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Abstract
Although many laboratories currently use small molecule inhibitors of the BMP (Dorsomorphin/
DM) and TGF-β (SB431542/SB) signaling pathways in protocols to generate midbrain dopamine
(mDA) neurons from hES and hiPS cells, until now, these substances have not been thought to
play a role in the mDA differentiation process. We report here that the transient inhibition of
constitutive BMP (pSMADs 1, 5, 8) signaling, either alone or in combination with TGF-β
inhibition (pSMADs 2, 3), is critically important in the upstream regulation of Wnt1-Lmx1a
signaling in mDA progenitors. We postulate that the mechanism via which DM or DM/SB
mediates these effects involves the up-regulation in SMAD-interacting protein 1 (SIP1), which
results in greater repression of the Wnt antagonist, secreted frizzled related protein 1 (Sfrp1) in
stem cells. Accordingly, knockdown of SIP1 reverses the inductive effects of DM/SB on mDA
differentiation while Sfrp1 knockdown/inhibition mimics DM/SB. The rise in Wnt1-Lmx1a levels
in SMAD-inhibited cultures is, however, accompanied by a reciprocal down-regulation in SHH-
Foxa2 levels leading to the generation of few TH+ neurons that co-express Foxa2. If however,
exogenous SHH/FGF8 is added along with SMAD inhibitors, equilibrium in these two important
pathways is achieved such that authentic (Lmx1a+Foxa2+TH+) mDA neuron differentiation is
promoted while alternate cell fates are suppressed in stem cell cultures. These data indicate that
activators/inhibitors of BMP and TGF-β signaling play a critical upstream regulatory role in the
mDA differentiation process in human pluripotent stem cells.
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Introduction
Cell replacement therapy remains a potentially important treatment strategy to replace the
dead or dying midbrain dopamine (mDA) neurons that underlie Parkinson’s Disease (PD).
The success of this approach, however, greatly depends upon the discovery of an abundant
source of cells capable of mDAergic function in the brain. Currently, pluripotent stem cells,
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either human embryonic stem cells (hES cells) or human induced pluripotent stem cells
(hiPS cells) remain the most promising source of cells capable of differentiating into mDA
neurons (Kim et al., 2002; Ben-Hur et al., 2004; Yang et al., 2004; Arenas, 2005; Hedlund et
al., 2008; Cai et al., 2009, 2010; Friling et al., 2009; Lee et al., 2010). Understanding the
mechanism underlying dopaminergic differentiation from pluripotent stem cells is key to
successfully obtaining large numbers of transplantable cells for PD cell replacement therapy.

This endeavor has been greatly facilitated by studies examining similar mDA differentiation
processes in the developing mouse midbrain (Ye et al., 1998; Arenas, 2002; Simon and
Bhatt, 2003; Andersson et al., 2006; Prakash and Wurst, 2006; Prakash et al., 2006; Pollard
et al., 2008; Joksimovic et al., 2009; Nakatani et al., 2010; Zhang and Zhang, 2010). In brief,
development of mouse mDA neurons depends upon spatial and temporal differentiation cues
derived from two key brain centers, the mid-hindbrain isthmus and the midbrain floor plate
(Roussa and Krieglstein, 2004). The glycoprotein Sonic hedgehog (SHH) which is secreted
by floor plate cells is thought to regulate dorsal–ventral patterning (Ye et al., 1998; Blaess et
al., 2006) along with FGF8 while positioning along the anterior–posterior axis is mediated
by the proto-oncoprotein Wnt1 derived from isthmus cells (Prakash and Wurst, 2006;
Prakash et al., 2006). These secreted factors act by inducing expression of complex
interrelated transcriptional cascades which are thought to specify an mDA fate in midbrain
neuroepithelial cells (Chung et al., 2009; Lin et al., 2009). Key among these is the gene for
LIM homeobox transcription factor 1 alpha (Lmx1a) which lies downstream of Wnt
(Andersson et al., 2006; Cai et al., 2009, 2010; Chung et al., 2009; Friling et al., 2009). The
transcriptional repressor or homeobox protein Msx1 and bicoid-like protein Otx2, promoting
neuronal differentiation (via transcription factor Ngn2) and directly regulating the mDA
transcription factors Nurr1 and Pitx3 while suppressing alternative cell fates (Andersson et
al., 2006; Kittappa et al., 2007). Working coordinately with the floor plate forkhead
transcription factors (Foxa1/2) which lie downstream of SHH, Lmx1 is thought to commit
mouse floor plate cells to an mDA fate (Kittappa et al., 2007; Chung et al., 2009; Lin et al.,
2009; Lee et al., 2010; Nakatani et al., 2010).

Over the last decade, significant strides have been made in developing tissue culture
protocols that recapitulate the mDA differentiation process in hES and hiPS cell cultures
(Cai et al., 2009, 2010; Chung et al., 2009; Friling et al., 2009; Cooper et al., 2010; Fasano
et al., 2010; Nakatani et al., 2010). Most of these employ a 5-stage protocol that moves cells
from the undifferentiated state, through pseudo-gastrulation in the embryoid body (EB) to
mDA committed neural progenitors (hNPs) and finally into mDA neurons. However,
recently, many labs studying hES and hiPS cells have moved away from EBs to monolayer
cultures which use small molecule inhibitors of BMP/TGF-β signaling in their media
formulations to enhance generation of neural progenitors and neurons by inhibiting
mesenchymal differentiation (Chambers et al., 2009; Denham and Dottori, 2009). While a
number of labs report the differentiation of mDA neurons in these monolayer cultures
(Jaeger et al., 2011; Kim et al., 2011; Kriks et al., 2011; Vogt et al., 2011; Lipchina et al.,
2012; Nefzger et al., 2012; Xi et al., 2012), there have been no systematic studies of the
effects of BMP/TGF-β inhibitors specifically on the mDA differentiation process.

In general, the superfamily of TGF-β ligands (BMPs, GDFs, activin, nodal, etc.) are thought
to mediate their effects by binding specific receptors which phosphorylate SMADs and co-
SMADs to form complexes that move to the nucleus where they bind transcription factor
promoters. Inhibitors such as DM bind BMP type I receptors ALK2, ALK3 and ALK6 to
block phosphorylation of SMADs 1,5,8 (Yu et al., 2008). SB inhibits the activin type I
receptor ALK5, the TGFβR1 receptor ALK4 and the nodal type I receptor ALK7 which
phosphorylate SMADs 2 and 3 (Inman and Hill, 2002). Whether SMAD inhibition by small
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molecule BMP and/or TGF-β inhibitors alters mDA differentiation and whether it does so by
affecting specific transcription factors etc. remains to be established.

In this paper, we will show evidence that transient inhibition of the constitutive BMP
pathway, either alone or in combination with TGF-β inhibition, is critical to the upstream
regulation of the SMAD-interacting protein 1 (SIP1) and its downstream effector secreted
frizzled related protein 1 (Sfrp1) and their reciprocal regulation of Wnt1-Lmx1a and Shh-
FoxA2 signaling during mDA differentiation in stem cell cultures. However, generating
authentic mDA neurons is achieved only when a proper balance between Wnt and SHH
pathways is attained which requires both SMAD inhibition and exogenous SHH/FGF8.

Results
In the last year, in addition to our usual EB method of differentiating mDA neurons from
hES/hiPS cells, cells were also differentiated using a simplified monolayer method (Fig.
1A). This was in part made possible by the discovery that the rho-associated kinase (ROCK)
inhibitor, Y-27632, markedly diminishes dissociation-induced apoptosis in stem cells
(Watanabe et al., 2007), allowing us to proceed directly from undifferentiated cell colonies
to mDA differentiation while omitting the EB step.

Curiously, when hNPs were generated in monolayer cultures, we found that some hNPs
expressed Lmx1a but rarely went on to develop into tyrosine hydroxylase (TH)-expressing
neurons at stage 5. Instead, they appeared to be ‘trapped’ at the mDA specification step (Fig.
1B). However, when both the BMP inhibitor, Dorsomorphin (DM) and the TGF-β inhibitor,
SB431542 (SB) were added, we found a dramatic rise in Lmx1a expression in NPs as well
as a marked amplification in the number of TH+ mDA neurons, disproportionate to the
increase in nestin+ progenitors and β-III tubulin+ (β-III tub) neurons observed in the same
cultures (Fig. 1B,C). Likewise, when EB cultures were treated with DM/SB, there was a
significant increase in Lmx1a and TH over nestin and β-III tub expression (Fig. 1B,C).
Taken together, these results suggested that while DM/SB modestly increases NP and
neuron production in monolayer cultures, it greatly increases the proportion of those cells
that are mDA-specified and that go on to become TH+ neurons.

We next investigated the mechanism via which BMP/TGF-β inhibitors of specific receptor
SMADs exerted their effects on mDA differentiation. Western analysis of hES cells
maintained in basal growth media (control cultures) exhibited moderate levels of pSMADs
1, 5, 8 and pSMADs 2, 3 (Fig. 2A, C). However, constitutive BMP signaling was nearly
totally blocked after treatment (stage 2) with highly specific BMP pathway inhibitor, DM
(Fig. 2A, C). In contrast to DM, 10 µM SB was a relatively ineffectual inhibitor of the TGF-
β pathway, only partially blocking the formation of pSMADs 2, 3 in stage 2 (Fig. 2A, C).
After removal of SMAD inhibitors, phosphorylation of all SMADs was restored to near
normal levels in stage 3.

To identify potential downstream molecular targets of BMP/TGF-β inhibitors, we used
human PCR arrays (Qiagen PAHS-047Z — stem cell signaling) or (Qiagen PAHS-035Z —
BMP/TGF-β signaling pathway) to compare control and DM/SB-treated monolayer cultures.
While a number of genes were induced by DM/SB treatment, only those that were increased
at least 5-fold upon treatment were verified by qPCR (Suppl. Fig. 1). Of that group, we
found that inhibition of SMAD signaling in both EB and monolayer cultures caused a
dramatic rise in the levels of the transcription factor, SMAD-interacting protein 1 (SIP1, also
known as Zinc finger E-box-binding homeobox 2 or ZEB2). Interestingly, SIP1 levels were
also elevated in untreated EB cultures compared to untreated monolayers, suggesting that
the same factors may have been involved in mediating mDA differentiation in EB cultures
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even in the absence of DM/SB supplementation, possibly as a result of endogenous BMP/
TGF-β inhibitors (ie. noggin) (Chambers et al., 2009; Krause et al., 2011).

An important confirmation of SIP1’s role in mDA specification and differentiation was
provided by SIP1 knockdown experiments. In these studies, SIP1 shRNA and control
(empty and scramble) vectors were transfected into undifferentiated stem cells. Following
puromycin selection and subsequent differentiation, qPCR analysis revealed significant
knockdown in SIP1 transcripts, and importantly, a reduction in Lmx1a in stage 4 hNPs and
TH in stage 4/5 neurons, without a change in nestin or β-III tub expression (Fig. 3A).
Cleaved caspase 3 protein was not increased in SIP1 knockdown cultures (Fig. 3B),
indicating that the decrease in Lmx1a and TH was not due to enhanced toxicity/cell death
from genetic engineering. These data demonstrate that SIP1 knockdown results in decreased
mDA specification and differentiation without altering neurogenesis, suggesting that the two
developmental processes are likely mediated by different pathways acting downstream of
DM/SB. Moreover, these data further suggest that constitutive SIP1 levels normally hold in
check Wnt1-Lmx1a-TH expression in stem cells, and that by increasing SIP1 with DM/SB
treatment, the internal brakes on the mDA differentiation process can be released.
Interestingly, sustained treatment with DM or DM/SB through stage 3 in culture resulted in
reduced rather than enhanced mDA differentiation (data not shown), suggesting that the
resumption of SMAD signaling after transient SMAD inhibition is also important in mDA
differentiation.

We next sought to identify the molecular mediator via which SIP1 regulates mDA
differentiation in stem cells. As Wnt signaling is critical for mDA differentiation, it was of
particular interest that SIP1 can directly repress the promoter of the Wnt antagonist,
Secreted frizzled receptor protein 1 (Sfrp1) (Miquelajauregui et al., 2007). According to this
mechanism, a rise in SIP1 would result in a decrease in Sfrp1 and its ability to bind Wnt
ligands and their frizzled receptors, resulting in an up-regulation in Wnt signaling and mDA
differentiation in our system. To test this possibility, SIP1 and Sfrp1 levels were measured
by qPCR and Western in stem cells at various time points after treatment with BMP
inhibitors (DM or LDN-193189), TGF-β inhibitors (SB or LY-364947), or a combination of
BMP/TGF-β inhibitors (DM/SB). We found that, by the end of stage 2, cultures treated with
BMP inhibitors expressed greatly amplified levels of SIP1 which were accompanied by a
spike in Sfrp1 expression (snapshot view at relevant stage shown in Fig. 4 detailed time
courses shown in Suppl. Figs. 2 and 3). In contrast, expression was only somewhat changed
by TGF-β inhibitors; while combined DM/SB produced levels more closely resembling DM
alone (Fig. 4; Suppl. Figs. 2 and 3). These changes were correlated with a profound rise in
Wnt1, and to a lesser extent Wnt3a and Wnt5a expression and an upsurge in Lmx1a
expression by the end of stage 3. In contrast, no induction in Wnt1 and Lmx1a was observed
in SB only cultures (Fig. 4). Taken together, these results suggest that while TGF-β
inhibition somewhat modifies SIP1/Sfrp1, these changes affect Wnt1–Lmx1a signaling only
when coupled with BMP inhibition-induced changes in stem cells.

To further confirm the putative role of Sfrp1 in the regulation of Wnt1 signaling, stage 3
cultures were transiently transfected with siRNA for Sfrp1, which resulted in a significant
knockdown of Sfrp1 expression and consequent up-regulation in Wnt1 signaling (as
evidenced by an increase in Pax3 and Wnt1) (Fig. 5A). Interestingly, there was an
unexpected and simultaneous increase in the presumptive upstream mediator, SIP1, possibly
as a compensatory feedback consequence of Sfrp1 down-regulation, as has been seen
previously (Gauger et al., 2011). Importantly, the effects of Sfrp1 knockdown on mDA
differentiation markers mirrored those produced by DM/SB treatment, suggesting that the
increased Wnt signaling seen after inhibition of BMP/TGF-β signaling was similarly
dependent on the down-regulation of Sfrp1 in cells. Supporting this putative mechanism, we
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further showed that treating cells with pharmacological inhibitors (EMD Millipore 344300;
N-(3-(Dimethylamino) propyl)-2-ethyl-5-(phenylsulfonyl)benzenesulfonamide) which bind
Sfrp1 (but do not decrease Sfrp1 levels), also markedly increased active Wnt signaling (non-
phosphorylated β-catenin) and Lmx1a expression, similar to DM/SB treatment (Fig. 5B–D).
Conversely, the addition of exogenous human recombinant Sfrp1 did not significantly
change Wnt1–Lmx1a signaling, although a small rise in expression was noted at 100 ng/ml
(data not shown), as in other studies (Kele et al., 2012; Schwartz et al., 2012).

Of further significance, the up-regulation in Wnt1 signaling seen after DM or DM/SB
treatment or after Sfrp1 knockdown/inhibition was accompanied by a striking concomitant
reduction in SHH and Foxa2 levels (Fig. 4; Fig. 5A). These data support the widely held
belief that Wnt and SHH signaling pathways work in a coordinated but opposing fashion
(Chung et al., 2009; Joksimovic et al., 2009) and further indicate that BMP/TGF-β
modulators can act upstream of these pathways to critically regulate the mDA differentiation
process in stem cells.

In an attempt to further characterize the cellular phenotypes being generated in BMP and/or
TGF-β-inhibited cultures (Fig. 6A), we evaluated not only levels of mDA markers but also
markers of other cell types, including dorsal forebrain (EMX2, LHX2, PAX6, HES5)
(Monuki et al., 2001; Theil et al., 2002), roof plate (BMP2) (Monuki et al., 2001),
hypothalamic (SIX3, SIX6, RAX) (VanDunk et al., 2011), cortical hem (p73) (Cabrera-
Socorro et al., 2006) and glutamatergic/GABAergic (Nkx2.2, GAD67) neurons (Nakatani et
al., 2007). We found that by the end of stage 2, there was a rise particularly in forebrain and
hypothalamic neuronal markers in all SMAD-inhibited cultures. However, following the
removal of BMP or TGF-β inhibitors from the media, expression of these markers fell to
near control levels (with the exception of EMX2) as mDA phenotypic markers (Wnt1,
Lmx1a) increased dramatically in stage 3 cultures (Suppl. Fig. 4). Indeed, when sister
cultures were immunocytochemically stained, we found many Lmx1a+ NPs in DM and DM/
SB-treated stage 3 cultures as compared to control or SB cultures (data not shown).
Importantly, however, these Lmx1a+ NPs did not co-label with Foxa2 although the culture
did contain many brightly fluorescent Foxa2+ cells (Fig. 6B).

At the end of differentiation (stage 5), all cultures were stained immunocytochemically for
TH. Somewhat unexpectedly, we observed flattened neurite-free TH+ cells in control
cultures which increased in number after SB treatment (Suppl. Fig. 5A). These TH+ cells
did not stain for nestin or β-III tub and did not incorporate BrdU (Suppl. Fig. 5B–D),
indicating that they were not dividing neural progenitors or postmitotic neurons.
Importantly, this non-neural TH+ cell type was not routinely seen in DM or DM/SB-treated
cultures where TH staining was observed only in process-bearing cells that co-labeled for β-
III tub (data not shown). However, despite their mature appearance, these neurons did not
co-label for Foxa2 (although many Foxa2+ cells were present) (Fig. 6C). These data, taken
together with the qPCR and Western results (Fig. 4), suggest that TGF-β-inhibition alone
yields a non-neural TH+ cell type in culture. In contrast, cultures treated with BMP
inhibitors or combined BMP/TGF-β inhibitors are initially induced to become dorsal
forebrain and hypothalamic neurons. Upon removal of these inhibitors from the media, NPs
lose expression of these phenotypic markers and partially differentiate down the mDA
pathway to express the mDA fate gene Lmx1a. However, their continued lack of Foxa2
expression brings into question their authenticity as bona fide mDA neurons.

During the course of these studies, several other reports appeared emphasizing the
importance of increasing downstream Wnt1 signaling (via the GSK3β inhibitor CHIR99021;
[CHIR]) (Kriks et al., 2011; Xi et al., 2012) during the mDA differentiation process. In
addition, these studies further stressed the need for high levels of early SHH and later FGF8
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supplementation, mimicking more closely conditions in the ventral midbrain floor plate
(Jaeger et al., 2011; Kriks et al., 2011; Xi et al., 2012). We therefore initiated a study in
which cultures were simultaneously treated with BMP inhibitors and/or CHIR and/or
activators of SHH and FGF8 (dose and treatment schedules shown in (Suppl. Fig. 6A)). We
found no additivity/synergy in expression of mDA markers when downstream (CHIR) and
upstream (DM/SB) Wnt inducers were combined. Like DM/SB only cultures (Suppl. Fig. 2),
DM/SB/CHIR cultures (Suppl. Fig. 6B) also expressed high levels of Wnt1 and Lmx1a but
low levels of SHH and Foxa2. Importantly however, by adding activators of SHH signaling
(100ng/ml C24II+2 µM of the Smoothened receptor agonist Purmorphamine [Pur]; 8 days)
early on (during neuroectodermal specification) to DM/SB (Fig. 7A) or DM/SB/CHIR
(Suppl. Fig. 6B), expression of Wnt1/Lmx1a at stage 3 (Fig. 7 B–B″, E) and TH at stage 5
(Fig. 7C–C″, F) declined while SHH/Foxa2 rose dramatically (Fig. 7E,F). This critical
change in the equilibrium between Wnt and SHH signaling lead to the co-expression of
Foxa2 in 96.6%+3.1% mDA-specified Lmx1a+ NPs and 90.5+3.9% of authentic TH+ mDA
neurons in cell aggregates (Fig. 7D). Concomitant with the increased production of authentic
mDA neurons was the significant down-regulation of markers of other neuronal types in
these cultures, including the dorsal forebrain marker EMX2.

Discussion
While others have previously maintained that the Wnt1–Lmx1a pathway works in a
cooperative (Chung et al., 2009) but antagonistic (Joksimovic et al., 2009) fashion with
SHH-Foxa2 to promote mDA differentiation, the upstream regulators of this complex
equilibrium have remained elusive. The studies presented here suggest that the transient
inhibition of constitutive BMP (pSMADs 1, 5, 8) signaling, either alone or in combination
with TGF-β inhibition (pSMADs 2, 3), may play an important role in the upstream
regulation of the Wnt1–Lmx1a and SHH-Foxa2 signaling pathways in stem cells. Thus, in
control monolayer cultures where there is no significant mDA differentiation, we observe
little Wnt1–Lmx1a signaling but robust SHH-Foxa2 signaling. However, this equilibrium is
reversed when cells are transiently exposed to BMP inhibitors or BMP/TFG-β inhibitors
early on in differentiation, leading to a marked amplification in Wnt1, Lmx1a and TH
expression at subsequent stages and a concomitant decline in SHH and Foxa2. Gene
knockdown experiments further implicate the SMAD-interacting transcription factor SIP1
and its downstream target gene Sfrp1 as important mediators of these effects, linking
upstream BMP/TGF-β pathways and downstream Wnt1–Lmx1a and SHH-Foxa2 pathways.
Together these results have led us to postulate a novel putative pathway for regulation of this
complex signaling during mDA differentiation in stem cells (Fig. 8).

According to this pathway, pSMADs together with SIP1 act to co-repress the Wnt
antagonist Sfrp1 in stem cells as in other cell systems (Postigo et al., 2003; Miquelajauregui
et al., 2007). With less Sfrp1 available to compete for frizzled receptors (Molenaar et al.,
1996; Peifer, 1997; Van de Wetering et al., 1997; Uren et al., 2000), Wnt ligands are able to
promote Lmx1a expression and mDA differentiation. This then begs the question of how
SMAD inhibition enhances this process. We would postulate that this is achieved through a
series of critical molecular steps. Under normal basal culture conditions, stem cells express
Sfrp1 despite constitutive SMAD signaling, possibly as a result of low levels of SIP1 co-
repressors. With the addition of BMP inhibitors (DM, LDN) or combined BMP/TGF-β
inhibitors (DM/SB) that block pSMADs 1, 5, 8 and/or pSMADs 2, 3, SIP1-mediated
repression of Sfrp1 is even further diminished, resulting in a spike in Sfrp1 levels during
stage 2. These elevated levels of Sfrp1 further antagonize Wnt signaling, working against
the differentiation of an mDA phenotype in stem cells and in favor of alternate cell fates. As
such, we find an induction in dorsal forebrain and hypothalamic markers LHX2, EMX2,
SIX3, etc. in stage 2 after SMAD inhibition. Consistent with these results, other studies have
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also reported that dorsal forebrain markers LHX2 (Monuki et al., 2001) and EMX2 (Theil et
al., 2002) are highly expressed with low (but not high) BMP signaling in stem cells.

However, another major consequence of BMP or BMP/TGF-β inhibition in stem cells is the
dramatic rise in SIP1 levels during stage 2–3, possibly as a rebound response to the early
upsurge in Sfrp1 levels. We posit that it is this elevation in SIP1 that allows Sfrp1
expression to be dramatically repressed once DM/SB is removed from the media and SMAD
signaling is restored. Thus, both the rise in SIP1 co-repressors during transient BMP/TGF-β
inhibition and the subsequent restoration of SMAD co-repressors after cessation of treatment
may be necessary steps in ultimately driving down Sfrp1 levels and driving forward mDA
differentiation. The importance of SMAD/SIP1 regulation in CNS development is not
limited to the mDA differentiation process but is thought to also be involved in SVZ
gliogenesis and myelination (Nityanandam et al., 2012; Weng et al., 2012).

Concomitant with the reduction in Sfrp1 in NPs is a shift in the equilibrium towards Wnt
signaling, as evidenced by an increase in Wnt1/Pax3/β-catenin, and to a lesser extent Wnt3a
and Wnt5a. Although in rare instances, low concentrations of Sfrp1 have been shown to
increase rather than decrease mDA differentiation in stem cell cultures (Kele et al., 2012;
Schwartz et al., 2012), our results after treatment with human recombinant Sfrp1, Sfrp1
antagonists or Sfrp1 siRNA, suggests that it is the decline, not the spike, in Sfrp1 which
induces Wnt signaling in hES cell cultures. As a result of the rise in Wnt signaling in DM or
DM/SB-treated stage 3 cultures, the vast majority of NPs go on to express Lmx1a while
expression of other forebrain markers declines.

Of particular significance is the fact that increased Wnt1 signaling in DM and DM/SB-
treated cultures results in a reciprocal reduction in SHH and Foxa2 levels. Precisely how
downstream mediators of SMAD inhibition regulate SHH-Foxa2 signaling remains unclear.
In the literature, no direct modulatory effect of Sfrp1 on the SHH promoter has been
reported, although the converse has been widely observed (Ingram et al., 2002; He et al.,
2006; Yauch et al., 2008; Katoh and Katoh, 2009; Shahi et al., 2011). Thus, the regulation of
SHH-Foxa2 by Sfrp1 may occur through an indirect compensatory feedback pathway.
Supporting this possibility is the previous demonstration in other systems that SHH, working
through TGF-β signaling, can alter SIP1 and Sfrp1 levels to inhibit the Wnt pathway (He et
al., 2006; Katoh and Katoh, 2009). Taken together, these data raise the possibility that the
widely recognized cross talk that occurs between the SHH and Wnt signaling pathways
during mDA differentiation (Chung et al., 2009; Joksimovic et al., 2009) may transpire at
points (ie. SIP1 and Sfrp1) further upstream than formerly appreciated.

At the completion of differentiation when the phenotype of cells treated with SMAD
inhibitors was assessed, we were surprised to find TH staining in cells with vastly different
morphologies. Thus, control monolayer cultures contained non-dividing non-neural TH+
cells which increased in number with SB treatment. The identity of these cells remains
unknown. However, it is a well-established fact that Alk4 receptor signaling promotes the
formation of mesoendoderm over ectoderm (Chng et al., 2010). Since in control cultures,
and even after 10 µM SB, Alk4/SMAD 2, 3 signaling remains high (> 70% of control), it is
possible that TH+ non-neural cells are mesoendodermal in origin (Kunisada et al., 2012).
Alternatively, SB has also been used to differentiate trophectoderm in hES cell cultures
(Chambers et al., 2009) and therefore derivatives of this germ layer may also be present in
our cultures. Distinguishing between these possibilities will require continued investigation.
Presumably, however, it is this critical difference in cellular composition that accounts for
the fact that SB-induced changes in SIP1 and Sfrp1 do not amplify Wnt1–Lmx1a signaling
or mDA differentiation in these cultures.
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Taken together, these data raise questions as to the benefits of routinely adding SB to
monolayer cultures as is now done in many labs (He et al., 2011; Kim et al., 2011; Kriks et
al., 2011; Vogt et al., 2011; Lipchina et al., 2012; Nefzger et al., 2012). Arguing in favor of
the continued use of SB, we found that when combined with DM, SB induced changes in
SIP1/Sfrp1 further enhanced Wnt1–Lmx1a signaling in NPs. Also, other labs report the
efficient production of mDA neurons in monolayer cultures treated with combined BMP/
TGF-β inhibitors (Kim et al., 2011; Kriks et al., 2011; Vogt et al., 2011; Lipchina et al.,
2012; Nefzger et al., 2012), although their critical role in the mda differentiation process was
not previously appreciated. In fact, in these studies, increased mDA differentiation was not
attributed to the presence of SMAD inhibitors but to the addition of the GSK3β inhibitor
CHIR99021 (downstream Wnt activator). We would speculate that the use of CHIR was
required in these studies in order to boost Wnt1–Lmx1a signaling to detectable levels
because of the low concentration of BMP inhibitor employed (ie. 100nM LDN compared to
2 µM, 10 µM DM used in our studies). The finding that Wnt1 and Lmx1a reached the same
high level of expression after DM/SB or DM/SB/CHIR treatment of our cultures suggests
that additivity/synergy between upstream and downstream Wnt activators is in fact
unnecessary if BMP inhibitors are used at sufficiently high concentration.

Despite the enhanced production of Lmx1a+ NPs in DM/SB and DM/SB/CHIR-treated
cultures, unexpectedly, these cells did not express the floor plate marker Foxa2. Moreover,
at later stages, these progenitors did not give rise to TH+ neurons that co-expressed Foxa2,
bringing into question their authenticity as mDA neurons. Thus, increasing Wnt signaling
via BMP/TGF-β/GSK3β inhibition, while desirable, is not sufficient to fully drive mDA
differentiation in stem cells. This is likely a result of the concomitant decline in SHH
signaling and the forkhead floor plate marker Foxa2 that accompanies increased Wnt
signaling in cells. Since authentic mDA neurons derive from NPs that express both Lmx1a
and Foxa2 in vivo, it seems likely that it is necessary to drive both SHH and Wnt signaling
in stem cell cultures in order to strike the proper balance in these opposing mDA
differentiation pathways. Indeed, when potent activators of SHH signaling (C24II
+Smoothened agonist Purmorphamine) were added along with Wnt activators DM/SB/CHIR
and were continued at low dose for an extended period along with FGF8, we found a
dramatic rise in SHH signaling and in the number of mDA-specified Lmx1a+ NPs and TH+
neurons which co-labeled for Foxa2, similar to the results reported previously using
variations of the same protocol (Jaeger et al., 2011; Kriks et al., 2011; Xi et al., 2012).
Consistent with the enhancement in mDA differentiation in these cultures, markers of other
neuronal phenotypes, such as, hypothalamic (SIX3, SIX6, RAX and Nkx2.1), dorsal
forebrain (HES5, EMX2, PAX6), roof plate (BMP2) and cortical (GABA) neurons were
down-regulated. We conclude that the development of bona fide mDA neurons from stem
cells requires sufficiently high SHH–Foxa2 signaling (from potent SHH agonists and FGF8)
to balance the robust Wnt signaling seen after treatment with SMAD inhibitors.

Whether upstream (BMP/TGFβ) and downstream (Wnt/SHH) regulatory events occur in the
same or different cell populations in our heterogeneous hES cell cultures remains unclear.
Since Sfrp1 is a secreted molecule, it is indeed possible that changes in SMAD signaling/
SIP1/Sfrp1 in one group of cells (ie. non-mDA specified NPs) could impact, in a paracrine
fashion, Wnt/SHH signaling in another stem cell group (ie. prospective mDA-specified
NPs). Alternatively, secreted Sfrp1 could act in autocrine fashion to drive mDA
differentiation in those NPs which produce it. Drawing these distinctions will depend upon
the future development of reliable antibodies able to detect small quantitative changes in
SIP1 and Sfrp1, thus allowing for single cell analysis by immuncytochemistry. Regardless
of cellular location, however, our data indicate that changes in BMP/TGFβ signaling
critically influence Wnt/SHH levels and ultimately the degree of mDA differentiation
observed in stem cell cultures. Whether SMADs similarly regulate the Wnt-Lmx1a and
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SHH-Foxa2 pathways during the development of mDA neurons in vivo remains to be
investigated.

In summary, the findings of this paper indicate that the transient inhibition of the
constitutive BMP pathway is needed to increase SIP1 such that Sfrp1 can be co-repressed by
pSMADS 1, 5, 8, after BMP inhibitor removal. This decline in the Wnt antagonist Sfrp1
results in an up-regulation in Wnt1 signaling and Lmx1a expression in mDA specified NPs.
Importantly, the addition of TGF-β inhibitors of SMADs 2, 3 can further amplify this effect
but only when combined with BMP inhibitors which have already neuralized stem cells.
However, a major consequence of increased Wnt signaling in these cells is the simultaneous
and reciprocal down-regulation in SHH-Foxa2 signaling, resulting in the generation of
Lmx1a+ NPs and TH+ neurons which lack Foxa2 expression, an impediment which is
rectified by co-treating SMAD-inhibited cultures with SHH and FGF8 early on during cell
specification. We conclude that inhibitors of BMP and TGF-β signaling play a critical
upstream regulatory role in the mDA differentiation process, driving Wnt1–Lmx1a signaling
in stem cells but that the generation of authentic mDA neurons requires additional factors
(SHH, FGF8) to properly balance the equilibrium between Wnt–Lmx1a and SHH-Foxa2
mDA pathways. We would further postulate that it is the regulation of these critical mDA
pathways by SMAD inhibitors which is responsible for the high efficiency production of
authentic mDA neurons seen in the present study and in studies published previously (Kriks
et al., 2011; Xi et al., 2012). Establishing the mechanisms via which authentic mDA neurons
are produced in large quantity from human embryonic stem cells and human induced
pluripotent stem cells (our unpublished data, Mak et al., 2012) is key to the successful
translation of this technology for PD cell replacement therapy.

Materials and methods
Tissue culture

hES cells (H9 cells, Passage 35–50) were purchased from Wicell Research Institute and
maintained according to the supplier’s instructions. Briefly, cells were grown on a
monolayer of primary mouse fibroblasts (MEFs; Millipore) in DMEM/F12 media
(invitrogen) supplemented with 20% Knockout Serum Replacer™ (KOSR; invitrogen), 1%
Non-Essential Amino Acids (invitrogen), 1 mM L-glutamine (invitrogen), 0.1 mM 2-
mercaptoethanol, and 4 ng/ml bFGF (R&D systems). Cell propagation was achieved through
manual dissection and transfer of cell colonies once per week. The differentiation process
was initiated by passaging them on Geltrex (Invitrogen 1:100)-coated tissue culture plates
with two TGF/BMP inhibitors SB431542 (SB, Tocris, 10 µM) and Dorsomorphin (DM,
Tocris, 2 µM) for 1 week. Additional small chemicals and growth factors, such as
LDN-193189 (LDN, Stemgent, 2 µM), LY-364947 (LY, Tocris, 10 µM), CHIR 99021
(CHIR, Tocris, 0.4 µM), SHH (C24II) (SHH, R&D systems, 100 ng/ml), Purmorphamine
(Pur, Stemgent, 2 µM), FGF8 (R&D systems, 100 ng/ml) and Sfrp1 inhibitor (Millipore)
were also used at Stage 2. Then neural progenitors (NPs) were generated in N2/B27 NEP-
basal medium. Rosettes were then expanded in NEP-basal medium supplemented with 20
ng/ml bFGF (R&D system) every other day. For further differentiation down the DA
pathway, cells were incubating for 1 week in NEP-basal medium supplemented with 1 mM
dibutyryl cAMP (dbcAMP, Sigma) (Fig.1A).

Immunocytochemistry
Cultures were fixed with 4% paraformaldehyde for 30 min at 4 °C and stained with primary
antibodies (Suppl. Table 1) at 4 °C overnight. All secondary antibodies were Alexa Fluor
antibodies from Invitrogen used at 1:200 for 30 min at room temperature. Cultures were also
counter stained with Hoechst 33258 (Invitrogen) at 1:1000. Slides were covered with
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ProLong Gold antifade reagent (Invitrogen). Single and double labeled cells were counted in
all fields of ES cell aggregates in triplicate cultures and averaged+SEM using an Olympus
IX81 Image Analysis System.

RNA isolation and cDNA synthesis
Total RNA was isolated directly from freshly collected different treatments and different
stages of H9 cells with TRIzol (Invitrogen), a modification of the guanidine isothiocyanate–
phenol–chloroform extraction method. cDNA was synthesized by using 1 µg total RNA in a
20 µL reaction with Superscript III (Invitrogen) and oligo (dT)12–18 (Invitrogen). One
microliter of RNase H (Invitrogen) was added to each reaction tube, and the tubes were
incubated for 20 min at 37 °C before proceeding to PCR.

Real-time PCR analysis
Real-time PCR was carried out by 7500 Real-Time PCR System using SYBR green PCR
master mix (both from Applied Biosystems). GAPDH was used as an internal control. All
PCR products were checked by running an agarose gel for the first time and by doing
dissociation assay every time to exclude the possibility of multiple products. PCR analyses
were conducted in triplicate for each sample. Primers are listed as Suppl. Table 2. Statistical
analysis was performed using the unpaired t test.

RT2Profiler™ qPCR array
TGF-beta/BMP signaling and stem cell signaling qPCR arrays were obtained from Qiagen.
Five µg of total RNA was reverse transcribed in a final reaction mix of 20 µL using RT2

First Strand Kit (Qiagen) according to the manufacturer’s instructions. cDNA was diluted by
adding Nuclease-free water (Ambion). The PCR was carried out using the 7500 Real-Time
PCR System (Applied Biosystem) according to the protocol provided by Qiagen. For one
96-well-plate of the PCR array, 2550 µL of PCR master mix containing 2× SuperArray RT2

qPCR Master Mix and 102 µL of diluted cDNA was mixed and aliquots of 25 µL were
added to each well. Universal cycling conditions (10 min at 95 °C, 15 s at 95 °C, 1 min 60
°C for 40 cycles) were used. After the PCR is done, raw data was saved and submitted to
Qiagen’s website http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php for fold
change calculating.

shRNA and siRNA
ShRNA vectors of Sip1 and siRNA oligos of Sfrp1 were purchased from Origene. Sip1
shRNA vectors and scrambled or empty control vectors were nucleofected into feeder-free
H9 cells on a nucleofector device (Lonza). Two days after transfection, cells were selected
with Puromycin (1 mg/ml) for about 14 days when single cell colonies appeared. Then cells
were further differentiated before collection at the end of Stg4 and processed with ICC and
Real-time PCR. Three pairs of verified siRNAs for human Sfrp1 and scrambled negative
control siRNA were transfected into H9 dissociated Day2–Stg3 cells using Lipofectamine
2000 (Invitrogen). Transfection efficiency was monitored by co-transfecting a Trilencer-27
Fluorescent-labeled transfection control siRNA duplex (Origene). Total RNA was isolated
two days later and further analyzed by real-time RT-PCR.

Western blot
Cultured cells were rinsed quickly with PBS and lysed in 1 ml Trizol (Invitrogen). The
protein phase was collected and rinsed, and dissolved in 1% SDS containing protease and
phosphatase inhibitors (Roche). All cell lysates were stored at −20 °C. Prior to
electrophoresis, proteins were quantified to ensure equal gel loading using the Lowry Assay.
Samples were prepared for western blotting with LDS sample buffer and DTT (Invitrogen),
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heated at 100 °C for 15 min, and loaded into individual wells of a 4–12% Bis-Tris gel (20
µl/well, Invitrogen), resolved for 60 min at 120 mA. Gels were transferred to nitrocellulose
membrane for blocking in either 5% milk/0.1% PBST (Phosphate-Buffered Saline/0.1%
Tween-20) or 1% BSA/0.1% PBST, and blots labeled overnight with primary antibody at 4
°C in blocking solution. Primary antibodies were listed in Suppl. Table 3. Blots were
washed with PBST for 15 min and labeled for one hour at room temperature with goat-α-
rabbit-HRP secondary antibody (Santa Cruz Biotechnology, 1:5000 in blocking solution).
Blots were washed again for 15 min with 0.1% PBST, and exposed to peroxide substrate
(Pierce) for chemiluminescent imaging. Protein signals on western blots were measured and
quantified using densitometry algorithms by Image J software (NIH.gov).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Depiction of the various stages and treatments used to directly differentiate H9 cells into
DA neurons in monolayer culture (modified from Iacovitti et al., 2007). (B, C) Expression
levels of Lmx1a and TH are greatly increased by the treatment of stem cells with DM/SB.
At stage 2, cultures were incubated with or without DM/SB then carried through the
subsequent stages, (B) Stage 5 monolayer or EB-derived cultures stained for Lmx1a, TH and
counter-stained with Dapi. Scale bar=50 µm, and (C) mRNA levels were quantified by
qPCR compared to cells grown using the EB method in the absence of DM/SB treatment.
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Fig. 2.
Western blot detection of protein levels of SMADs and pSMADs expressed at the end of
Stg2 or Stg3 in cells treated with DM, SB or DM/SB (A, B). All cell cultures exhibit similar
levels of SMADs 1, 5, 8 and SMADs 2, 3. DM and DM/SB dramatically down-regulated
pSMADs 1, 5, 8 while SB only partially lowered the levels of pSMADs 2, 3. (C, D)
Quantification of western blot results shown in panel A, B.
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Fig. 3.
(A) Gene expression analysis of markers of differentiation after SIP1 knockdown at Stg1.
Wnt1, Lmx1a, and TH were down-regulated at the end of stage 4 while nestin and β-III tub
show no significant changes (unpaired t test): *P < 0.05. (B) Western blot detection of
similar cleaved Caspase3 expression in SIP1 knockdown samples as vector control.
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Fig. 4.
mRNA levels (A) and protein levels (B) of mDA markers examined at different stages after
treatment of hES (H9 line) cells with DM, SB or DM/SB. At the end of Stg2, both SIP1 and
Sfrp1 expression levels were increased after DM and DM/SB treatment. By mid-Stg3, Sfrp1
expression levels fell dramatically with DM and DM/SB treatment. At the end of Stg3, DM
and DM/SB treatment greatly increased the expression of Wnt1 and Lmx1a (and somewhat
increased Wnt3a and Wnt5a) while SHH expression decreased. At the end of Stg5, TH
expression levels were increased with DM, SB and DM/SB treatment. (C) Quantification of
Western blot results shown in panel B.

Cai et al. Page 19

Dev Biol. Author manuscript; available in PMC 2014 April 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
(A) Gene expression analysis of markers of differentiation 2 days after knockdown of Sfrp1
on Day 2 of Stg3. Sfrp1 knockdown produced similar changes in its downstream genes,
Pax3, Wnt1, Lmx1a, SHH and Foxa2 as DM/SB treatment at Stg2. (B) Treatment with
EMD Millipore 344300, a chemical inhibitor of Sfrp1, at Stg2 increased mRNA expression
levels of mDA markers SIP1, Sfrp1, Wnt1 and Lmx1a as DM/SB treatment at Stg2. (C)
Sfrp1 inhibitor, like DM/SB, increased Wnt signaling as indicated by the rise in active β-
catenin on Western blot analysis. As Sfrp1 inhibition occurs downstream of Sip1, no change
in Sip 1 was noted as with DM/SB treatment. (D) Quantification of Western blot results
shown in panel C.
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Fig. 6.
(A) Experiment paradigm of DM/SB protocol used to directly differentiate H9 cells into DA
neurons in monolayer culture. (B, C) Immunocytochemical analysis of differentiated DA
NPs and neurons. At the end of Stg3, many Lmx1a+ NPs were found in DM/SB-treated
cultures. These Lmx1a+ NPs did not overlap with brightly fluorescent Foxa2+ cells (B). At
the end of Stg5, mature DA neurons were detected as TH+ cells, most of which were
Foxa2− in DM/SB-treated cultures (C, C′). Scale bars=50 µm.
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Fig. 7.
(A) Experiment paradigm of DM/SB/SHH/FGF8 protocol used to directly differentiate H9
cells into DA neurons in monolayer culture. (B–C) The vast majority of authentic Lmx1a+/
Foxa2+ mDA NPs (B–B″) and TH+/Foxa2+ mDA neurons (C–C″) were found in DM/SB/
SHH/FGF8 treated cultures. (inset in C″ shows Lmx1a+/TH+ neurons). Scale bars=50 µm.
(D) Quantification of Foxa2+/Lmx1a+ and Foxa2+/TH+ cells found in the cell aggregates.
(E, F) Gene expression analysis of mDA markers examined at stages 3 (E) and 5 (F) after
treatment of cells with DM/SB with and without added 100 ng/ml SHH/2 µM Pur. Note that
in DM/SB only cultures, expression of Wnt1/Lmx1a (S3) and TH (S5) is high but SHH/
Foxa2 is low while in cultures treated with both DM/SB plus SHH/Pur, expression of Wnt1/
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Lmx1a/TH is lower but SHH/Foxa2 is higher. Note that other cell type markers like EMX2
also declined. All cultures also contain FGF8 as described above.
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Fig. 8.
Diagram of putative mDA differentiation pathway based on this and other studies.
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