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SUMMARY

In Parkinson’s disease (PD), substantia nigra (SN) dopaminergic (DA) neurons degenerate, while related ventral tegmental area (VTA) DA
neurons remain relatively unaffected. Here, we present a methodology that directs the differentiation of mouse and human pluripotent
stem cells toward either SN- or VTA-like DA lineage and models their distinct vulnerabilities. We show that the level of WNT activity is
critical for the induction of the SN- and VTA-lineage transcription factors Sox6 and Otx2, respectively. Both WNT signaling modulation
and forced expression of these transcription factors can drive DA neurons toward the SN- or VTA-like fate. Importantly, the SN-like lineage
enriched DA cultures recapitulate the selective sensitivity to mitochondrial toxins as observed in PD, while VTA-like neuron-enriched
cultures are more resistant. Furthermore, a proteomics approach led to the identification of compounds that alter SN neuronal survival,

demonstrating the utility of our strategy for disease modeling and drug discovery.

INTRODUCTION

Pluripotent stem cells (PSCs) are an important tool for dis-
ease modeling and drug-screening approaches. Several
methodologies have been developed to generate neurons
implicated in neurodegenerative disease such as dopami-
nergic, motor, and striatal projection neurons (Tao and
Zhang, 2016). Substantia nigra (SN) dopaminergic neurons
(DA) are highly susceptible to genetic and environmental
toxicity, leading to their selective degeneration in Parkin-
son’s disease (PD). In contrast, the related ventral
tegmental area (VTA) DA neurons are more resistant to
these insults (Surmeier et al., 2017). Access to PSC-derived
cultures enriched for distinct DA subpopulations is an
attractive approach to model the selective cell death of
SN neurons in PD.

Midbrain DA (mDA) neurons are derived from midbrain
floor-plate (FP) cells that are specified by Sonic Hedgehog
(SHH), fibroblast growth factor 8 (FGF8), and WNT
signaling during embryonic development (Smidt and Bur-
bach, 2007). In several studies the timely addition of devel-
opmental relevant signaling molecules resulted in the
efficient generation of functional mDA neurons from
mouse and human PSCs (Kirkeby et al., 2012; Kriks et al.,
2011; Lee et al., 2000; Nolbrant et al., 2017; Ying et al.,
2003). These PSC-derived DA cultures are a mixture of neu-
rons with both SN and VTA-like identities, but their relative
contribution has not been analyzed in detail. Furthermore,
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subpopulation identity in these cultures was mainly based
on late-onset markers that are not fully restricted to either
the SN or VTA neuronal lineage (Fu et al., 2012; Reyes et al.,
2012). In addition, the presence of other molecularly
defined subpopulations of DA neurons (Poulin et al.,
2020) has not been addressed in these cultures.

It is currently unclear how to generate DA cultures en-
riched for either SN or VTA neurons. The recent identifica-
tion of SOX6 and OTX2 as early and selective markers of
the SN and VTA neuronal lineages, respectively, demon-
strated that DA subpopulation diversity is already estab-
lished at neural progenitor stage, with SN neurons arising
from medially located progenitors (Blaess et al., 2011; Pan-
man et al., 2014; Poulin et al., 2014; Tiklova et al., 2019).
WNT signaling plays an important role in the regulation
of Otx2 expression, which confers resistance to dopami-
nergic neurons and promotes VTA neuron differentiation
(Di Salvio et al., 2010; Grealish et al., 2014; Prakash et al.,
2006). Therefore, the early restricted expression of DA sub-
lineage specific markers SOX6 and OTX2 suggests the
requirement for optimized culture conditions that pro-
motes the acquisition of either the SN- or VTA-specific
neuronal lineage in PSC-derived progenitors.

Here we used insight from developmental studies to
establish PSC differentiation conditions that promote the
acquisition of SN-specific neuronal identities in mDA cul-
tures. We show that temporal WNT signaling inhibition
is required to induce medial FP precursors that are
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Figure 1. Directed differentiation of mESCs toward SN-like neuronal lineage

(A) Immunohistochemical (IHC) analysis of SOX6 and 0TX2 in SN and VTA neurons of E18.5 mouse embryo. Arrows point to Sox6-expressing
cells within VTA.

(B) IHC analysis of Nes-Lmx1a mESC-derived DA neurons.

(C) Schematic overview of the 5-stage and medial FP protocols.

(D) IHC analysis of NesE-Lmx1a ESC-derived neurons (stage V).

(E) Percentages of TH" neurons expressing the indicated neuronal markers in Nes-Lmx1a mESC-derived DA neurons (stage V). Mean values
+ SD; one-way ANOVA with Bonferroni correction (SOX6 and 0TX2) or unpaired t test (GlycoDAT and CALB1); n = 3 independent experi-
ments.

(F) IHC analysis of midbrain FP of E11.5 mouse embryo.

(legend continued on next page)
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efficiently directed toward the SN-like neuronal lineage.
Furthermore, we demonstrate that our strategy enables
the derivation of distinct DA subpopulations that are
distinguishable by their selective sensitivity to mitochon-
drial toxicity, providing a tool to model PD in vitro.

RESULTS

Directing differentiation of mESC-derived medial FP
precursors toward SN-like neuronal lineage

SOX6 and OTX2 are early and selective DA sublineage de-
terminants during mouse embryonic development (Pan-
man et al., 2014) (Figures 1A and 1F). While OTX2 is solely
confined to VTA neurons, SOX6 is expressed in SN neu-
rons, the parabrachial pigmented (PBP) part of the VTA,
and the retrorubral field (RRF) (Figure 1A; Poulin et al.,
2020). To investigate the early aspects of SN and VTA
neuronal lineage specification during PSC differentiation,
we assessed the percentage of SOX6- and OTX2-labeled
DA neurons derived from wild-type and NesE-Lmx1la
mouse embryonic stem cells (mESCs) (Friling et al., 2009;
Panman et al., 2011) differentiated according to the 5-stage
protocol as previously described (Lee et al., 2000) (Figure 1C
and Table S1, protocol 3). Remarkably, only a small propor-
tion (less than 10%) of DA neurons derived from wild-type
or NesE-Lmx1a (Figures 1B, S1A, S1B, and S1F) ESC lines ex-
pressed SOX6, while the majority of the neurons (more
than 80%) were OTX2 positive (Figures 1B, S1A, S1B, and
S1F). Consistently, a large fraction of the neurons was posi-
tively labeled for CALBINDIN1 (CALB1) and negatively for
GlycoDAT (Figure S1F), indicating that most neurons have
VTA-like identities. The distinct spatial-temporal origin of
DA subpopulations (Blaess et al., 2011; Panman et al.,
2014) suggests that different culture conditions may be
needed for inducing the SN neuronal lineage. Therefore,
we decided to systematically alter several steps of the 5-
stage protocol to define SN neuronal lineage-promoting
conditions (see Table S1 for a summary). We replaced fetal
bovine serum with knockout serum replacement (KSR) dur-
ing the embryonic body (EB) formation (stage II; Figure 1C
and Table S1, protocol 1), which did not alter the differen-
tiation outcome of the 5-stage protocol, with the majority
of neurons expressing VTA-specific markers (Figures 1D
and 1E). However, when using KSR in combination with
earlier and shorter exposure of progenitors at the neural
progenitor (NP) selection stage (stage III) and NP expansion
stage (stage IV) to SHH and FGF8 (S/F8), nearly all NesE-

Lmx1la mESC-derived DA neurons became SOX6 positive
(83%) and there was a striking reduction in the number
of OTX2-labeled DA neurons (12%) (Figures 1C-1E and Ta-
ble S1, protocol 2). We termed this modified version the
“medial FP (mFP) protocol,” referring to the developmental
origin of SN neurons. Similar results were obtained when
using wild-type ESCs or a second independently generated
NesE-Lmx1a ESC line (Figures S1A and S1B). Extending the
mFP protocol to 25 days did not result in an increase of
OTX2-expressing neurons (Figures 1D and 1E). The specifi-
cation of SN-like specific neuronal identities under the mFP
protocol was further supported by the increase in GLYCO-
DAT-labeled (from 23% to 65%) and decrease in CALB1-
labeled (from 85% to 34%) DA neurons (Figures 1D and
1E). In addition, Sox6-expressing neurons were positive
for ALDH1A1 (Figure S1D), further supporting the SN-like
neuronal identity. The altered culture conditions did not
compromise DA cell numbers (35% TH/4',6-diamidino-2-
phenylindole [DAPI] in both S-stage and mFP protocol)
and midbrain identity as revealed by the maintenance of
FOXA2, LMX1A, NR4A2, and EN1 expression (Figures
S1A and S1C). Remarkably, the use of KSR during EB forma-
tion in combination with the addition of the growth fac-
tors S/F8 during the NP selection stage for 4 days (stage
III) and NP expansion stage for 2 days (stage IV) are essen-
tial protocol steps for promoting SN-like subpopulation
identity (Figure 1C and Table S1, protocol 2), and any vari-
ation on this protocol abolished the production of healthy-
looking Sox6-expressing DA neurons (Figures SIE-S1G and
Table S1).

In the medial part of the FP, SOX6-labeled cells coexpress
CORIN (Figure 1F). Next, we investigated whether mFP
cells are initially specified when using SN neuron-promot-
ing culture conditions. Indeed, we observed a robust in-
crease in SOX6-labeled (90%) and CORIN-labeled (82%)
DA progenitor cells at stage IV of the mFP protocol, while
the 5-stage-protocol mainly yielded the lateral OTX2-ex-
pressing DA progenitors (Figures 1G and 1H). The unal-
tered expression of LMX1A shows that DA progenitors
are generated with similar efficiency in both protocols
(Figure 1H).

Canonical WNT signaling mediates dopaminergic
subpopulation diversification

By altering the timing of growth factor exposure during
mESC differentiation, we were able to switch dopaminergic
subpopulation identity of the obtained cultures from VTA-
to SN-like. A possible explanation for this lineage switch is

(G) IHC analysis of DA progenitor markers in Nes-Lmx1a mESC-derived progenitors (stage IV).
(H) Percentage of NESTIN™ cells expressing indicated markers in Nes-Lmx1a mESC-derived neural progenitors (stage IV). n = 3 independent

experiments; mean values + SD; unpaired t test.

*p <0.05, **p<0.01, ***p < 0.001. Scale bars, 100 um (A and F) and 50 um (B, D, and G).
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Figure 2. Differential WNT signaling levels regulate DA neuronal subpopulation specification during mESC differentiation
(A) Gene expression patterns of WNT signaling components in relation to Sox6 and LmxIa in the FP of E11.5 mouse embryo.
(B) IHC analysis of the midbrain FP of Tcf/Lef::H2B-GFP reporter mouse line at E11.5. Reporter activation is visualized by GFP expression.

(legend continued on next page)
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the protocol-dependent differential production of endoge-
nous canonical WNT signaling. Expression analysis dem-
onstrates that the WNT/B-CATENIN signaling pathway is
selectively activated in OTX2" lateral dopaminergic pro-
genitors as shown by the lateral localization of Wnt1 and
Rspo2 transcripts, the medial expression of repressors
Dkk1 (Ribeiro et al., 2011) and Dkk3 (Nakamura and
Hackam, 2010) (Figure 2A), and overlap between GFP-
labeled WNT responding progenitor cells with OTX2 in
the Tcf/Lef::H2B-GFP reporter mouse line. Furthermore, ca-
nonical WNT target genes Axin2 (Jho et al., 2002) and Otx2
(Chung et al., 2009) are higher expressed in 5-stage than in
mFP-protocol-derived progenitors at days 1 and 2 of stage
IV of the respective protocols (Figure 2D), indicating that
production of WNT signaling could indeed be culture con-
dition dependent. Next, we tested whether addition of ca-
nonical WNT inhibitors or activators to differentiating
progenitors promotes the acquisition of SN- or VTA-like
identities in dopaminergic cultures, respectively. Neural
progenitors displayed expected responsiveness to WNT
activator CHIR (Ying et al., 2008) and inhibitors IWP2
and IWR1 (Chen et al., 2009) as observed by up- or down-
regulation of Axin2, respectively (Figures S1H-S1]J). Five-
stage protocol-derived progenitors (Figure 2E) treated for
6 days with WNT inhibitor IWP2 showed an increased per-
centage of SOX6- and GLYCO-DAT-labeled dopaminergic
neurons and reciprocally a drastic downregulation of VTA
restricted markers OTX2 and CALB1 (Figures 2E and 2G).
While the selected timing and duration of IWP2 treatment
had only a minor effect on dopaminergic cell numbers
(32% TH/DAPI), mDA identity was preserved as shown by
overlap of SOX6 with NR4A2, FOXA2, and LMX1A expres-
sion (Figure 2F). To assess whether Wnt signaling activa-
tion is sufficient to control SN- to VTA-like neuronal
lineage conversion, we treated mFP-derived progenitors
for 6 days with CHIR during stage III and IV (Figure 2H).
This resulted in a robust decrease of SOX6- and an increase
of OTX2- and CALB1-labeled dopaminergic neurons (Fig-
ures 2H and 2I), indicating that WNT activation promotes
VTA neuronal lineage specification. The WNT-mediated

dopaminergic lineage switch already takes place at progen-
itor stage, as WNT activation and inhibition resulted in
down- and upregulation, respectively of medial progenitor
markers Corin and Sox6 (Figure S1K).

Mitochondrial toxin exposure results in the selective
degeneration of SN neurons (Bove et al., 2005). To test
whether we can recapitulate the selective vulnerability of
DA neurons in vitro, we compared the effects of mitochon-
drial toxins on neuronal survival between 5-stage and mFP-
derived cultures (Figure 3A). The mFP protocol-derived DA
cultures displayed increased sensitivity to mitochondrial
toxins with a strong increase in the number of apoptotic
neurons as visualized by cCASP3 labeling (Figures 3F and
3I) and a decrease in number of TH-expressing cells (Figures
3C and 3D) after treatment with MPP* and rotenone for 48
h. In contrast, 5-stage protocol-derived DA neurons were
significantly less affected by these mitochondrial toxins
(Figures 3B, 3D, 3E, and 3I). To address whether there is a
direct correlation between the presence of SOX6-labeled
DA neurons in cultures and increased vulnerability, we
analyzed the effects of mitochondrial toxins on cell sur-
vival after manipulating SOX6 levels by Wnt signaling
modulators. No effects on cell death and TH* cell numbers
were observed after addition of Wnt signaling inhibitors
and activators to differentiating cultures without toxin
exposure (Figures 3A-3I). However, the IWP2-mediated in-
duction of SOX6 in 5-stage protocol-derived cultures
rendered these neurons far more sensitive to MPP* and
rotenone, resulting in reduction of TH-labeled cells (Figures
3B and 3D) and an increase in cCASP3 expression (Figures
3E and 3I). Interestingly, reducing SOX6 expression in
mFP-derived cultures by CHIR exposure (Figure 2G)
reversed the effects of mitochondrial toxins on cell survival
(Figures 3C, 3D, 3F, and 3I). Consistent with the increased
sensitivity of SOX6-enriched DA cultures, cCASP3 expres-
sion was mainly induced in SOX6-labeled DA neurons
while OTX2 DA neurons were largely unaffected (Figures
3G, 3H, 3], and 3K). Altogether, differential levels of Wnt
signaling directs DA sublineage selection and consequently
determines the vulnerability of obtained cultures.

(C) Percentage GFP* DA neuronal progenitors expressing either SOX6 or 0TX2 in the Tcf/Lef::H2B-GFP reporter mouse line. Mean values +

SD; unpaired t test; n = 3 independent experiments.

(D) gPCR analysis of Axin2 and 0tx2 expression levels in NesE-Lmx1a ESC-derived neural progenitors at day 1 and day 2 of stage IV.n=5
independent experiments; mean values + SEM; two-way ANOVA with Bonferroni correction; n.s., not significant.

(E) Experimental design differentiation protocol. IHC analysis of NesE-Lmx1a ESC DA cultures (stage V).

(F) DA marker analysis of NesE-Lmx1la mESC-derived cultures differentiated according the 5-stage protocol (stage V) and treated with

1.5 uM IWP2.

(G) Percentages of TH* neurons expressing the indicated markers in NesE-Lmx1a ESC-derived cultures (stage V) differentiated as described
in (E). Mean values + SD; unpaired t test; n = 3 independent experiments.

(H) Scheme of differentiation protocol. Immunohistochemical analysis of control and CHIR-treated cultures (stage V).

(I) Percentages of TH* neurons expressing indicated markers differentiated as described in (H). Mean values + SD; unpaired t test; n =3

independent experiments.
*p <0.05, **p < 0.01, ***p < 0.001. Scale bars, 50 um.
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Stem Cell Reports | Vol. 16 | 2718-2735 | November 9, 2021 2723



;0‘
(&

WNT signaling inhibition directs hESC differentiation
toward SN-like DA neuronal lineage
In the human fetal brain, SOX6 is expressed in SN neurons
(93%) (Figures 4A and 4B), the PBP part of the VTA (Fig-
ure 6A), and the RRF (data not shown), while OTX2 is
mainly confined to the VTA (Figures 4A, 4B, and 6A) except
for a few labeled cells in the SN (5%). Human ESC (hESC)-
derived DA neurons differentiated according to a modified
version of the FP protocol (Kriks et al., 2011) were mainly
expressing OTX2 and were negative for SOX6 (Figure 4C).
We first addressed whether human DA progenitors, defined
by LMXI1A expression (Marklund et al., 2014), could be
subdivided into distinct domains, analogous to the mouse.
SOX6- and CORIN-labeled cells are confined to the medial
progenitor domain in the CS16 human embryonic
midbrain (Figure 4E). The laterally defined expression of
WNT1 (Figure 4E) suggests a role for WNT/B-CATENIN
signaling in DA subpopulation specification and prompted
us to investigate whether WNT inhibition promotes SN-
like lineage specification also during hESC differentiation.
SHH and WNT are inducers of LMX1A and OTX2 expres-
sion, which through feedforward mechanisms enhance
WNT signaling (Chung et al., 2009; Prakash et al., 2006),
possibly resulting in VTA neuronal lineage-inducing cul-
ture conditions. Therefore, we decided to test the potential
of IWP2 to induce SN-specific lineage markers in cultures
that were exposed to different levels of SHH pathway acti-
vation and altered durations of WNT signaling, as illus-
trated in Figures S2A and S2F. SHH pathway activation
was lowered by using Smoothened Agonist (SAG) (Fig-
ure S2F), as confirmed by reduced GLI1 expression (Fig-
ure S3D). The window of CHIR exposure was shortened
from days 4-13 to days 4-11 (referred to as CHIR and con-
trol condition, respectively; Figures 4D, S2A, and S2F),
lowering the levels of canonical WNT target genes AXIN2
and SP5 (Figure S3E). The use of SAG and/or removal of
CHIR at day 11 did not affect general aspects of DA neuron
specification, with high percentages (about 75%) of
LMX1A*FOXA2* double-labeled progenitors (Figures S2D,
S3A, and S3F) and LMX1A-, FOXA2-, and NR4A2-positive
DA neurons observed (Figures S2E, S4A-S4C, and S4I).
IWP2 was added to the cultures at or after day 11 to prevent

interference with DA neuron generation in general (Figures
S2A and S2F). Testing several culturing conditions (as out-
lined in Figures S2A and S2F), we concluded that exposure
of SAG-treated control DA progenitors to 0.5 and 1 pM
IWP2 between day 11 and day 16 resulted in the most
robust induction of SOX6 in DA neurons (Figure S2G).
Any other variation in timing and concentration of IWP2
addition resulted in less optimal outcomes (Figures S2F
and S2G). Moreover, the addition of TWP2 (0.5-4 uM
from day 11 to day 16/18) to DA progenitors treated with
high-dose SHH did not result in the induction of any
SOX6-labeled DA neurons and there was no decrease of
OTX2 expression (Figures S2A, $2B, and S2D), suggesting
that under these conditions progenitors lack the compe-
tence to acquire SN-like lineage characteristics in response
to WNT inhibition.

Exposure of SAG-treated control DA progenitors to 0.5
and 1 pM IWP2 at days 11-16 (Figure 4D) significantly
increased the percentage of SOX6-labeled DA neurons
(39% with 1 uM IWP2) compared with CHIR (7%) and con-
trol (12%) conditions after 25 days. Reciprocally, the num-
ber of OTX2" DA neurons significantly decreased under the
same conditions (CHIR: 65%; control: 53%; 1 uM IWP2:
28%) (Figures 4F 4G, S2F and S2G). SOX6 and OTX2
expression did not overlap in DA neurons from IWP2-
treated cultures (Figure 4F). Similar results were obtained
with WNT antagonist DKK1 (Figure 4G). In addition, DA
subpopulation-specific markers KCNJ6 (GIRK2) (Figures
$4D and S4E) and CALB1 (Figure S4F) were up- and down-
regulated, respectively, by IWP2 treatment (Figures S4J and
S4K), consistent with acquisition of SN-like identities. The
IWP2-induced SOX6-positive DA neurons coexpressed
SATB1 (Figure S4G) and ALDH1A1 (Figure S4H) (Anderegg
et al., 2015), further confirming their SN-specific identity.
Furthermore, the use of SAG in combination with IWP2
did not compromise midbrain identity, with most progen-
itors LMX1A*FOXA2" double positive (Figure S3A) and
more than 70% of DA neurons coexpressing LMXI1A,
NR4A2, and FOXA2 under all conditions (Figures S4A,
S4B, S4C, and S4I). IWP2-mediated induction of SOX6*
SN-like DA neurons was reproduced in an independent hu-
man induced PLC (iPSC) line carrying a triplication of the

(D) Graph showing the percentage of TH-expressing neurons in relation to DAPI. Mean values + SD; two-way ANOVA with Bonferroni

correction; n = 3 independent experiments.

(Eand F) (E) IHC analysis of cultures differentiated according the 5-stage protocol and (F) the medial FP protocol. Arrows point to cCASP3*

TH*-labeled neurons.

(G and H) (G) IHC analysis of cultures differentiated according the 5-stage protocol and (H) the medial FP protocol. Arrows point to
cCASP3* SOX6*-labeled neurons. Arrowheads indicate OTX2" neurons negatively labeled for cCASP3.

(I-K) Graphs showing (I) the percentage of cCASP3 in relation to TH, (J) the percentage cCASP3-expressing cells in relation to SOX6, and
(K) the percentage cCASP3-expressing cells in relation to 0TX2 under various culture conditions. Mean values + SD; two-way ANOVA with

Bonferroni correction; n = 3 independent experiments.
*p <0.05, **p <0.01, ***p < 0.001. Scale bars, 50 um.
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a-synuclein locus (AST) (Devine et al., 2011) (Figures S5A-
S5C).

To address whether DA sublineage selection takes place at
a progenitor level in human cultures, we analyzed the ef-
fect of WNT signaling modulation in DA progenitors. As ex-
pected, IWP2 treatment resulted in a downregulation of
AXIN2 and SP5 expression at day 13 compared with control
conditions, while increased levels were observed under
CHIR conditions (Figure S3E). OTX2 and SOX6 were
down- and upregulated, respectively, in DA progenitors
upon IWP2 treatment (Figures S3B and S3F), consistent
with the sublineage selection. While SOX6 and OTX2
were overlapping in control and CHIR-treated cultures,
their expression became separate in IWP2 culture condi-
tions. The IWP2-dependent increase of CORIN expression
(Figures S3C and S3G) further demonstrates that the induc-
tion of medial progenitor markers correlates with the
acquisition of the SN-like neuronal lineage also during hu-
man embryonic development.

We predicted that IWP2-mediated induction of SOX6
would also confer sensitivity to toxic insult. While there
was only a minor effect of rotenone and MPP* in CHIR
and control cultures, there was a very strong reduction in
DA neurons in cultures differentiated in the presence of
IWP2 (Figures 4H-4K). In particular, there was a loss of
SOX6-positive DA neurons while OTX2-expressing neu-
rons remained unaffected (Figure 4J), further demon-
strating the selective sensitivity of SOX6" DA neurons to
toxic insults. In agreement with the lack of Sox6 induction,
IWP2 treatment did not confer sensitivity to mitochondrial
toxicity in DA neurons differentiated in the presence of
SHH-C24II + Pur (Figure S2C). Altogether, we demonstrate
that by modulating WNT signaling levels during human

PSC differentiation, we acquire distinct DA subpopulations
that display selective sensitivity to mitochondrial toxins
according to their identity.

Forced expression of Sox6 induces SN-like identities in
human PSC-derived DA cultures

Previously, we have shown that efficient neuronal lineage
induction under non-permissive culturing conditions can
be achieved by overexpression of transcriptional determi-
nants in PSC-derived progenitors (Friling et al., 2009; Pan-
man et al., 2011). Therefore, we decided to test whether
forced expression of SOX6 can induce SN neuron-specific
markers also when cultures are exposed to high levels of
SHH signaling. As described previously, DA neurons differ-
entiated according to the FP protocol (Kriks et al., 2011)
(Figure 5B) were mainly negative for SOX6 at day 35 (Fig-
ures 4B, 5C, and 5F), while VTA-specific markers OTX2
and CALB1 were more abundantly represented (Figures
4B, 5C, 5D, and SF). Although SOXG6 is only expressed in
a small population of DA progenitors (Figures 4D [CS16]
and 5A [CS20]), its expression is strongly induced in early
post-mitotic neurons in a region complementary to
OTX2 (Figure 5A). Consistent with these expression pat-
terns, we transduced early post-mitotic cultures with lenti-
viral expression vectors for SOX6 (L-SOX6) and OTX2
(L-OTX2) at day 20 and analyzed their ability to induce
DA subpopulation-specific expression at day 35 (Figure 5B).
High percentages of SOX6-expressing (79%) and OTX2-ex-
pressing (75%) DA neurons were obtained upon lentiviral
transduction (Figures 5C and SF). Analysis of L-SOX6 trans-
duced cultures revealed that a large proportion of DA
neurons expressed GIRK2 (73% versus 30% in controls)
(Figures 5E and S5F) and were negatively labeled for OTX2

Figure 4. WNT inhibition induces SOX6 in hESC-derived DA neurons and confers sensitivity to mitochondrial toxins

(A) IHC analysis of the human fetal brain.

(B) Percentage of SN and VTA DA neurons expressing either SOX6 or OTX2 in the human fetal midbrain.
(C) Expression of SOX6 and 0TX2 in hESC-derived TH-positive neurons.
(D) Schematic overview depicting hESC differentiation conditions. CHIR (CHIR from day 4 to day 13), control (CHIR from day 4 to day 11),

and IWP2 (IWP2 from day 11 until day 16).

(E) Analysis of FP markers in human embryo (cs16). Arrowheads indicate overlap of SOX6 and LMX1A expression. Dashed lines indicate

medial/lateral division within progenitor domain.

(F) IHC analysis of hESC-derived cultures (day 25). Arrows point to 0TX2"/TH"-labeled neurons in CHIR and control cultures and SOX6*/
TH*-labeled neurons in IWP2-treated cultures. Differentiation conditions as described in (D).
(G) Percentage of TH* neurons expressing SOX6 or 0TX2 differentiated as described in (D). Mean values + SD; one-way ANOVA with

Bonferroni correction; n = 4 independent experiments.

(H) Analysis of SOX6 and TH expression in hESC-derived cultures treated with rotenone for 48 h at day 35.

(I) Percentage of TH* neurons after treatment with either dimethyl sulfoxide (DMSO) or rotenone for 48 h at day 35 differentiated as
described in (C). Mean values + SD; paired t test; n = 3 independent experiments.

(J) Percentage of SOX6 or OTX2 expressing TH* neurons differentiated in the presence of IWP2 and treated with either DMSO or rotenone
(100 nM) for 48 h at day 35. Mean values + SD; paired t test; n = 3 independent experiments.

(K) Relative levels of TH expression in toxin-treated neurons compared with untreated (normalized to 1). Mean values + SD; one-way

ANOVA with Bonferroni correction; n = 3 independent experiments.

*p <0.05, **p <0.01, ***p < 0.001. Scale bars, 200 um (A), 100 um (E), and 50 um (C, F, and I).
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(B) Schematic overview of differentiation conditions. Arrow indicates time point of lentiviral transduction.
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(15% versus 40% in controls) (Figures 5C and SF) and
CALB1 (21% versus 41% in controls) (Figures 5D and SF).
In contrast, transduction with OTX2 resulted in an
increased number of TH* neurons expressing the VTA-spe-
cific marker CALB1 (67%) (Figures 5D and SF) and a reduc-
tion of GIRK2 expression (32%) (Figures S5E and SF).
Midbrain identity (Figures S6B and S6C) and TH* cell
numbers (Figure 5F) remained unaffected by lentiviral
overexpression. These results demonstrate that we can
direct the differentiation of hESCs toward enriched cul-
tures for mDA neurons that display either SN- or VTA-like
subtype identities using lineage-specific transcription fac-
tors. In addition, similar outcomes were obtained when us-
ing the AST iPSC line (Devine et al.,, 2011), showing an
increased expression of SOX6 and GIRK2 upon L-SOX6
transduction (Figures S5E and S5I) and a reciprocal increase
of VTA-specific markers OTX2 and CALB1 with L-OTX2
(Figures SSE, S5G, and SSI). Interestingly, there was a dra-
matic increase in a-SYNUCLEIN (a-SYN) expression in
neurons transduced with SOX6 (Figures SSF and SSH), indi-
cating that our strategy can be used to reveal genotypic and
cell-type-specific disease phenotypes in iPSCs.

Sox6 induction confers vulnerability to human PSC-
derived dopaminergic neurons

To provide a further link between SOX6 induction, acquisi-
tion of SN-like identities, and selective vulnerability, we
examined the effect of mitochondrial toxins on lentiviral
transduced cultures. hESC-derived dopaminergic neurons
transduced with either L-Control, L-SOX6, or L-OTX2 (Fig-
ure 5B) were treated with rotenone for 24 h at day 35 and
assayed for cell viability. In contrast to control and L-
OTX2 transduced cultures, we observed elevated levels of
cCASP3 and a reduction in numbers of TH* neurons in L-
SOX6 transduced cultures after exposure to rotenone (Fig-
ures 6A and 6C). The difference in sensitivity between virus
transduced cultures was further confirmed by the selective
loss of viable cells in L-SOX6 transduced neurons, as indi-
cated by a reduction in cellular ATP content (Figures 6D
and S5J). Although higher concentrations of rotenone
(100 nM) also caused a reduction of TH expression in con-
trol cultures as revealed by qPCR analysis, the reduction
was more striking in L-SOX6 transduced neurons and not
observed in L-OTX2 transduced cultures, consistent with
the suggested role for OTX2 in neuroprotection (Di Salvio
etal., 2010) (Figure 6E). Remarkably, in L-SOX6 transduced

cultures the number of SOX6-labeled DA neurons was dras-
tically reduced upon rotenone treatment (Figures 6B and
6F), while OTX2 expression was maintained in L-OTX2
transduced cultures. The formation of an excess amount
of reactive oxygen species (ROS) contributes to the selective
degeneration of SN neurons (Dias et al., 2013). Rotenone
caused a strong increase in ROS production selectively in
L-SOX6 transduced cultures (Figures S6D and S6E). Similar
results were obtained with the mitochondrial inhibitor
MPP", which is more efficiently taken up by SN neurons
(Di Salvio et al., 2010). Forced expression of SOX6 in DA
neurons resulted in increased sensitivity to MPP* (20 uM
for 96 h) with elevated levels of cCASP3 and a reduction
in TH expression (Figures S6F, S6H, and S6I). cCASP3 was
upregulated in the nuclei of SOX6-expressing neurons after
MPP* treatment, consistent with the increased susceptibil-
ity of these neurons to undergo apoptosis (Figure S6F).
Consistent with the higher resistance of VTA neurons to
mitochondrial toxicity, exposure to 20 uM MPP* for 96 h
did not have any effect on control and L-OTX2 transduced
cultures (Figures S6G-S6I).

Proteins involved in metabolism are enriched in Sox6-
induced SN-like neurons

To understand how SOX6 renders DA more vulnerable, we
determined the protein species induced by SOX6. Therefore,
DA neuronal cultures were transduced with L-Control, L-
SOX6, and L-OTX2 (Figure 5B), and differences in protein
expression between the cultures were determined at day
35 (Table S2) by mass spectrometry using label-free quantita-
tive methods. We identified several proteins that are differ-
ently expressed between L-SOX6 and L-OTX2 transduced
cultures (Figure 7A; fold change [FC] > 2; p < 0.05). Western
blot analysis confirmed these results and showed the ex-
pected induction of SOX6 and OTX2 in L-SOX6 and L-
OTX2 transduced samples, respectively (Figures S7A and
S7B). Pathway analysis showed an enrichment of proteins
involved in metabolism and glycolysis in L-SOX6 trans-
duced neurons (Figure 7B), consistent with the reported
higher rate of glycolysis in SN neurons needed for ATP pro-
duction (Pacelli et al., 2015). The expression of the proteins
involved in metabolism was further validated by in situ hy-
bridization and immunohistochemistry and confirmed
that VAT1, GOT1, PGAM]1, glucose-6-phosphate isomerase
(GPI), and ALDOC are more highly expressed in the SN of
the 18-week-old human fetal or embryonic day 18.5

(C) IHC analysis of day-35 lentiviral transduced cultures.

(D) IHC analysis of lentivirus transduced cultures (day 35). Arrowheads indicate overlap between CALB1 and OTX2.
(E) IHC analysis of lentivirus transduced cultures at day 35. Arrowheads indicate overlap between GIRK2 and SOX6.
(F) Graph showing percentage of TH™ neurons expressing indicated markers at day 35. Mean + SD; one-way ANOVA with Bonferroni

correction; n = 3 independent experiments.
*p < 0.05, **p < 0.01. Scale bars, 100 pm.

2728 Stem Cell Reports | Vol. 16 | 2718-2735 | November 9, 2021



)
©

L-OTX2

A CCASP3 TH I TH DAPI | B | L-soxé | L-oTx2 || L-soxe || L-oTx2 |
D35| Control Rg’f’e:c“)’:]e Control Rg&:g"ne D35 ’ SOX6 TH H OTX2 TH HcCASP3SOX6HcCASP:&OTXZI
g g
- —
N 2

wY ° 2

|

|| L-soxe
o ...

100—

%cCASP3*/DAPI*
o
o
1

m

-
w
]

Relative fold change compared
to control

o
»
1

.Control [ ] ggnM Rotenone

hrs

*%

L-Control L-SOX6 L-OTX2

D 50 nM Rotenone 24 hrs
D100 nM Rotenone 24 hrs

*

. L

*K ixx

***

L-Control L-SOX6 L-OTX2

l

TH |

D Control [F5] 50nM Rotenone 100nM Rotenone
. 24hrs 24 hrs

150 —

*

=

o

(=}
!

Relative ATP levels
(% of control)

L-Control L-SOX6 L-OTX2

F Il L-Control [ ] L-sOX6 [:] L-OTX2
1.5 k

'
'

,
‘
k
,
l I
,
14 : T

05+ ;

Relative fold change compared
to control

SOX6 orXx2
| 50 nM Rotenone 24 hrs |

Figure 6. L-Sox6 transduced dopaminergic neurons display increased sensitivity to rotenone

(A) IHC analysis of lentiviral transduced cultures treated with rotenone at day 35 for 24 h. Arrowheads indicate cCASP3-expressing cells.
(B) Immunohistochemical analysis shows loss of SOX6 expression (arrowheads) and increase in cCASP3 (arrows) expression in L-SOX6
transduced cultures upon rotenone treatment.
(C) Graph displaying % percentage of CASP3*/DAPI" in virus transduced control and 50 nM rotenone (24 h)-treated cultures at day 35.
Mean + SD; one-way ANOVA with Bonferroni correction; n = 3.
(D) Relative ATP levels in rotenone-treated cultures (24 h, day 35) as a percentage of the untreated cultures. Mean + SD; one-way ANOVA
with Bonferroni correction; n = 4 independent experiments.

(legend continued on next page)

Stem Cell Reports | Vol. 16 | 2718-2735 | November 9, 2021 2729



;0‘
(&

(E18.5) mouse midbrain (Figures S7C and S7D). To gain
insight into the requirement of glycolysis in SN-like DA
neuron-enriched cultures, we decided to pharmacologically
interfere with the levels of glycolysis. We used 6-phospho-
gluconic acid (6PG), an inhibitor of GPI (Parr, 1956) and
meclizine (Gohil et al., 2010), to reduce and elevate, respec-
tively, the rate of glycolysis in hESC- and mESC-derived SN-
like DA neuronal cultures. While addition of 10 uM 6PG for
24 h at day 35 had only a very minor effect on cell viability
in L-SOX6 hESC-derived DA cultures (Figure 7D), its combi-
nation with 50 nM rotenone synergistically reduced the
cellular ATP levels (Figure 7D), induced cCASP3 expression,
and decreased the number of TH- and SOX6-positive neu-
rons (Figure 7C). In contrast, L-Control and L-OTX2 trans-
duced cultures were relatively unaffected after reducing
both glycolysis and oxidative phosphorylation (Figure 7D).
Next, we examined whether enhancement of glycolysis us-
ing meclizine protects L-SOX6 transduced cultures against
mitochondrial toxicity. Remarkably, the effects of rotenone
on cell survival were reversed by the addition of meclizine at
the same time, decreasing the levels of cCASP3 and
increasing SOX6 expression (Figures 7C and 7E). Similar ef-
fects of meclizine were obtained in mouse mFP-derived DA
cultures. Rotenone treatment of SOX6-enriched DA cultures
resulted in increased levels of cCASP3 (Figure 7F) and a
reduction of TH" cells (Figure 7G). However, treatment
with meclizine reversed the effects of rotenone on neuronal
cell death, and levels of TH expression were significantly
increased (Figures 7F and 7G). This comparative protein
expression analysis has revealed several targetable proteins
and pathways that could be used for future studies to
discover novel strategies to prevent neurodegeneration.

DISCUSSION

Neurodegenerative diseases typically affect a selective pop-
ulation of neurons (Roselli and Caroni, 2015), and the abil-
ity to generate these disease-relevant neuronal subtypes
in vitro will offer important opportunities for disease
modeling and drug discovery. Here we showed that the dif-
ferentiation of mouse and human PSC-derived DA progen-
itors can be directed toward the SN-like neuronal lineage
either through WNT inhibitor-mediated induction of
mFP cells or by forced expression of SOX6 (Figure 7H).
The obtained cultures displayed the selective sensitivity
of SN neurons to mitochondrial toxins, while cultures

mainly consisting of DA neurons with VTA-like identities
were more resistant (Figure 7H). Our approach demon-
strates that the differential vulnerability of DA neurons
can be reproduced in PSC-derived cultures, providing a
platform for modeling PD.

Published mouse and human PSC differentiation proto-
cols give rise to a mixture of DA neurons with SN- and
VTA-specific neuronal identities (Friling et al., 2009; Greal-
ish et al., 2014; Kriks et al., 2011). Here we described how
cultures enriched for a specific subpopulation can be ob-
tained in vitro. We found that SN- and VTA-like neuronal
lineages are derived from distinct DA progenitor popula-
tions during PSC differentiation, as observed during em-
bryonic development (Blaess et al., 2011; Panman et al.,
2014). mESC differentiation conditions that promoted
the specification of medial progenitor (mFP) cells resulted
in the efficient induction of the SN lineage-associated
marker Sox6 in nearly all DA neurons. In contrast, lateral
DA progenitors were generated under culture conditions
that promote the specification of DA neurons with mainly
VTA-like identities (Figure 7H). Consistent with mouse
studies (Nouri et al., 2015; Yang et al., 2013), our data sug-
gest that specification of these distinct lateral and medial
progenitor populations is mediated by differential WNT/
B-CATENIN signaling during DA progenitor differentia-
tion. First, mESCs differentiated according to the mFP pro-
tocol, which give rise to the SN-like neuronal lineage,
showed lower levels of endogenous canonical WNT
signaling at the progenitor stage. Second, WNT signaling
inhibition resulted in a lateral to medial switch of DA pro-
genitor identity, which promoted the acquisition of SN-like
specific identities in DA cultures. Third, activation of WNT
signaling directed the differentiation toward the VTA-like
neuronal lineage.

The timing and concentration of growth factor addition
to PSC-derived cultures are important determinants of the
differentiation outcome, as shown for several neuronal
populations including cortical, motor, and serotonergic
neurons (Tao and Zhang, 2016). The pleiotropic role of
WNT signaling in mDA neuron development underlines
the importance for defining optimal concentrations and
time points for adding WNT signaling inhibitors. We
defined that the critical window for IWP2-mediated induc-
tion of SOX6 in human PSC-derived DA neurons is from
day 11 to day 16, once DA progenitors have been fully spec-
ified (Kriks et al., 2011). The addition of WNT inhibitors
before DA progenitors have been fully specified will

(E) gPCR analysis of TH expression in rotenone-treated (24 h, day 35) virus transduced cultures compared with untreated cultures
(normalized to 1). Mean + SD; one-way ANOVA with Bonferroni correction; n = 4 independent experiments.

(F) gPCR analysis of SOX6 and OTX2 expression in rotenone-treated (24 h, day 35) virus transduced cultures compared with untreated
cultures (normalized to 1). Mean + SD; unpaired t test; n = 4 independent experiments.

*p < 0.05, **p < 0.01. Scale bars, 50 pum.
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interfere with DA neuron production (Kee et al., 2017; Kir-
keby et al., 2012; Kriks et al., 2011; Nolbrant et al., 2017).
Extending the exposure time to IWP2 strongly reduces
DA cell numbers, which is consistent with the later require-
ment of canonical WNT signaling for DA neuron survival
(L'Episcopo et al., 2011; Zhang et al., 2015).

Although we were able to guide the mESC differentiation
toward the SN-like neuronal lineage using extrinsic factors
in the mFP protocol, the addition of Wnt signaling inhibi-
tors alone did not result in a complete lineage conversion
in human ESC-derived DA progenitors. Other signaling
pathways, including bone morphogenetic protein, trans-
forming growth factor o, and SHH (Blaess et al., 2011;
Blum, 1998; Jovanovic et al., 2018), may cooperate with
WNT in specifying subpopulation identity. Transcription
factor overexpression has been successfully applied previ-
ously to overcome these hurdles and efficiently generates
homogeneous neuronal populations even under non-
permissive culture conditions (Au et al., 2013; Friling
et al., 2009; Mazzoni et al., 2013; Mong et al., 2014; Pan-
man et al., 2011). Indeed, forced expression of the line-
age-specific transcription factor SOX6 in early human
PSC-derived post-mitotic DA neurons resulted in an even
more efficient induction of SN neuronal lineage markers
than obtained after addition of WNT inhibitors.

In this study, the achieved enrichment for SN neuronal
lineage markers conferred sensitivity to mitochondrial
toxins in both mouse and human PSC-derived DA cultures,
which was not observed under standard differentiation
conditions. Our results demonstrate that the culture-
dependent sensitivity is directly related to the molecular
identity of the obtained neurons, providing a functional
verification of PSC-derived DA subpopulations. Indeed,
exposure to MPP* and rotenone resulted in apoptosis,
reduction in ATP levels, and increased ROS production
selectively in SN-like enriched cultures, consistent with
in vivo models of PD. Interestingly, in particular SOX6-ex-
pressing neurons were affected upon toxin exposure with

cCASP3 overlapping with SOX6 in the nucleus. This effect
was reversed when levels of SOX6 were downregulated
either by CHIR treatment or high-dose SHH conditions.
Thus, the induced sensitivity correlated with the presence
of SOX6-labeled DA neurons and was not caused by modi-
fied culture conditions. Since SN and VTA DA neurons have
specialized functions and are associated with distinct
neurological disorders, our platform will be highly
amenable for PD disease modeling in vitro.

Comparative protein analysis between L-SOX6 and L-
OTX2 transduced cultures revealed several subpopula-
tion-specific features that could underlie the differences
in vulnerability. Consistent with the higher metabolic de-
mand of SN neurons (Bolam and Pissadaki, 2012; Pacelli
et al., 2015), pathway analysis revealed an enrichment for
proteins involved in glycolysis and glucose metabolism.
Indeed, it has been shown previously that the glycolytic
rate is higher in SN neurons compared with the VTA and
is further increased after blocking mitochondrial respira-
tion to compensate for the loss of ATP production (Chaud-
huri et al., 2015; Pacelli et al., 2015). We demonstrated that
blocking glycolysis with the GPI antagonist 6PG exacer-
bated the effects of rotenone selectively in L-SOX6 trans-
duced cultures. Furthermore, enhancing glycolysis with
meclizine (Gohil et al., 2010) prevents the induction of
cCASP3 and increases cell viability in SN-like neurons after
mitochondrial toxic insult. Although the molecular targets
are currently unknown, meclizine is a Food and Drug
Administration-approved drug crossing the blood-brain
barrier and therefore may hold therapeutic potential in
the treatment of PD and other neurodegenerative diseases.

Finally, our in vitro platform provides a unique approach
for modeling selective neuronal vulnerability in PD and
could be applied to other neurodegenerative diseases,
including amyotrophic lateral sclerosis and Alzheimer’s
disease. It lays a framework for examining mechanisms un-
derlying selective neuronal cell death in general and will
facilitate the discovery of genes and drugs that modulate

Figure 7. SOX6-mediated induction of metabolic pathways provides protection of neurons to mitochondrial toxicity

(A) Proteins differentially expressed between L-SOX6 (red bars) and L-OTX2 (blue bars) transduced hESC-derived cultures (day 35).
Expression levels are presented as log, transformed fold change (FC) values.

(B) Graph indicates pathways significantly enriched in L-SOX6 and L-OTX2 transduced cultures.

(C) IHC analysis of L-SOX6 transduced hESC-derived cultures treated as indicated for 24 h at day 35. Arrows indicate cCASP3-labeled SOX6-
and TH-expressing neurons.

(D) Relative ATP levels in rotenone- and 6PG-treated cultures (24 h, day 35) as a percentage of the untreated cultures. Mean + SD; one-way
ANOVA with Bonferroni correction; n = 4 independent experiments.

(E) Percentage of cCASP3-, SOX6-, and TH-expressing cells in hESC-derived L-SOX6 transduced cultures treated with rotenone and meclizine
(24 h, day 35). Mean = SD; one-way ANOVA with Bonferroni correction; n = 4 independent experiments.

(F) mESC differentiation scheme. IHC analysis of Nes-Lmx1a mESC-derived cultures. Arrows indicate overlap between cCASP3 and TH.
(G) Percentage of TH* neurons present in mESC medial FP-derived cultures. Control value normalized to 100. Mean + SD; one-way ANOVA
with Bonferroni correction; n = 4 independent experiments.

(H) Modelillustrating DA sublineage selection process during mouse and human PSC differentiation and its consequences on vulnerability.
*p <0.05, **p < 0.01, ***p < 0.001. Scale bars, 50 pum.
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these differences in sensitivity to disease. The established
differentiation protocols can be used to further explore
the mechanisms controlling DA diversity during ESC dif-
ferentiation using SOX6 and OTX2 in combination with
other early subpopulation-specific markers.

EXPERIMENTAL PROCEDURES

Detailed descriptions of the experimental procedures can be found
in the supplemental information.

Maintenance and differentiation of mouse ESCs
Wild-type E14.1 and NesE-Lmxla mouse ESC lines were propa-
gated on MEF cells as previously described (Friling et al., 2009;
Panman etal., 2011) in the presence of LIF. Mouse ESCs were differ-
entiated according to the 5-stage protocol as previously described
(Lee et al., 2000) with some minor modifications. For the mFP pro-
tocol, basic FGFE, FGF8, and SAG1.3 were added to stage III.

Maintenance and differentiation of hESCs and iPSCs
Human ESCs H9 (WAQ9, passage 32-48) (Thomson et al., 1998)
and iPSCs AST23 (Edi001-A ECACC cat. no. 66540058, passage
25-35) (Devine et al., 2011) were cultured on Geltrex-coated 6-
well plates in Essential 8 medium (Gibco) as described by the
manufacturer’s protocol. hESCs and iPSCs were differentiated ac-
cording to the FP protocol (Kriks et al., 2011) with some minor
modifications.

Quantitative mass spectrometry analysis

For each condition, three independent biological replicates were
obtained. Each sample was divided over three lanes and migrated
on a 10% SDS-PAGE gel. The gel was stained with Coomassie
blue and each lane was subsequently cut horizontally in three
bands and in-gel digested with bovine trypsin (Roche). All experi-
ments were performed on a dual linear ion trap Fourier transform
mass spectrometer.

Data and code availability

The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium (http://www.proteomexchange.
org) via the PRIDE partner repository with the dataset identifier
PXD028639.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.09.014.
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