Wht signaling is thus known to control distinct aspects of midbrain and DA neuron
development [30]; however, the functions of SFRPs remain to be examined.
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This study focuses on the function of sFRPs in DA neuron development. SFRP1 and sFRP2
were found at low levels in the developing VM. Analysis of Wnt signaling in a DA neuron
cell line revealed that low to high concentrations of sSFRP1 and sFRP2 activated Wnt/PCP/
Racl signaling. Subsequent analysis of primary VM cultures as well as mouse embryonic
stem cells (MESCs) demonstrated differential effects of sFRPs depending on their
concentration. At high concentrations, sFRP1 had deleterious effects on midbrain DA
neurons, while sSFRP2 had no detectable effect. Instead, low-medium concentrations of
sFRP1 and sFRP2 were sufficient to promote DA neuron differentiation. Moreover, in
agreement with the low levels of sFRPI and sFRP2expression in the VM, analysis of
SFRP1-/-;sFRP2-/- mice showed a Wnt/PCP phenotype similar to that of Wnt5a—/— mice,
which included morphogenesis and differentiation defects. While providing new insights
into the function of sFRPs in VM DA development, our findings have important implications
for the generation of DA neurons from ESCs and may thereby become useful tools to
improve cell replacement strategies for Parkinson’s disease.

Materials and Methods

Racl Activity Assays

Activation of Racl in treated SN4741 cells was analyzed by pull-down of activated, GTP-
bound Racl from cell extracts as described previously [27]. Relative levels of GTP-bound
Rac1 and total Rac1 were determined by 11% polyacrylamide SDS-PAGE: sodium dodecyl
sulfate polyacrylamide gel electrophoresis and subsequent Western blotting (anti-Racl
1:1,000, Upstate). Densitometric analyses were performed with Image J software, and levels
of Racl GTP were normalized to total Racl levels.

Primary Cultures

Embryonic day (E) 13.5-14.5 VMs, obtained from time-mated Sprague-Dawley rats, or
E11.5 CD1 mice VMs, were dissected, mechanically dissociated in N2 media consisting of a
1:1 mixture of F12 and minimum essential media supplemented with 15 mM HEPES buffer,
1 mM glutamine, 6 mg/ml glucose, 1 mg/ml bovine serum albumin, and N2 supplement (all
purchased from Invitrogen, Carlsbad, CA, http://www.invitrogen.com), and plated at a final
density of 1.32 x 10° cells per centimeter square on poly-p-lysine (10 zM)-coated plates
(Falcon) for rat primary cultures, or 1.5 x 10° cells per centimeter square for mouse primary
cultures, as described previously [26]. Treatment with 30-300 ng/ml of Wnt5a and/or 0.01—
10 tg/ml sFRP1 or sFRP2 [31] was initiated within 1 hour of plating. Cultures were
incubated for 3 days in vitro, in a 37°C incubator with 5% CO,, before fixation with 4%
paraformaldehyde (PFA).

MESC Cultures

Differentiation of R1 mESCs into DA neurons was performed using a slightly modified
protocol [32]. Briefly, R1 mESCs were seeded at a density of 100 cells per centimeter square
on mitomycin-treated PA6 stromal cells and cultured in ES-Serum Replacement Media,
composed of KnockOut Dulbecco’s modified Eagle’s medium (Invitrogen), 15% KnockOut
serum replacement (Invitrogen), 0.1 mM B-mercaptoethanol (Sigma), 200 mM L-glutamine
(Invitrogen), 1% nonessential amino acids (Biochrom AG), and 2,000 U/ml penicillin/
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streptomycin (Invitrogen). After 5 days, medium was changed and supplemented with 25
ng/ml fibroblast growth factor 8 (FGF8) (R&D Systems Inc., Minneapolis, MN, http://
www.rndsystems.com) and 200 ng/ml of Shh (R&D Systems). On day 6, recombinant
SFRP1 or sFRP2 was added in combination with 200 ng/ml of Shh and 25 ng/ml of Fgf8.
From day 8 to day 11, cells were cultured in N2 medium supplemented with 50 ng/ml FGF8,
10 ng/ml FGF2 (R&D Systems), and 200 ng/ml of Shh, with differing amounts of SFRP1 or
sFRP2. From day 11 to day 14, the N2 media were replaced and supplemented with 30
ng/ml brain-derived neurotrophic factor (R&D Systems), 30 ng/ml glial-derived
neurotrophic factor (R&D Systems), and 200 xM ascorbic acid (Sigma, St. Louis, MO,
http://www.sigmaaldrich.com).

SFRPs Are Expressed in the VM Neuroepithelium and Are Developmentally Regulated

In order to study the possible role of sFRPs in the developing VM, we first examined the
expression of sFRP1-4by quantitative polymerase chain reaction in E10.5-E14.5 rat ventral
and dorsal midbrain (Supporting Information Fig. LA-1D). All sSFRPs were found to be
developmentally regulated in a very dynamic manner. Moreover, each sFRP showed a
region-specific temporal expression profile. Within the VM, sFRP1 and sFRP2were
downregulated at E10.5 and E15.5, while sFRP3expression decreased from E13.5 and
SFRP4 was only modestly regulated. We next examined the expression of sFRPsby in situ
hybridization (ISH) in mouse E11.5 brains, at the time of birth of A9—-A10 DA neurons.
SFRPI and sFRPZwere highly expressed within the lateral midbrain, in the ventricular zone
(VZ) of the alar plate (AP), as assessed by digoxigenin ISH (Fig. 1A, 1B). Low levels of
SFRP1 and sFRP2were also detected in the VZ of the medial and lateral floorplate (FP),
respectively, by radioactive ISH (Fig. 1A”, 1B”). While sFRP4 could not be detected, SFRP3
expression was detected only at low levels by radioactive ISH in the alar plate but not in the
VM (Fig. 1C, 1C"). Based on these findings, we decided to focus our study on the role of
sRFP1 and sFRP2 in VM development.

Given the known function of sSFRPs as Wnt modulators, we compared the expression pattern
of SFRPI and sFRP2 with that of two Wnts known to regulate DA neuron development,
Whtland Whtba[23, 26, 29, 33]. Whtbawas expressed throughout the VZ of the VM (Fig.
1D), thereby overlapping with the VM expression of both sFRP1 and sFRP2. Whtl, however,
was expressed in two stripes flanking the VM midline (Fig. 1E), following a pattern that
overlapped with sFRP2expression. Thus, our results suggest that while the medial FP
expresses Wntbaand low levels of sFRP1and sFRPZ2, the lateral FP expresses Wnitba, Wil
and low levels of SFRP2 (Fig. 1F).

SFRP1 and SFRP2 Enhance Wnt/PCP/Racl Signaling in DA Cells

Initially, we assessed the function of SFRPs using SN4741 cells, a DA cell line that has been
extensively used to study Wnt signaling [25, 34, 35]. Treatment of SN cells with sFRP1 or
SFRP2 alone (up to 10 wg/ml) had no effect on Dvl or B-catenin accumulation (data not
shown). Since sSFRPs have been described as modulators of Wnt signaling [36], we therefore
examined their effects on Wnt signaling (Fig. 2). We previously reported that Wnt3a
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activates pB-catenin and induces hyperphosphorylation of Dvl in DA cells, which is
manifested by a mobility shift [25, 34]. Instead, Wnt5a does not activate S-catenin but
induces DvI hyperphosphorylation [25, 34] and activates the small GTPase Racl in DA cells
[27, 29]. However, we previously found that a greater activation of Wnt/PCP/Racl pathway
decreases Dvl phosphorylation [27].

Here we show that while sFRP1 had no effect on the Wnt3a- or Wnt5a-induced Dvl shift at
low concentrations, it decreased Dvl phosphorylation shift at 0.3—-1 pg/ml (Fig. 2A, 2B) and
increased the levels of activated GTP-bound Racl at 2 pg/ml (Fig. 2D), indicating that
sFRP1 enhances Wnt/PCP/Racl signaling. Surprisingly, high concentrations of SFRP1 (3
g/ml) reduced the Wnt3a-induced increase in active S-catenin (Fig. 2C) but did not affect
the Wnt/B-catenin reporter, TOPFLASH (not shown), indicating that SFRP1 mainly works as
an activator of Wnt/PCP signaling.

We also found that while low concentrations of sSFRP2 (30 ng/ml) enhanced the effects of
Wnt3a or Wnt5a on Dvl phosphorylation, higher concentrations inhibited such effects (Fig.
2A, 2B). Unlike sFRP1, sFRP2 (2 tg/ml) was not able to modulate the Wnt3a-induced
increase in active B-catenin (not shown) but efficiently increased Racl activity (Fig. 2D).
The effects of Wnt5a and sSFRPs on Rac1 activation were not additive (data not show),
indicating that SFRP2 and Wnt5a work by a similar mechanism. These results show that
sFRP2 selectively and progressively activates Wnt/PCP/Rac1 signaling from low to high
concentrations.

Combined, our results indicate that despite the minor effect of SFRP1 on the levels of active
B-catenin both sSFRP1 and sFRP2 work as activators of the Wnt/PCP/Racl pathway.
Importantly, SFRP2 began to activate Wnt/PCP at low concentrations (increased Dvl shift),
and at higher concentrations, both sFRP1 and sFRP2 further activated Wnt/PCP (decreased
Dvl shift and activation of Racl). The similarities between sFRPs and Wnt5a prompted us to
examine the function of sSFRPs on midbrain DA neurons.

SFRP1 and SFRP2 Regulate DA Neuron Differentiation and Neuritogenesis

We have previously shown that Wnts regulate the proliferation and differentiation of DA
neurons in VM precursor cultures [26]; however, the effects of SFRPs are unknown. We thus
treated VM precursor cultures with increasing concentrations of SFRP1 or sFRP2 for 3 days
and examined their differentiation into Tuj1+ or tyrosine hydroxylase (TH+) neurons. While
SFRP2 increased the proportion of TH+ neurons at low concentrations (10-100 ng/ml),
sFRP1 worked at medium-high concentrations (100 ng to 1 pg/ml, Fig. 3A, 3B). Higher
concentrations of SFRP1 dramatically decreased the survival of TuJ1+ and TH+ neurons in
culture (Supporting Information Fig. 2A, 2B) but had no effect on SN cells, indicating that
different cells respond at different SFRP concentrations. The cell loss observed in cultures
with very high concentrations of SFRP1 resembled the loss of DA neurons in the Wnitli~/-
mice [23]. However, neither SFRP1 nor sSFRP2 had an effect on proliferation, as assessed by
BrdU: (5-bromo-2’-deoxyuridine) incorporation in the cultures (BrdU/Hoechst, data not
shown) and by the analysis of Ki67+ cells in sSFRPI-/-;sFRP2-/- mice, which showed no
change (Supporting Information Fig. 3). Finally, higher concentrations of sSFRP2 (5 tg/ml)
neither had any effect on TH+ or TuJ1 + cells nor modified the effects of Wnt5a (Supporting
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Information Fig. 2C, 2D). Combined, our results indicate that SFRPs work in a
concentration-dependent manner to regulate DA neuron differentiation.

Whnts are known to regulate both neuritogenesis and axo-nogenesis [5, 7]. Moreover, we
recently reported that Wnt5a can modulate DA axon morphogenesis by a mechanism
involving Racl activation [33]. We thus examined the effects of SFRP1 and sSFRP2 on DA
neuritogenesis and axon morphogenesis in rat E13.5 cultures at concentrations capable of
activating Racl (2.5 pg/ml). SFRP1 or sFRP2 treatment reduced Th+ neurite branches in a
similar manner to Wnt5a in mouse E11.5 cultures [33] and decreased the length of TH+
neurites and axons (Fig. 3C, 3E), as previously described for Wnt5a-treated mouse E14.5
cultures [33]. Surprisingly, cotreatment with SFRP1 and a Wnt5a blocking antibody partially
prevented the effect of SFRP1 on TH+ neurite length and axon length (Fig. 3D), suggesting
that, to some extent, SFRPs require Wnt5a for their effects. Finally, as analysis of Wnt5a—/-
mice revealed that Wnt5a regulates the fasciculation of DA axons in vivo [33], we then
analyzed the medial forebrain bundle of sSFRPI-/-;sFRP2-/- mice at E14.5. Surprisingly,
no significant difference in the number of TH+ axons was detected at posterior or anterior
levels of the medial forebrain bundle, including near the striatum (Fig. 3F). Thus, our results
suggest that sSFRP1 and sFRP2 may regulate aspects of neuritogenesis and axon
morphogenesis that are not required for the development of the medial forebrain bundle.

Deletion of SFRP1 and SFRP2 Alters the Positioning of DA Cells and VM Morphogenesis

We next studied the number of TH+ cells in A9—-A10 areas at the beginning (E10.5) and end
(E14.5) of the DA neurogenic period in the VM. While TH counts remained unchanged
across all genotypes (wild type [WT], sSFRPI-I-, SFRP2-I-, and SFRPI1-/-;SFRP2-I-)
(Supporting Information Fig. 3A), the area occupied by TH+ neurons in coronal sections
was notably greater in SFRPI-/-;sFRP2-/- embryos (Fig. 4A, 4B and not shown).
Interestingly, we have previously shown that deletion of Wnit5aresults in a medial-lateral
(ML) widening and anterior-posterior (AP) shortening of the domain occupied by VM DA
neurons [29]. Moreover, our finding that SFRP1 and sFRP2 regulated Wnt/PCP signaling in
DA cells similarly to Wnt5a (Fig. 2) prompted us to examine the distribution of TH+ cells in
more detail. Neither sSFRPI-/- nor sFRP2-/- showed a significant difference in the ML or
AP distribution of DA neurons compared with WT mice (Fig. 4C). However, SFRP1-/
—;SFRP2-/- double-knockout mice showed a clear ML widening (Fig. 4A) as well as a
significant AP shortening of the VM at E11.5 (Fig. 4C). While the AP defect was rescued by
E14.5 (Fig. 4D), TH+ cells remained aberrantly distributed in the ML and dorsal-ventral axis
of the VM (Fig. 4B). This finding indicated that sFRPI-/-;sFRP2-I- mice exhibit a CE
phenotype similar to that described for Wnt5a [29]. To investigate this in greater detail, we
next examined the expression of other DA genes that define the VM progenitor domain and
examined whether their position was also altered.

First, we examined the expression of Shh and Lmx1a, two genes required for the
specification of VM progenitors. We found a lateral expansion of the expression domain of
Shhand Lmxlain sFRP1-I-;sFRP2-/- mice, compared with WT, sFRP2-/-, or SFRPI-/-
mice at E11.5 (Fig. 4E and data not shown). This domain expansion was accompanied by a
characteristic change in the morphology of the ventricle, normally forming a V- or Y-shaped
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invagination, yet displaying a U-shape in sSFRPI-/-;sFRP2-/- mice (Fig. 5A). These results
show that sFRP1 and sFRP2 together regulate VM morphogenesis and show phenotypes
similar to other Wnt-related mutants (Scribble, Vangl2, and Wnt5a) [29, 38-40].

Impaired DA Differentiation of Nurrl Precursors in the VM of sFRP1-/-;sFRP2-/- Mice

The increased ML expression of Shh and Lmx1a in the VM of sFRPI-/-;sFRP2-/- mice
suggested the possibility of increased proliferation, neurogenesis, and postmitotic cell
accumulation, as described in the Wnt5a-/- mice [29]. However, staining for the cell cycle
marker Ki67 and the pan-neuronal marker TuJ1 did not reveal any differences in the
distribution or total number of proliferating or postmitotic cells between WT and sFRPI-/-,
SFRP2-[-, or sSFRPI-/-;sFRP2-/- (Supporting Information Fig. 3B, 3C and data not
shown), suggesting that SFRPs may work on smaller subpopulation of cells. We next
explored whether neurogenesis was affected by examining the expression of Neurogenin 2
(Ngn2), a gene required for the differentiation of Sox2+ VVZ progenitors into Nurrl+
postmitotic DA neuroblasts in the intermediate zone (1Z), and for their subsequent
differentiation into DA neurons in the marginal zone (MZ) [41]. Nign2 expression was
unchanged in sSFRPI-/- or SFRP2-/- mice. However, a striking upregulation of Ngn2
expression was observed in sSFRPI-/-;sFRP2-/- mice, which did not extend laterally, but
occupied all layers of cells in the VM, from VZ to MZ (Fig. 4F). These findings suggested
an increase in neurogenesis and a possible increase in postmitotic Nurrl+/TH— migratory
neuroblasts in the 1Z. In agreement, sSFRPI-/-;sFRP2-/- mice revealed a significant
increase in the number of Nurrl+ cells in the VM (Fig. 5A, 5B). As Nurrl is expressed both
by DA precursors and neurons, we performed double TH and Nurrl immunohistochemistry,
to distinguish DA neuroblasts/precursors (Nurrl+/TH-) from DA neurons (Nurrl+/TH+).
While the number of TH+ cells did not change in SFRP1-/-;sFRP2-/- mice, the number of
Nurrl+ cells increased compared with WT (Fig. 5A, 5B). Moreover, we found that the
proportion of Nurrl+ cells that had acquired TH expression significantly decreased in single
and double sFRPmutants at E11.5 (Fig. 5C). While deletion of SFRPI or sFRPZ2induced
only a modest but significant decrease in the TH/Nurrl+ cell ratio, deletion of both sFRPI
and sFRPZ decreased this ratio by a 30%. Combined, our results show that sSFRP1-/
—;SFRP2-/- mice phenocopy several aspects of the Wnt5a-/- mice and indicate that
endogenous/low levels of SFRP1 and sFRP2 are required for VM morphogenesis and the
generation of postmitotic DA neuroblasts.

SFRP1 and SFRP2 Regulate Midbrain DA Neuron Development in mESC Preparations

In light of these findings, we next examined the effect of sSFRP1 and sFRP2 on the
generation of DA neurons from mESCs. Under our differentiation conditions (Fig. 6A), the
majority of mESC-derived TH+ neurons expressed typical midbrain DA markers, including
Lmx1a, Foxa2, Nurrl, and Pitx3 [42-44] (Fig. 6C and data not shown). Administration of
either sSFRP1 or sSFRP2 from day 6 to day 11 was found to regulate the number of TH+ cells
derived from mESCs in a dose-dependent manner (Fig. 6B). Interestingly, the effects of
sFRP1 did not follow a sigmoidal curve but rather a bell-shaped curve. At relatively low
concentrations (10 ng/ml), sFRP1 and sFRP2 promoted the generation of TH+ cells, which
acquired phenotypic features of midbrain DA neurons, such as the expression of Nurrl and
Lmx1a (Fig. 6C). However, the effects of higher concentrations of sFRPs clearly differed for
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sFRP1 and sFRP2. While high concentrations of SFRP1 induced a drastic decrease in the
number of TH+ cells, no such decrease was observed in sSFRP2-treated cultures. Importantly,
these results are in agreement with our in vitro (Fig. 3B and Supporting Information Fig. 2)
and in vivo results (Figs. 4 and 5), whereby only high concentrations of SFRP1 negatively
affected the number of DA neurons and medium-low/endogenous concentrations of SFRP1
and sFRP2 promote/were required for DA neuron development.

Discussion

Our findings indicate that SFRP1 and sFRP2 are both sufficient and required for the
appropriate development of midbrain DA neurons. We found that sSFRP1 and sFRP2 regulate
diverse functions in the developing midbrain such as morphogenesis, the generation of DA
neuroblasts, as well as DA differentiation and survival. The effects of endogenous low levels
of sFRP1 and sFRP2 were mainly redundant, as assessed by the deletion of these two genes,
which resulted in a phenotype that resembled that of the Wnt5a-/- mice [29]: broadening of
the DA domain in the VM, an accumulation of Nurrl+,TH- postmitotic cells due to
increased neurogenesis, and normal Nurrl+,TH+ cell numbers due to decreased
differentiation of Nurrl+,TH- cells. Surprisingly, we also found that the effects of high
concentrations of sSFRP1 and sFRP2 differed to some extent. While sFRP1 impaired DA
neuron survival in primary cultures and mESC preparations, sFRP2 did not. These activities
correlated well with the modulatory effects of sSFRPs and with their dual regulation of Wnt
signaling in DA neuron (Fig. 2) and eye development [45]. Indeed, we found that SFRP1 and
sFRP2 activated the small GTPase Racl and reduced Wnt5a-induced Dvl phosphorylation,
two activities consistent with a role of sSFRP1 and sFRP2 in promoting Wnt/PCP/Racl
signaling [27]. SFRP1 and sFRP2 also inhibited Wnt3a-induced Dvl phosphorylation;
however, only sFRP1 inhibited the Wnt3a-induced stabilization of active S-catenin.
Interestingly, in accordance with these results, high concentrations of SFRP1, but not SFRP2,
impaired DA neuron survival. Moreover, medium-low levels of sSFRP1 and sFRP2 enhanced
Wnt/PCP signaling and endogenous levels regulated Wnt/PCP related functions in a
coordinated manner, as shown by the finding that deletion of both sFRP1/2 partially
phenocopied the Wnt5a—/— mice. Combined, our findings indicate that sSFRPs regulate Wnt
signaling and diverse aspects of midbrain DA neuron development in a dose-dependent
manner.

SFRP1 and SFRP2 Differentially Regulate Cell Survival

sFRPs have been traditionally classified as Wnt inhibitors. However, we hereby report that
sFRP1 and sFRP2 activate Wnt/PCP signaling in DA neurons, a function very different of
that initially expected. In fact, in recent years, distinct SFRPs have been found to regulate
several different functions [20, 36, 46], some of which are Wnt-related, but also Wnt-
unrelated, and can even antagonize each other’s effects. Thus, sFRPs should not be
considered as mere Wnt inhibitors.

In our study, we found that high concentrations of sSFRP1, but not sSFRP2, induced cell death.
In agreement with our finding, it has previously been reported that SFRP1 increases, while
sFRP2 decreases, the vulnerability of breast tumor cells to apoptotic stimuli [16]. Similar
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results have been reported in other cell types [47, 48], including neural cells in the
developing hindbrain [49]. Our results also indicate that SFRP1, but not sSFRP2, decreases
the Wnt3a-induced levels of active S-catenin, a finding that underlines that the differences
between sFRP1 and sFRP2 are not limited to biological activity but also to the signaling
pathways they regulate in DA cells. It remains to be determined whether a reduction of
active B-catenin, but not TOPFLASH, by sFRP1 in DA cells could impact on DA neuron
development as deletion of B-cateninin the midbrain FP [50], or deletion of Wni/[21, 24],
which result in dramatic impairment of midbrain DA development. Moreover, deletion of
Whtfresults in a loss of Pitx3expression, a transcription factor required for DA neuron
survival [51-53] and in the loss of DA neurons [23]. However, since the expression levels of
sFRPs in the VM were low and the in vitro effects of SFRP1 were in response to relatively
high concentrations, the physiological relevance of our in vitro findings, in the context of
VM development, is unclear. Indeed, analysis of sSFRPI-/-, SFRP2-/-, and sSFRPI-/
—;SFRP2-/- mice showed no alteration in the number of midbrain DA neurons, indicating
that the endogenous low levels of SFRP1 are not sufficient to negatively regulate Wnt/ -
catenin signaling and DA neuron survival.

SFRP1 and SFRP2 Are Required for Wnt/PCP-Dependent Functions in the Developing VM

While sFRP1-/-;sFRP2-/- mice had no defect on the number of DA neurons, their position
in the developing midbrain was abnormal, with TH+ cells found in more lateral and dorsal
regions of the VM while occupying a shorter anteroposterior domain. These results
suggested that the loss of sSFRPI and sFRP2results in a Wnt/PCP/Racl phenotype similar to
that previously described for Wnt5a-/- mice [29]. In agreement with this finding, additional
alterations in VM morphogenesis were also detected. A flattening of the ventricular cavity
and a broadening of the Shh, Lmx/a, and Nurrl expression domains were detected in
SFRP1-/-;sFRP2-/- mice. However, the NignZ2 expression domain did not extend laterally,
as seen in the Wntba—/— mice but instead extended from the VZ to the MZ. In addition, the
expression levels of Aign2increased, resulting in an increase in neurogenesis, that is, an
increase in the number of Nurrl+,TH- neuroblasts or precursor cells in the 1Z, which are the
first postmitotic cells in the DA lineage. Moreover, as described for the Wntba—/- mice, the
differentiation of these cells into midbrain DA neurons decreased in SFRPI-/-;sFRP2-/-
mice. Conversely, administration of SFRP1 or sSFRP2 at low-intermediate concentrations
(10-100 ng/ml) promoted DA differentiation of primary cells and ESC cultures, similar to
Whntb5a [54]. Thus, our data show that sSFRP1 and sFRP2 are redundantly required to regulate
most Wnt5a-dependent functions in the developing VM. Interestingly, sSFRPI-/-;SFRP2-/-
mutant mice also exhibited other previously described Wnt/PCP phenotypes such as a
shortening of the AP axis as the Wnt5a-/- mice [18] and abnormalities in embryonic male
sexual development similar to those exhibited by the Looptail (Vangl2) and Wnt5a mutants
[55, 56]. Moreover, severe neural tube defects have been detected in sFRP1,SFRP2;looptail
triple mutants, indicating that SFRP1 and sFRP2 genetically interact with Vangl2, and that
SFRP1 and sFRP2 regulate the Wnt/PCP pathway [19]. Importantly, our analyses of Wnt
signaling in midbrain DA cells also support a role for sSFRP1 and sSFRP2 in the activation of
the Wnt/PCP/Racl pathway, as previously reported for Wntb5a [27, 29]. Indeed, we found
that SFRPs decreased the Dvl phosphorylation shift and effectively increased Racl activity
in DA cells. Moreover, while Wnt5a and sFRP1 increased Racl activity to the same extent,
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sFRP2 was more efficient at inducing Rac1 activity, but their effects were not additive,
indicating that they both activate this common critical signaling event. In summay, our
results show that SFRP1 and sFRP2 share with Wnt5a their capacity to activate the
Wnt/PCP/Racl pathway and regulate Wnt/PCP-related functions.

Is the Function of Wnt5a on Midbrain DA Neurons Completely Phenocopied by sFRP1 and

sFRP2?

While sFRPI-/-;sFRP2-/- mice show many similarities to the Wnt5a-/- mice, they also
show distinct phenotypic differences. In Wnt5a—/— mice, the number of Ki67+ proliferating
progenitors increased by 45% [29] and TH+ axons in the medial forebrain bundle showed
abnormal fasciculation [33], yet these parameters remained unchanged in sSFPRI/SFRP2
mutant mice. Additionally, while the Ngn2 domain was laterally expanded in the Whitba-/-
mutant, a dorsoventral (but not a lateral) expansion was observed in SFRPI-/-;sFRP2-I-
midbrains. These results indicate that sFRPI-/-;sFRP2-/- mutants only partially
phenocopy the Wnt/PCP phenotype of Wnitsa—-/- mice. Similarly, gain-of-function
experiments have shown only partial similarities between the effects of sSFRPs and Wnt5a.
For instance, primary VM cultures showed that high concentrations of SFRP1 protein
differed from the effects of Wnt5a, in that it did not promote DA precursor differentiation
[26] but rather induced cell death. Similarly, while Wnt5a promoted DA neurite and axonal
elongation in VM primary cultures [33], sSFRP1 and sFRP2 reduced their growth. However,
we also found that both SFRP1 and sSFRP2 mimicked the effects of Wnt5a and promoted DA
differentiation of primary progenitors and mESC at intermediate concentrations. Combined,
these results suggest that sSFRP1 and sFRP2 control several but not all of the events regulated
by Wntb5a and indicate that the function of sFRPs are highly context, cell type- and dose-
dependent.

Implementation of sFRP1 and sFRP2 to the Generation of Midbrain DA Neurons from Stem

Cells

The VM phenotype observed in the sFRPI-/-;sFRP2-/- mutant mice suggested that
administration of relatively low concentrations of sSFRP to ESCs could improve the
generation of midbrain DA neurons. Indeed, we found that 10-100 ng/ml sFRP2 was able to
increase the yield of TH+ DA neurons in primary and ESC cultures. Importantly, higher
concentrations of sSFRP1 became ineffective, but no adverse effects were detected. Instead,
the effects of SFRP1 were achieved at varying concentrations, depending on the cells. While
sFRP1 promoted DA neuron differentiation of ESCs at 10 ng/ml, it required 0.1-1 wg/ml to
promote differentiation in primary cells. Moreover, high concentrations (1 g/ml) had no
effect on ESCs and 5 pg/ml impaired the survival or primary neurons. We thus suggest that
sFRP2, because of its positive effects on DA differentiation at low concentrations and the
lack of deleterious effects at high concentrations, may be a useful tool to promote the DA
differentiation of ESCs in vitro. In addition, the negative effect of SFRP2 on neuritogenesis
may be an additional advantage when preparing DA neurons for cell transplantation and cell
replacement therapy for Parkinson’s disease, as cells with long processes are easily
axotomized during cell preparation for transplantation and survive very poorly in vivo. We
thus think that sSFRP2 may be a particularly well-suited tool to promote the DA
differentiation without the disadvantage of inducing excessive neuritogenesis, which could

Stem Cells. Author manuscript; available in PMC 2020 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kele et al. Page 11

impair their survival during grafting. Future experiments will determine whether SFRP2
represents an advantage with respect to Wnt5a in terms of improving functional engraftment
of stem cells in animal models of Parkinson’s disease.

Conclusion

In summary, our study shows that sFRPI and sFRPZ2 activate Wnt/PCP/Rac1l signaling in
midbrain DA neurons. We suggest that the low expression level of sFRP1, restricted to the
VM midline domain, and the broad expression of SFRP2 are important for appropriate VM
development. Deletion of sFRP1 and sFRPZindicated that endogenous levels of SFRPs
indicated that they are redundantly required for the regulation of several Wnt/PCP-
dependent functions in the VM such as morphogenesis and DA differentiation. Moreover,
low-medium levels of either SFRP1 or SFRP2 promoted the generation of DA neurons from
DA progenitors as well as mESCs. Thus, our findings show that the coordinated expression
and the fine tuning of sFRPI1/2levels is important for VM development and suggest that
sFRP2, because of its stable effects, may find an application in the preparation of ESC-
derived DA neurons for transplantation in Parkinson’s disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Spatial pattern of expression of sFRPI1, SFRPZ, and sFRP3in the developing midbrain at

E11.5. (A-C, A’—C’): In situ hybridization for sSFRPI1, sSFRP2, and sSFRP3mMRNA on
coronal sections of mouse midbrain at E11.5 revealed high expression in the midbrain AP.
Higher magnification of radioactive in situ hybridization detected expression of SFRP1 in the
midline and a low expression of SFRP2 in the whole ventral midbrain (VM). In contrast, low
levels of sSFRP3 were only detected laterally, in the midbrain AP but not in the VM. (D, E):
Whtba and Whtlexpression was also detected in the VM. (F): Scheme summarizing the
overlap and expression levels of sFRP1 and sFRPZin the VM. Abbreviations: sSFRP, secreted
Frizzled related protein; 1Z, intermediate zone; MZ, marginal zone; VVZ, ventricular zone.
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Figure 2.
SFRP1 and sFRP2 inhibit the Wnt3a- or Wnt5a-induced Dvl shift and activate Racl in a

dopaminergic neuron cell line. SN4741 cells were treated with 30 ng/ml Wnt3a (A) or 100
ng/ml Wnt5a (B) and increasing concentrations (0, 0.03, 0.1, 0.3, 1, 3, and 10 g/ml) of
sFRP1or sFRP2. (A): The Wnt3a-induced DvI2 phosphorylation mobility shift was reduced
by a lower concentration of SFRP1 than sFRP2. (B): The Wnt5a-induced DvI2
phosphorylation mobility shift was efficiently reduced by both sFRP1 and sFRP2. The ratio
between the hyperphosphory-lated form (upper band *) and the nonshifted lower band (")
is given for representative gels (7= 3). (C): SFRP1 also reduced the increase in active g
catenin induced by Wnt3a. The induction of active SB-catenin was expressed as the ratio
between the densitometric quantification of active S-catenin and the loading control actin
(ratio: S-catenin/actin). (D): Both sFRP1 and sFRP2 (2 pg/ml) increased Racl activity by
twofold and 3.5-fold, respectively, compared with vehicle. ***, p<.001 and *, p< .05 by
one-way analysis of variance, with Turkey’s post hoc test for multiple comparisons (1= 3).
Abbreviation: sSFRP, secreted Frizzled related protein.
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Figure 3.
Differential effects of sSFRP1 and sFRP2 on TH+ cell numbers and neuritogenesis. Mouse

E11.5 ventral midbrain cultures were treated for 3 days with vehicle (BSA Ctrl) or different
concentrations of SFRP1 or sFRP2 (10, 100, or 1,000 ng/ml) and analyzed for expression of
beta I11-tubulin (TuJ1, green) and TH (red), using DAPI (blue) as counterstaining. (A):
SFRP1 (100 ng/ml) and sFRP2 (10 ng/ml) increased the percentage of Th+/Tuj1 + cells in
primary cultures. (B): The percentage of TH+/TuJ1+ neurons increased in a dose-dependent
manner in SFRP1- and sSFRP2-treated primary cultures. Significant effects were detected at
100-1,000 ng/ml of sFRP1 and 10-100 ng/ml of sFRP2 as assessed by one-way analysis of
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variance with Tukey’s post hoc test for multiple comparisons (7= 3). p<.001; **, p< .01,
*, p<.05. (C): The effects of sSFRP1 or sFRP2 on neuritogenesis were evaluated in rat E13.5
primary precursor cells at concentrations capable of activating Racl (2.5 pg/ml, S1 or S2).
DA neurite length was expressed in four different ways, as neurites/TH+ neuron,
branches/TH+ neuron, length of the dominant neurite (axon), and average length per neurite.
(D): Whntba effect was analyzed by adding a Wnt5a blocking antibody (aWnt5a) to the
cultures, in combination with sFRP1 (S1). aWnt5a alone reduced the number of branches,
TH+ neurite length, and TH+ axon length. Moreover, aWnt5a partially prevented the effect
of sSFRP1. *** p<.001; **, p<.01; *, p<.05 by one-way analysis of varaiance, with
Tukeys’s post hoc test for multiple comparisons (7= 3). (E): TH immunocytochemistry
showing the reduction of neurite branching, length, and axonal length in SFRP1- and
SFRP2-treated cultures. (F): TH im-munostaining showing DA axons at anterior and
posterior levels of the medial forebrain bundle at E14.5 (A, P, STR [pink], SN/VTA [brown],
and OB). Abbreviations: A, anterior level; bovine serum albumin, BSA; 4 6-diamidino-2-,
DAP; OB, olfactory bulb; P, posterior level; STR, striatum; SN/VTA, substantia nigra and
ventral tegmental area; sFRP, secreted Frizzled related protein; TH, tyrosine hydroxylase.
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Figure 4.
Convergent extension defects in the ventral midbrain of sSFRP1-/-;sFRP2-/- mice. While

the number of TH+ cells in the ventral midbrain (VM) was not altered in SFRPI-/-;SFRP2-/
— mice, their medial-lateral distribution at E11.5 (A) and their medial-lateral and dorsal-
ventral distribution at E14.5 (B) were increased. This was accompanied by a reduction in the
rostral-caudal distribution of TH+ cells at E11.5 (C) but not at E14.5 (D). *** p<.001; **,
p < .01 by one-way analyses of variance, with Bonferroni’s post hoc test for multiple
comparisons (n= 4 for E11.5 and n= 3 for E14.5). In addition to the increased lateral
distribution of TH, other markers such as Sh# (floorplate [FP] and basal plate [BP]) and
Lmxla (FP) were also laterally expanded in sFRPI-/-;SFRP2-/- mice at E11.5 (E). The
expression of Aign2in the VM expanded dorsoven-trally, but not laterally, in sSFRP1-/
—;SFRP2-/- mice at E11.5 (F). Abbreviations: Ngn2, neurogenin 2; sFRP, secreted Frizzled
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related protein; TH, tyrosine hydroxylase; WT, wild type. Shh, Sonic hedgehog homolog;
Lmx1a, LIM homeobox transcription factor 1 alpha.
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Figure 5.

Deletion of sFRP1, SFRP2, and sFRPI1/2reduced the differentiation of Nurrl+/TH- DA
precursors into Nurrl+/TH+ DA neurons. Immunohistochemistry for Nurrl revealed an
increase in the medial-lateral distribution of Nurrl+ cells in sSFRP1-/-;sFRP2-/- compared
with WT (A). This increase in Nurrl+ cells did not result in an increase in the number of
Nurrl+/TH+ neurons in SFRPI-/-;sFRP2-/- but rather in an accumulation of Nurrl+/TH-
DA precursors compared with WT (B). The proportion of TH+/Nurrl+ cells decreased
modestly in SFRPI-/- or SFRP2-/- mice (n=4 and 5, respectively). SFRP1-/-;sFRP2-|-
mice (7= 5) showed a greater reduction in the proportion of TH+/Nurrl+ cells (C), which
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was significantly different from single mutants (¢p < .05) and WT (e*sp < .001), as assessed
by analysis of variance with Tukey’s post hoc test. Our results thus suggest that the effects of
endogenous low levels of sSFRP1 and sFRP2 are additive. Abbreviations: DAPI, 4”,6-diami-
dino-2-phenylindole; sFRP, secreted Frizzled related protein; TH, tyrosine hydroxylase; WT,
wild type. Nurrl, nuclear receptor related 1.
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Figure 6.
SFRP1 and sFRP2 promote the generation of dopamine (DA) neurons from mouse

embryonic stem cells (MESCs). (A): Schematic diagram illustrating the culture conditions
used to generate DA neurons from mESCs. mESCs were cultured in the presence of serum
replacement medium (SRM), followed by basal conditions, including SRM with FGF8 (for 3
days), SRM with FGF2 and FGF8 (for 3 days), and finally N2 supplement with AA, GDNF,
and BDNF (for 3 days). Modified treatment conditions include the addition of SFRP1 or
SFRP2 from day 6 to day 11 (from 1 to 1,000 ng/ml). (B): SFRP1 and sFRP2 increased the
numbers of TH+ cells per Tuj1+ area up to a concentration of 10 ng/ml. While higher
concentrations of sSFRP1 decreased the numbers of TH, the effects of SFRP2 were sustained.
*, p<.05; **, p<.001 compared with control; ¢, p<.05; s, p< .01 compared with 10
ng/ml sFRP1, by one-way analysis of variance, with Tukey’s post hoc test for multiple
comparisons. (C): SFRP1 or sFRP2 (10 ng/ml) did not affect Tuj1 expression but increased
the expression of Nurrl and Lmx1a in TH+ cells. The data show representative results from
five independent differentiation experiments. Abbreviations: AA, ascorbic acid; BDNF,
brain-derived neurotrophic factor; FGF, fibroblast growth factor; GDNF, glial-derived
neurotrophic factor; sFRP, secreted Frizzled related protein; TH, tyrosine hydroxylase.
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