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Abstract: The mesodiencephalic dopaminergic (mdDA) group of neurons comprises molecularly
distinct subgroups, of which the substantia nigra (SN) and ventral tegmental area (VTA) are the
best known, due to the selective degeneration of the SN during Parkinson’s disease. However,
although significant research has been conducted on the molecular build-up of these subsets,
much is still unknown about how these subsets develop and which factors are involved in this
process. In this review, we aim to describe the life of an mdDA neuron, from specification in
the floor plate to differentiation into the different subsets. All mdDA neurons are born in the
mesodiencephalic floor plate under the influence of both SHH-signaling, important for floor plate
patterning, and WNT-signaling, involved in establishing the progenitor pool and the start of the
specification of mdDA neurons. Furthermore, transcription factors, like Ngn2, Ascl1, Lmx1a,
and En1, and epigenetic factors, like Ezh2, are important in the correct specification of dopamine
(DA) progenitors. Later during development, mdDA neurons are further subdivided into different
molecular subsets by, amongst others, Otx2, involved in the specification of subsets in the VTA,
and En1, Pitx3, Lmx1a, and WNT-signaling, involved in the specification of subsets in the SN.
Interestingly, factors involved in early specification in the floor plate can serve a dual function and
can also be involved in subset specification. Besides the mdDA group of neurons, other systems in
the embryo contain different subsets, like the immune system. Interestingly, many factors involved
in the development of mdDA neurons are similarly involved in immune system development and
vice versa. This indicates that similar mechanisms are used in the development of these systems,
and that knowledge about the development of the immune system may hold clues for the factors
involved in the development of mdDA neurons, which may be used in culture protocols for cell
replacement therapies.
Keywords: mdDA neuronal development; floor plate patterning; DA progenitor; neuronal
differentiation; subset specification

1. Introduction
The mesodiencephalic dopaminergic (mdDA) group of neurons is involved in motor control,
motivation, reward, and addiction. In patients with Parkinson’s disease (PD), a specific part of the mdDA
neuronal population, the substantia nigra (SN), degenerates, resulting in motor (e.g., bradykinesia
and rest tremor) and non-motor (e.g., cognitive/neuro-behavioral disorders and sensory and sleep
abnormalities) features [1,2]. Interestingly, although the SN degenerates during PD, the ventral
tegmental area (VTA) remains relatively intact, indicating that the mdDA neuronal population consists
of different subsets of neurons, each with a distinct vulnerability for neuronal degeneration [1,3,4].
Significant research has been conducted on the development of mdDA neurons and the distribution
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into the different subsets, as the development of mdDA neurons for transplantation in the treatment of
PD is dependent on the generation of the correct subset of neurons [4–6].
MdDA neurons are defined by the expression of general markers, like tyrosine hydroxylase (TH),
the rate-limiting enzyme in dopamine (DA) production, vesicular monoamine transporter 2 (VMAT2),
and paired-like homeodomain 3 (PITX3), and subset-specific markers, like dopamine transporter
(DAT), aldehyde dehydrogenase 2 (AHD2), and pre-B-cell leukemia homeobox 3 (PBX3) for neurons of
the SN, and cholecystokinin (CCK) and WW domain-containing oxidoreductase (WWOX) as markers
for neurons of the VTA [3,4,7,8]. In this review, we aim to describe the life of an mdDA neuron in the
murine brain (unless otherwise specified), from specification in the floor plate (FP) to differentiation into
the various subsets in the mdDA group of neurons. Furthermore, we will try to link the development
of the mdDA neuronal population to immune system development, as both systems comprise different
subsets of cells, which are derived from floor plate (FP)-derived progenitors.
2. Patterning of the Midbrain Area
2.1. Specification of the Isthmic Organizer
MdDA neurons are thought to arise from the FP and FP-basal plate (BP) boundary from E10.5
onward in the embryonic midbrain [9–12], whereas the hindbrain is the place of origin of serotonergic
neurons [13]. This indicates that the mid- and hindbrain are two separate structures that express
different intrinsic and extrinsic signals during development. The distinction between these structures is
dependent on the correct development of the mid–hindbrain border, also known as the isthmus [14,15].
The isthmus develops around E7.5 at the intersection of Otx2 expression in the midbrain and Gbx2
expression in the hindbrain (Figure 1A) [14,16–18]. The sharp border between the expression areas of
these two genes is established by the dose-dependent repressional action of Otx2 on Gbx2 and vice
versa. Loss of Otx2 results in an extension of Gbx2 into midbrain areas, which consequently obtain
a hindbrain-specific fate, whereas loss of Gbx2 results in an extension of Otx2 into the hindbrain,
resulting in an expansion of the midbrain into the hindbrain, indicating that these factors are of major
importance for the correct specification of these brain structures [14,15,18]. The isthmus itself is defined
by expression of Fgf8 within the isthmus and expression of Wnt1, which protrudes into the midbrain
and is importantly involved in the development of mdDA neurons (Figure 1A) [17,19–24]. Interestingly,
although the bordered expression of Fgf8 in the isthmus is dependent on the expression areas of
Otx2 and Gbx2, expression of Fgf8 itself is not regulated by either one [21,25], indicating that this is
controlled by other factors during isthmus specification. One of the factors that is thought to regulate
the expression of Fgf8 is Engrailed-1 (En1) (Figure 1A). It has been shown that ectopic expression of
En1 in the midbrain and diencephalon can induce the expression of Fgf8, and loss of En1 has an effect
on the differentiation of neuronal populations in both the mid- and hindbrain [26–28]. Furthermore,
it was recently shown that En1 is essential in regulation and maintenance of the proper expression of
Fgf8 and other isthmus-related genes like Wnt1 and Otx2 [29]. Together, these data point to an essential
role of En1 in early embryonic development and correct establishment of the isthmus.
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Figure 1. Patterning of the isthmus and midbrain region during early stages of development.
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isthmus, characterized by ectopic expression of Otx2 in the hindbrain and a loss of Fgf8 and Wnt1 in the
isthmic area [31]. The phenotypic consequences of the loss of Ezh2 resemble the effects on the isthmus as
described for the En1 mutant [29]. However, it is likely that these genes function via different pathways, as
En1 expression was not affected in the Ezh2 mutant [31]. These data indicate that, besides the known
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indicate that, besides the known transcription factors involved in isthmus patterning, other molecular
cascades, e.g., epigenetic regulation, are importantly involved in isthmus development, which may
function independently of currently known factors.
2.2. FP Patterning in the Midbrain
After establishment of the isthmus, the FP is specified in the developing midbrain. In the embryonic
midbrain, the FP is likely induced via GLI2A-mediated SHH signaling, as Gli2 mutant mice do not
develop a FP in the midbrain, hindbrain, and spinal cord [32]. MdDA neurons are thought to arise in
the FP and FP-BP boundary of the midbrain at the intersection of FGF8 secreted by the isthmus and
SHH secreted by the FP [33–35]. After neuronal birth, mdDA neurons migrate from the ventricular
zone (VZ) of the FP toward their final position in the mesodiencephalon [9,11,12,36,37]. SHH-signaling
is mainly necessary for the correct patterning of the FP, whereas WNT-signaling is involved in
the induction of proliferation via inhibition of Shh expression, resulting in a large progenitor pool
from which mdDA neurons originate (Figure 1B) [12,38–42]. Further underlining the importance of
SHH-signaling in FP patterning and the consequent correct development of mdDA neurons is the
fact that loss of SHH-signaling from E9.5 onward does not have a gross effect on the development
of mdDA neurons [41], which are born from E10.5 onward [9,43], whereas loss of Shh from E7.5
onward in the developing FP dramatically reduces the amount of differentiated mdDA neurons [41,44].
This difference in the effect of Shh-deletion on mdDA neuronal development is likely due to the fact
that early (~E7.5) loss of Shh leads to a smaller or different neural progenitor pool and, consequently,
a decrease in the amount of mature mdDA neurons, whereas at later stages (~E9.5), the FP patterning
is complete, the DA progenitor pool is completely developed, and loss of Shh only has a small, if any,
effect on the size of the progenitor pool, resulting in a relatively normal development of mdDA
neurons (Figure 1B). Furthermore, it has been suggested that SHH inhibits FP neurogenesis and that
WNT-signaling inhibits SHH in the FP to induce FP neurogenesis, DA progenitor expansion, and the
expression of DA progenitor-specific genes, like Lmx1a (Figure 1C) [10,19,38,45]. This reciprocal effect
of SHH and WNT is nicely illustrated in studies performed in the hindbrain, where a DA cell-fate is
repressed by the continuous expression of Shh in the FP. Overexpression of Wnt1 in this brain structure
results in an inhibition of Shh expression and initiation of mdDA neurogenesis [22,46].
Besides Shh and Wnt1, other genes expressed in the midbrain FP are importantly involved in the
onset of mdDA neuronal specification, like the LIM-homeodomain transcription factor Lmx1a and the
basic helix-loop-helic (bHLH) factors Ngn2 and Ascl1 (Mash1) [10]. In chick, Lmx1a expression in the
mesodiencephalic FP upon the start of mdDA neuronal differentiation is induced by SHH-signaling
and shown to be of crucial importance in the development of the mdDA neuronal population [47,48].
This is unlike what was detected in chick, in the mouse embryo not SHH-signaling, but canonical
WNT-signaling may be essential for the correct expression of Lmx1a in the mesodiencephalic FP,
as WNT-signaling regulates expression of Oc1, a regulator of Lmx1a expression, and ectopic expression
of β-catenin in the FP results in an upregulation of Lmx1a in rostral regions (Figure 1C) [45,49,50].
Interestingly, ectopic expression of β-catenin and, consequently, the rostral extension of Lmx1a in the
developing FP did not result in an increase in TH+ neurons but rather had an adverse effect [45],
indicative of the necessity of correct FP patterning, timing of gene expression, and regulation
of WNT-dosage for the induction of mdDA specification of neural progenitors in the midbrain.
Furthermore, deletion of Lmx1a in the murine midbrain does not result in a complete loss of mdDA
neurons, but only shows a reduction in the amount of TH+ mdDA neurons [48,51–53], suggesting
a role for Lmx1a in efficient proliferation and/or neurogenesis of the mdDA progenitor pool in the
murine developing embryo. The fact that not all TH+ mdDA neurons are lost in the Lmx1a murine
mutant, as was detected in the chick Lmx1a mutant, may be attributed to compensation by Lmx1b in
the murine midbrain [51,53].
Lmx1a may define its role in proliferation and neurogenesis through regulation of the expression of
the bHLH gene Ngn2, as overexpression of Lmx1a leads to an increase in Ngn2 expression both in vitro
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and in vivo, although it is not clear whether this is a direct or indirect effect [45,54]. Ngn2, together
with Ascl1, is known to play a role in patterning of the FP and, later, the start of neurogenesis. In the
developing midbrain, Ascl1 and Ngn2 are found to act together in the correct development of mdDA
neurons [55]. Ascl1 is thought to be involved in the proliferation and gain of the neurogenic potential
of neural precursors in the FP [56] (Figure 1C). Ascl1 mutants show a reduction in neurogenesis
in the FP area, and overexpression of this factor in vitro leads to increased neurogenic potential
of neural progenitor cells (NPCs) without depletion of the naïve NPC pool [56]. Ngn2, on the
other hand, was shown to induce rapid neurogenesis in vitro upon overexpression, which involved
one terminal cell division, thereby depleting the NPC pool (Figure 1C) [56,57]. bHLH proteins, in
general, have been shown to be important in neuronal differentiation and proliferation throughout
the embryo and specifically in the brain [58–61]. Recently, other bHLH proteins have been identified
to be involved in FP patterning, expansion of the progenitor pool, and mdDA neurogenesis during
embryogenesis [62–65]. The bHLH protein Nato3 is expressed in the FP throughout development and
has been shown to be involved in the regulation of multiple genes involved in mdDA neurogenesis
and mdDA neuron lineage commitment [62,64]. Loss of Nato3 in the FP leads to a decrease in mdDA
neurons, suggesting that it could be importantly involved in expansion of the progenitor pool in
the murine FP [62]. Interestingly, the bHLH protein Tcf12 is strongly expressed in the FP and in DA
progenitors but does not affect proliferation in the midbrain FP [63]. However, it does affect the
expression of early mdDA differentiation genes, like Lmx1a and Nurr1, and En1-Cre-driven deletion of
this gene results in a delay in mdDA neuronal differentiation, indicating that this gene is involved
in the correct specification of DA progenitors [63]. Taken together, these studies point to a complex
regulation of FP patterning and DA progenitor specification in which timing, function, and expression
of bHLH factors are crucially involved. As the bHLH protein family is a large superfamily containing
many different transcription factors, it would be interesting to further investigate the role of this family
in mdDA neuronal development.
3. The Road to Adulthood: From NPC to Mature MdDA Neuron
3.1. Early Specification of DA Progenitors
As discussed above, correct specification of the midbrain FP is necessary to allow for a large NPC
pool that will form the base of DA progenitors and the future mdDA neuronal population. Many factors
that are involved in the patterning of the midbrain area have also been linked to the generation of
mdDA neurons, indicating that these factors serve a dual function during mdDA neurogenesis, both in
the correct patterning and expansion of the NPC pool, and in mdDA cell-fate commitment. One of the
earliest patterning factors in the midbrain, Otx2, has been found to play such a dual role. Targeted
deletion of Otx2 from E7.5 onward via an En1-Cre driver results in a depletion of the mdDA neuronal
pool, mainly in the caudal region [66,67]. It is suggested that Otx2 exerts its function in mdDA
neuronal specification by controlling the identity of neural progenitors toward a DA progenitor fate
via repression of Nkx2.2 in the ventral midbrain and maintenance of Nkx6.1 expression by inhibition of
Shh [67,68]. Interestingly, if Otx2 is deleted at E10.5 via a Nestin-Cre driver, Shh expression is not affected,
although mdDA neurons are severely decreased in number, indicating that Otx2 is necessary to obtain
the correct amount of mdDA neurons [69]. Otx2 might positively control the number of mdDA neurons
later during embryogenesis via regulation of neurogenesis, by controlling proneural gene expression
in and proliferation of DA progenitors [69]. This function could be exerted through regulation of Ngn2
expression, which would affect the pool of NPCs in the ventral midbrain (Figure 2A) [56,70,71].
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An early factor important in the generation of mature mdDA neurons from post-mitotic DA
precursors is Nurr1. Nurr1 is crucial in regulation of the expression of Th, Vmat2, and Dat, and loss of
Nurr1 results in a depletion of the mdDA neuronal population [72,73]. It is one of the first factors that
is not expressed in the VZ of the FP in the embryos, but in neurons that acquired a DA cell-fate [72,73].
Expression of Nurr1 has been suggested to be promoted by Ngn2, as Ngn2 is thought to be required for
the generation of post-mitotic NURR1+ precursors from SOX2+ progenitors in the FP (Figure 2A) [55].
Although loss of Ngn2 affects the amount of TH-expressing neurons in the midbrain, it does not deplete
the entire NURR1+ pool, indicating that other factors, like Ascl1 or Lmx1a, may also be important
in establishing post-mitotic NURR1-expressing DA precursors [51,55,70]. Ngn2 has been shown to
be expressed in a small subset of the Nurr1-expressing DA precursors [55], and studies have shown
that expression of both Ngn2 and Nurr1 increased the probability of mdDA neuronal generation
in vitro [56,74,75]. Interestingly, overexpression of Nurr1 results in immature neurons that express TH
but do not have the characteristics of fully mature mdDA neurons, whereas co-expression with Ngn2
results in the development of mature mdDA neurons [56]. These studies indicate that intermediate
DA progenitors shortly express both Nurr1 and Ngn2, which further differentiate into fully matured
mdDA neurons after downregulation of Ngn2. These data show that mdDA neuronal specification
factors work in concert to generate a fully matured mdDA neuron, and in order to accomplish this
in vitro, it is necessary to get a proper insight into the actions and spatio-temporal expression of such
specification factors.
Besides cell-intrinsic factors that prime NPCs to progress into the DA progenitor state and
ultimately to an mdDA neuronal cell-fate, cell-extrinsic factors, e.g., SHH- and WNT-signaling, in the
embryonic midbrain are thought to be involved in the correct specification of these neurons [10,19].
As SHH-signaling is mainly important for initiating the progenitor pool at early developmental stages,
and mdDA neuronal differentiation appears to be initiated by WNT-signaling, although this role
of WNT signaling has not been completely established yet [12,38,76], we will focus on the role of
WNT-signaling, both canonical and non-canonical, in mdDA neuronal development.
As discussed above, the earliest expression of a member of the WNT family, Wnt1, in the midbrain
is detected in the isthmus, from which Wnt1-expression is protruding into the midbrain [21–23,35]. It is
thought that Wnt1 inhibits the expression of Shh, thereby inducing NPCs to acquire a DA progenitor
cell-fate [38,46]. Underlining the necessity of WNT-signaling and the possibility of an inhibitory effect
of WNT1 on SHH-signaling in order to activate DA specification is the fact that newly formed mdDA
neurons show no evidence of SHH-signaling in the Gli1-GFP reporter model for Gli2A-mediated
SHH-signaling, whereas the BATGAL reporter model for canonical WNT-signaling showed that these
newly formed neurons did receive canonical WNT-signaling [12].
Many different Wnt-family members are expressed in the embryonic midbrain, which exert
unique and overlapping functions in mdDA neuronal development. Both canonical and non-canonical
WNT-signaling have been linked to the development of mdDA neurons, although they are thought
to be important at different stages of mdDA neurogenesis. Wnt1 is linked to the onset of mdDA
neurogenesis and correct patterning of the midbrain FP (Figures 1A and 2A). Wnt1 has been shown to
regulate the expression of En1, and Wnt1-mutants display a similar phenotype as En1-mutants [77].
WNT1, WNT2, and WNT3A activate the canonical WNT-signaling pathway via interaction with LRP5
and LRP6, which is involved in the proliferation and differentiation of postmitotic DA precursors
into mdDA neurons [78–82]. Deletion of the WNT-receptor LRP6 shows an initial decrease in the
amount of TH-expressing mdDA neurons, although this effect recovers over time, suggesting that LRP6
function may be compensated by LRP5 or other WNT-effectors that are expressed in the embryonic
midbrain [80,83]. During expansion of the progenitor pool in the FP, the effects of Wnt1 signaling
are counteracted by the expression of FP-specific miRNAs (e.g., miR135a2 and miR34b/c) [84,85].
These miRNAs are shown to downregulate levels of Wnt1 in DA progenitors, thereby allowing for
differentiation of the DA progenitors to mdDA neurons [84,85]. Besides the regulation of Wnt1
transcript levels in DA progenitors, it has been shown that the canonical WNT-signaling inhibitor
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DKK1 is involved in mdDA differentiation as the loss of this gene results in a loss of mdDA neurons
and affects the distribution of mdDA neurons in the midbrain from E13.5 onward [86]. These data
suggest that time-dependent modulation and fine-tuning of the canonical WNT-signaling pathway
is important in mdDA neuronal development, and that the balance between the regulation of
neurogenesis and neuronal differentiation is crucial in determining the amount of mdDA neurons and
subset differentiation.
WNT5A activates the non-canonical WNT-signaling pathway in the midbrain via interference
of LRP5 and LRP6 activation upon canonical WNT-signaling, thereby favoring non-canonical
WNT-signaling [78]. It has been found that in neural cultures of mouse embryonic stem cells,
inhibition of the canonical WNT-signaling enhances neuronal and mdDA differentiation, and loss of
the non-canonical Wnt5a results in an increase in proliferation of NPCs and a changed distribution
of mdDA neurons [87,88]. Loss of Wnt5a delays the differentiation of NURR1+ precursors into fully
matured mdDA neurons, suggesting a role for non-canonical WNT-signaling in terminal differentiation
of these neurons [87]. It is likely that different WNT-signaling cascades balance or compensate for
each other, as the Wnt5a-Lrp6 double mutant shows a severe phenotype in which proliferation and
differentiation in the neural tube are heavily affected [89]. Taken together, these studies show that
the exact role of WNT-signaling during mdDA neuronal specification is still unclear. However, it is
likely that the effect of canonical and non-canonical WNT-signaling on mdDA neuronal specification is
strongly dependent on the time and place during embryogenesis and the sensitivity of DA precursors
for WNT-signaling.
3.2. Late Differentiation and MdDA Subset Specification
Above, we have provided a short overview of the main factors in the patterning of the midbrain
and specification of the DA progenitors. Based on literature, it is clear that most mdDA neurons arise
from the caudal FP and FP–BP border in the developing midbrain [9,12,43]. However, the mdDA
neuronal population is not a uniform population but consists of different subsets, which express a
variety of specific markers and are dependent on a unique set of transcription factors and signaling
cascades for their specification [7,8,90,91]. Therefore, an important question is how DA progenitors,
which are specified by a relatively small set of factors, acquire a subset-specific fate. A crucial factor
in development of the different mdDA neuronal subsets is the time of birth. It was shown that
neurons encompassing the SNc are born before neurons that are part of the VTA, indicating that early
during DA neurogenesis, DA progenitors acquire a SN cell-fate, whereas late during neurogenesis,
VTA-specific neurons are generated [9,10,37,43]. Interestingly, mutants that have a delay in mdDA
neuronal differentiation, like the Ngn2, Ascl1, Tcf12, and Wnt5a mutants, show a specific depletion of
mdDA neurons in the SN, indicating that time of birth has an effect on the migration and differentiation
of mdDA neurons [47,55,63,87].
Many factors that are involved in the enlargement of the NPC pool and patterning of the midbrain
FP have been found to play a role in mdDA neuronal subset specification. For instance, Otx2 is
expressed throughout the forebrain and midbrain at early stages of embryogenesis, whereas it is
specifically expressed in the VTA of E18.5 embryos [92,93]. Interestingly, although expression of
Otx2 is known to be repressed by several factors during isthmus development (Figure 1A), it is
currently unknown which factors are responsible for the specific expression of Otx2 in the VTA subset.
Specific deletion of Otx2 by use of the Dat-cre driver does not result in a total loss of mdDA neurons
in the VTA, indicating that Otx2 is not required for the maintenance of these neurons, but is rather
necessary for the induction and maintenance of a VTA identity [92]. However, postmitotic loss of
Otx2 results in an increase in the amount of dorsal-lateral Girk2-expressing neurons in the VTA, and a
decrease in low-expressing Dat neurons, normally confined to the ventral lateral part of the VTA,
suggesting that Otx2 is involved in the development of different subsets of the VTA by promoting
the expression of ventral-lateral VTA markers and inhibiting the expression of dorsal-lateral VTA
markers [66,92]. These studies suggest a dual role for Otx2 in mdDA neuronal development, one in FP

Int. J. Mol. Sci. 2020, 21, 4638

9 of 20

patterning and expansion of the NPC pool, and one in subset differentiation of terminally differentiated
mdDA neurons (Figure 2B).
Another gene with a dual role in DA specification and differentiation is Lmx1a, previously linked
to proliferation and neurogenesis [48,51,53]. Besides its role in early midbrain specification, loss of
Lmx1a has been shown to decrease the expression of Vmat2 in both SNc and VTA areas, indicating that
Lmx1a may function in specification of the entire mdDA neuronal population [94]. Furthermore, Lmx1a
has been found to have a role in subset specification of the utmost rostrally located mdDA neurons [52].
Lmx1a is suggested to regulate the expression of Nurr1 in the rostral mdDA neuronal population, the
future SN [52]. In this domain, a loss of Rspo2, a regulator of canonical WNT-signaling, was detected [52].
Interestingly, Rspo2 mutant mice show a partial phenocopy of the defect seen in the Lmx1a mutant,
linking Lmx1a and subset specification to the regulation of canonical WNT-signaling [52] (Figure 2B).
Furthermore, Rspo2 has been suggested to promote mdDA neurogenesis in human embryonic stem cells
and differentiation in both human embryonic stem cells and murine neuroblasts [95]. Taken together,
these data do not only link Lmx1a to subset specification, but also suggests a role for WNT-signaling
in the differentiation of mdDA subsets in both mouse and human mdDA neuronal development.
Considering the amount of Wnts expressed through time in the embryonic midbrain and their disperse
effects on mdDA neuronal differentiation, it is likely that regulation of the WNT-signaling cascade could
play a major role in late subset specification of mdDA neurons, as was corroborated by recent studies.
In a Mest/Peg1 mutant, a protein that modulates WNT-signaling by inhibition of LRP6 maturation,
a subset of the SN is lost, indicating that canonical WNT-signaling may be involved in the development
of this specific group of cells [96] (Figure 2B). Furthermore, specific deletion of Ezh2 at E12.5 via the
Pitx3-Cre driver results in the affected maturation of mdDA neurons in the VTA and SN [97]. Ezh2 has
been shown to influence Wnt1 expression, which could indirectly point to a role of Wnt1 signaling in
subset specification in the Ezh2 mutant [31,97]. These data point to a role for WNT-signaling throughout
mdDA neuronal development, from specification in the FP to differentiation into the different subsets.
Besides factors that function throughout mdDA neuronal development, specific factors are known
that function only in mdDA neuronal differentiation. It has been shown that Pitx3 is an important factor
in the differentiation and maintenance of mdDA neurons [98,99]. Pitx3 is expressed from E11.5 onward
in TH-expressing neurons of the midbrain, and the loss of this factor results in the specific loss of
AHD2-expressing neurons of the SN [98–100]. This specific loss of nigral neurons can be rescued by the
addition of retinoic acid (RA) to Pitx3 mutant embryos, although this is subset-specific, indicating that
RA is an important factor in the regulation of nigral neuronal identity via Pitx3 (Figure 2B) [100,101].
Although Pitx3 is expressed in all TH-expressing mdDA neurons, loss of this factor severely affects the
SN, whereas the VTA remains relatively intact [98,99]. This indicates that the function of Pitx3 may
differ between the subsets, or that VTA-specific genes can compensate for the loss of Pitx3. There are
two factors in mdDA neuronal differentiation that have been shown to function side-by-side with Pitx3:
Nurr1 and En1. PITX3 was found to interact with NURR1 via binding to PSF [102]. This interaction is
thought to release the repression of NURR1 by SMRT-HDAC complexes and results in the expression
of NURR1 target genes upon recruitment of PITX3 [102]. This interplay of NURR1 and PITX3 is
suggested to be subset-specific as the main effect on NURR1-regulated genes of PITX3 can be detected
in the SN, indicating that in the VTA, this repression mechanism is either not present or regulated in
a different way [4,102,103]. Besides an interaction with NURR1, it was recently found that En1 and
Pitx3 show extensive and subset-specific cross-talk [104]. It was shown that loss of Pitx3 results in an
upregulation of En1 and that these genes likely regulate each other’s expression [104]. Mutants of each
of these genes show a loss of the rostro-lateral mdDA neuronal subset, indicating that they function in
parallel to differentiate neurons of the future SN, whereas they show a reciprocal regulation of genes in
the caudal mdDA neuronal subset, the future VTA, nicely illustrated by the loss of Cck in En1 mutants
and ectopic expression of this gene in Pitx3 mutants [4,101,104]. Double En1/Pitx3 mutants show a
combined loss of Ahd2 and Cck expression throughout the mdDA neuronal population [105]. However,
a small subset of mdDA neurons still develops in these mutants, suggesting the existence of a mdDA
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neuronal subset independent of Pitx3 and En1 expression, which may be dependent on Otx2 for their
development [105]. Veenvliet and Smidt in their review of 2014 suggested a model for mdDA subset
specification based on the interplay between Pitx3, Nurr1, and En1. They proposed that induction of
Nurr1 in DA progenitors generates a default mdDA neuron that can become part of the rostro-lateral
subset or caudal subset. The definitive subset identity is then regulated by the differential interplay of
Pitx3 and En1 [4].
Taken together, terminal differentiation and definitive subset identity are based on a tight
interplay of genes that are expressed exclusively in mdDA neurons and genes that have a more broad
expression and also function in the regulation of midbrain patterning, NPC proliferation, and early
neurogenesis. Although not all factors that play a role in mdDA subset differentiation have been
described here, the knowledge we have at the moment is insufficient to pinpoint what drives a DA
progenitor to become an mdDA neuron and what makes an mdDA neuron part of a specific subset.
Besides cell-intrinsic factors, extrinsic signaling cascades, like the different WNT-signaling pathways
and SHH-signaling, may play a role in correct subset differentiation and should not be neglected in
the search of cell-fate commitment and subset identification of mdDA neurons. Recently, several
studies have been published that make use of single-cell RNA sequencing in mouse and human mdDA
neurons during development and in the adult brain to gain more insight in the transcriptome of
mdDA neuronal subsets [91,106–108]. These studies show that subset differentiation starts early in
development, after which the subgroups segregate even further in molecularly distinct subsets both in
the murine and the human brain [91,106]. These studies provide a detailed map of the transcriptome
in single cells present in the mdDA neuronal population and validate earlier research on the molecular
segregation of mdDA neuronal subsets [8,96,104]. However, some subsets of mdDA neurons are
not detected in these studies, for instance, the Rspo2-expressing subgroup in the SN, affected in the
Lmx1a mutant [52,91,106]. As only a limited amount of cells is sequenced, there is a significant loss of
sequencing depth, resulting in a loss of information. This indicates that, although single-cell RNA
sequencing can be used as a tool to determine novel factors expressed in mdDA neuronal subsets, some
information about intrinsic and external factors involved in the development of these subsets may be
lost. Therefore, a combination of single-cell RNA sequencing and more conventional genetics studies
are important to obtain knowledge of the underlying mechanisms controlling subset development.
4. What Can We Learn from the Development of Other Systems in the Embryo?
Many factors that are necessary in the development of the embryonic midbrain are also known
to play a crucial role in the development of other systems during embryogenesis. In order to further
broaden our understanding of and gain more insight into the molecular mechanisms driving mdDA
neuronal specification and differentiation, it is interesting to look into the development of other
systems that make use of similar molecular mechanisms, like the immune system, cardiomyogenesis,
and pancreatic cell development. Here, we will focus on immune system development in relation to
development of the mdDA neuronal system, as the immune system contains different subsets of cells
derived from one type of progenitor cells, similar to what is seen in mdDA neuronal development.
Insight in subset development in the immune system may result in novel leads of different processes
that are involved in mdDA neuronal subset development. Furthermore, the development of the
mdDA neuronal population has many signaling pathways and transcription factors in common with
the development of the immune system. Here, we will explain the interesting link between the
development of the immune system and the mdDA neuronal (sub)population.
Similar Factors Are Involved in Subset Development in the Immune System as in MdDA Neurons
As discussed above, the mdDA neuronal group of cells consists of different subsets, of which
the SN and VTA are the most well-known due to the selective degeneration of the SN during PD [1].
Besides the mdDA neuronal population, more systems make use of different subsets within one large
group of cells, like the adaptive immune system. It is known that the immune system makes use of at
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least three types of cells: The antibody-producing B-cells, the effectors of the cellular immune response
T-cells, and natural killer (NK)-cells (Figure 3A) [109]. B-cells are generated in the bone marrow and
arise from hematopoietic stem cells located in this structure, whereas T-cells arise from common
lymphoid progenitor cells that migrate from the bone marrow to the thymus where they eventually
form T-cells [109]. B-, T-, and NK-cells are all generated from the same hematopoietic stem cell lineage,
and lineage commitment is achieved via the repression of lineage-inappropriate genes and activation
of lineage-specific genes (Figure 3A), similar to what is seen during mdDA neuronal development
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW
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when DA progenitors become mature mdDA neurons and acquire a specific identity [110–114].

Figure
3. Development
of the
different
subsets
theimmune
immunesystem.
system.(A):
(A):Schematic
Schematicrepresentation
representation of
of the
Figure
3. Development
of the
different
subsets
ofof
the
the development
the immune
system.
All different
cell-types
of immune
the immune
system
arise
from
development
of the of
immune
system.
All different
cell-types
of the
system
arise
from
thethe
same
same
hematopoietic
stem
cell
lineage.
From
these
cells,
the
first
three
subsets
in
the
immune
system
hematopoietic stem cell lineage. From these cells, the first three subsets in the immune system are derived:
are derived:
B-cells, T-cell
and NK-cells.
T-cell
can lymphoid
become innate
B-cells,
T-cell progenitors,
andprogenitors,
NK-cells. T-cell
progenitors
canprogenitors
become innate
cells lymphoid
(ILC2), a fate
cells
(ILC2),
a
fate
repressed
by
E-box
proteins
expressed
in
T-cell
progenitors,
or
further
develop into
repressed by E-box proteins expressed in T-cell progenitors, or further develop into double-negative
(DN)
double-negative
(DN)
γδ
cells
that
become
part
of
the
innate
immune
system,
and
DN
αβ
cells
that
+
γδ cells that become part of the innate immune system, and DN αβ cells that develop into CD4 CD8+ DP
develop into CD4+ CD8+ DP cells. High levels of WNT-signaling prime CD4+ CD8+ DP cells to become
cells. High levels of WNT-signaling prime CD4+CD8+ DP cells to become innate natural killer cells (iNK),
innate natural killer cells (iNK), whereas E-box proteins and SHH signaling drive these cells into a CD4+
whereas E-box proteins and SHH signaling drive these cells into a CD4+ or CD8+ single-positive (SP)
or CD8+ single-positive (SP) T-cell-fate, respectively. (B): Schematic representation of the development
T-cell-fate, respectively. (B): Schematic representation of the development of the mdDA neuronal
of the mdDA neuronal population. Similar to immune system development, all different cell types in
population. Similar to immune system development, all different cell types in the mdDA neuronal
the mdDA neuronal population arise from one group of neural progenitors. WNT- and SHH-signaling
population arise from one group of neural progenitors. WNT- and SHH-signaling are known to be involved
are known to be involved in expansion of the progenitor cell pool and further specification into DA
in expansion of the progenitor cell pool and further specification into DA neurons. Similar to immune
neurons. Similar to immune system development, later fine-tuning into the different molecular subsets
system development, later fine-tuning into the different molecular subsets is regulated by bHLH and
is regulated by bHLH and E-proteins, like Tcf12, but also by signaling cascades like WNT. Considering
E-proteins, like Tcf12, but also by signaling cascades like WNT. Considering the similarities between the
the similarities between the development of these systems, molecular mechanisms involved in the
development of these systems, molecular mechanisms involved in the development of the immune system
development of the immune system may hold clues for the development of the mdDA neuronal
may hold clues for the development of the mdDA neuronal population and vice versa.
population and vice versa.

Beside these three categories of immune cells, the T-cell lineage further specifies into different subsets
of T-cells. T-cell progenitors specify into T-cells via several intermediate steps, or innate lymphoid cells
(ILC2), a cell-fate that is actively repressed by E-box proteins expressed in T-cell progenitors, thereby
favoring a T-cell cell-fate [113]. The first sub-division in T-cell formation is the division in the αβ cell
lineage and the γδ cell-lineage from double-negative (DN) T-cell precursors that do not express CD4 or
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Beside these three categories of immune cells, the T-cell lineage further specifies into different
subsets of T-cells. T-cell progenitors specify into T-cells via several intermediate steps, or innate
lymphoid cells (ILC2), a cell-fate that is actively repressed by E-box proteins expressed in T-cell
progenitors, thereby favoring a T-cell cell-fate [113]. The first sub-division in T-cell formation is the
division in the αβ cell lineage and the γδ cell-lineage from double-negative (DN) T-cell precursors that
do not express CD4 or CD8 on their membrane (Figure 3A) [109,115]. αβ T-cells are most abundantly
present in the population of circulating T-cells, whereas γδ T-cells are present in lower numbers and
mainly in areas that are exposed to the exterior, like the gut [115]. γδ T-cells are part of the innate
immune system and are generated upon strong signals from the T-cell receptor (TCR), whereas αβ
T-cells are part of the adaptive immune system and are generated upon weaker signals from the
TCR [115].
After division of αβ and γδ DN T-cells, αβ-expressing T-cells go through another round of subset
specification. These T-cells become double-positive (DP), expressing both CD4 and CD8 on their cell
membrane. This transition from DN to DP T-cells is thought to be under the control of SHH-signaling,
WNT-signaling, and several bHLH proteins. SHH-signaling in the thymus has been found to negatively
regulate differentiation from DN to DP T-cells, allowing for proliferation of DN cells and increasing the
DN pool of T-cell progenitors [116,117]. Similar to SHH-signaling, WNT-signaling has been found
to be involved in proliferation of DN T-cells to assure the size of the DN pool of T-cell progenitors
(Figure 3A) [114,118–120]. DN T-cell precursors transit to the DP stage of T-cell precursors under the
influence of a subfamily of the bHLH factors, namely the E-box proteins. E-box proteins are involved
in B- and T-cell development, but, here, we will discuss their role in the specification of subsets in the
T-cell population. It is thought that E-box proteins can compensate for each other’s function and that
their role in T-cell development is highly dependent on dosage [121]. The main E-box protein involved
in the DN-to-DP transition is Tcf12. Mice that are deficient in Tcf12 have low numbers of DP T-cells,
due to a stop in the transition from DN to DP T-cells (Figure 3A) [122,123].
When T-cells reach the DP state, they are further divided into different subsets. High levels of
WNT-signaling at this stage will prime the DP-cell to specify into an invariant NK cell (iNK), which is
part of both the innate and the adaptive immune system [112]. Lower or no levels of WNT-signaling
favor the development of single-positive (SP) T-cells that express either CD4 that will become T-helper
cells, or express CD8 cells that will become cytotoxic T-cells (Figure 3A) [124,125]. The ratio of CD4+
vs. CD8+ cells is 4:1, which is accomplished by lineage-specific cell death at key points during T-cell
development [125]. SHH-signaling has also been found to be involved in the transition from DP to SP
T-cells, as it was shown to favor the differentiation into CD8+ SP T-cells and negatively regulates CD4+
cell differentiation [124,126]. During the DP-to-SP stage transition of T-cells, the E-box protein Tcf3 has
mainly been implicated (Figure 3A). Loss of Tcf3 leads to an accelerated transition from DP to SP T-cells,
thereby depleting the pool of DP cells [123]. Proper regulation of E-box protein expression was shown
to be critical to allow for the development of the CD4+ cell lineage, indicating that E-box proteins are
important in the development of this subset of T-cells [127]. Interestingly, no specific function has
been described for WNT-signaling in SP specification during T-cell development, although it has been
shown that WNT3A regulates the maturation of T-cells in the periphery upon inflammation [114,128].
Above, we have shown that, similar to the mdDA neuronal population, cells of the immune system
consist of different subsets. Transcription factor families and signaling cascades that have previously
been found to be important in the regulation of mdDA neurogenesis are also involved in the specification
of the different subsets of T-cells in the immune system. For instance, similar to midbrain development,
SHH-signaling and WNT-signaling were detected in T-cell development to be importantly involved in
extension of the progenitor pool [116,117] (Figure 3B). Furthermore, WNT-signaling was shown to be
involved in expansion of the progenitor pool in T-cell development and the further fine-tuning of subset
development, [114,128,129] similar to what has been described for mdDA neuronal development
(Figure 3B). bHLH factors, and specifically E-box factors, appear to have an important role in
development of the immune system at different levels during development [111,113,127]. E-box factors
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have recently been shown to be involved in mdDA neuronal specification and differentiation [63]
(Figure 3B). To further elucidate their role in the development of this system, development of the
immune system might hold important clues for their functioning in mdDA neuronal development.
Therefore, it is likely that processes that act in T-cell differentiation could function in subset specification
of the mdDA neuronal population. T-cell differentiation is not a one-step process and is characterized
by the presence of several intermediate steps. This might similarly hold true for mdDA neuronal subset
specification. All mdDA neurons are thought to arise from the FP in the midbrain VZ [9,12,37,43],
indicating that they are specified by a relatively small set of transcription factors and signaling cascades.
It is likely that during mdDA neuronal migration, mdDA neurons acquire their subset-specific cell-fate,
which could also be marked by the presence of intermediate steps. Interestingly, T-cell lineage
commitment is coordinated by signaling pathways and transcription factors that act at several steps of
this process, indicating that the dosage of the different pathways and factors is of importance to acquire
the correct lineage-fate. A similar process may be involved in mdDA neuronal subset differentiation, as
both SHH and WNT-signaling have shown opposing results in the literature on their function during
mdDA neurogenesis (Figure 3B).
Taken together, by examining similar developmental processes in different cellular systems during
embryogenesis, we can gain more insight into mdDA neuronal subset development. We could take
advantage of known developmental programs and culturing strategies successful for these systems
and use them to develop culturing strategies to obtain the correct mdDA neuronal subset that can be
used for cell replacement therapies in Parkinson’s disease.
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mdDA
PD
SNc
VTA
TH
DA
VMAT2
PITX3
DAT
AHD2
PBX3
CCK
WWOX
FP
BP
EN1
EZH2
VZ
bHLH
NPC
NK
ILC2
DN

Mesodiencephalic dopaminergic
Parkinson’s disease
Substantia nigra
Ventral tegmental area
tyrosine hydroxylase
Dopamine
vesicular monoamine transporter 2
paired-like homeodomain 3
dopamine transporter
aldehyde dehydrogenase 2
pre-B-cell leukemia homeobox 3
cholecystokinin
WW domain-containing oxidoreductase
Floor plate
Asal plate
engrailed-1
enhancer of zeste homolog 2
Ventricular zone
Basic helix-loop-helix
Neural progenitor cell
Natural killer
Innate lymphoid cell
Double negative

Int. J. Mol. Sci. 2020, 21, 4638

TCR
DP
SP

14 of 20

T-cell receptor
Double positive
Single positive

References
1.
2.
3.
4.
5.

6.
7.
8.

9.

10.
11.
12.

13.

14.
15.
16.
17.

18.

19.
20.

Barzilai, A.; Melamed, E. Molecular mechanisms of selective dopaminergic neuronal death in Parkinson’s
disease. Trends Mol. Med. 2003, 9, 126–132. [CrossRef]
Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 2008,
79, 368–376. [CrossRef] [PubMed]
Smidt, M.P.; Burbach, J.P.H. How to make a mesodiencephalic dopaminergic neuron. Nat. Rev. Neurosci.
2007, 8, 21–32. [CrossRef] [PubMed]
Veenvliet, J.V.; Smidt, M.P. Molecular mechanisms of dopaminergic subset specification: Fundamental
aspects and clinical perspectives. Cell. Mol. Life Sci. 2014, 71, 4703–4727. [CrossRef] [PubMed]
Fedele, S.; Collo, G.; Behr, K.; Bischofberger, J.; Müller, S.; Kunath, T.; Christensen, K.; Gündner, A.L.; Graf, M.;
Jagasia, R.; et al. Expansion of human midbrain floor plate progenitors from induced pluripotent stem cells
increases dopaminergic neuron differentiation potential. Sci. Rep. 2017, 7, 6036. [CrossRef]
Xiao, B.; Ng, H.H.; Takahashi, R.; Tan, E.-K. Induced pluripotent stem cells in Parkinson’s disease: Scientific
and clinical challenges. J. Neurol. Neurosurg. Psychiatry 2016. [CrossRef]
Kim, H.J.; Kim, M.; Kang, B.; Yun, S.; Ryeo, S.E.; Hwang, D.; Kim, J.-H. Systematic analysis of expression
signatures of neuronal subpopulations in the VTA. Mol. Brain 2019, 12, 110. [CrossRef]
Smits, S.M.; von Oerthel, L.; Hoekstra, E.J.; Burbach, J.P.H.; Smidt, M.P. Molecular Marker Differences Relate
to Developmental Position and Subsets of Mesodiencephalic Dopaminergic Neurons. PLoS ONE 2013,
8, e76037. [CrossRef]
Bayer, S.A.; Wills, K.V.; Triarhou, L.C.; Ghetti, B. Time of neuron origin and gradients of neurogenesis in
midbrain dopaminergic neurons in the mouse. Exp. Brain Res. Exp. Hirnforsch. Expérimentation Cérébrale
1995, 105, 191–199. [CrossRef]
Bodea, G.O.; Blaess, S. Establishing diversity in the dopaminergic system. FEBS Lett. 2015, 589, 3773–3785.
[CrossRef]
Kawano, H.; Ohyama, K.; Kawamura, K.; Nagatsu, I. Migration of dopaminergic neurons in the embryonic
mesencephalon of mice. Brain Res. Dev. Brain Res. 1995, 86, 101–113. [CrossRef]
Mesman, S.; von Oerthel, L.; Smidt, M.P. Mesodiencephalic dopaminergic neuronal differentiation does not
involve GLI2A-mediated SHH-signaling and is under the direct influence of canonical WNT signaling. PLoS
ONE 2014, 9, e97926. [CrossRef] [PubMed]
Alonso, A.; Merchán, P.; Sandoval, J.E.; Sánchez-Arrones, L.; Garcia-Cazorla, A.; Artuch, R.; Ferrán, J.L.;
Martínez-de-la-Torre, M.; Puelles, L. Development of the serotonergic cells in murine raphe nuclei and their
relations with rhombomeric domains. Brain Struct. Funct. 2013, 218, 1229–1277. [CrossRef] [PubMed]
Millet, S.; Campbell, K.; Epstein, D.J.; Losos, K.; Harris, E.; Joyner, A.L. A role for Gbx2 in repression of Otx2
and positioning the mid/hindbrain organizer. Nature 1999, 401, 161–164. [CrossRef]
Simeone, A.; Puelles, E.; Acampora, D. The Otx family. Curr. Opin. Genet. Dev. 2002, 12, 409–415. [CrossRef]
Fossat, N.; Jones, V.; Garcia-Garcia, M.J.; Tam, P.P.L. Modulation of WNT signaling activity is key to the
formation of the embryonic head. Cell Cycle Georget. Tex 2012, 11, 26–32. [CrossRef]
Fossat, N.; Ip, C.K.; Jones, V.J.; Studdert, J.B.; Khoo, P.-L.; Lewis, S.L.; Power, M.; Tourle, K.; Loebel, D.A.F.;
Kwan, K.M.; et al. Context-specific function of the LIM homeobox 1 transcription factor in head formation of
the mouse embryo. Dev. Camb. Engl. 2015, 142, 2069–2079. [CrossRef]
Wassarman, K.M.; Lewandoski, M.; Campbell, K.; Joyner, A.L.; Rubenstein, J.L.; Martinez, S.; Martin, G.R.
Specification of the anterior hindbrain and establishment of a normal mid/hindbrain organizer is dependent
on Gbx2 gene function. Dev. Camb. Engl. 1997, 124, 2923–2934.
Brodski, C.; Blaess, S.; Partanen, J.; Prakash, N. Crosstalk of Intercellular Signaling Pathways in the Generation
of Midbrain Dopaminergic Neurons In Vivo and from Stem Cells. J. Dev. Biol. 2019, 7, 3. [CrossRef]
Guo, C.; Qiu, H.-Y.; Huang, Y.; Chen, H.; Yang, R.-Q.; Chen, S.-D.; Johnson, R.L.; Chen, Z.-F.; Ding, Y.-Q.
Lmx1b is essential for Fgf8 and Wnt1 expression in the isthmic organizer during tectum and cerebellum
development in mice. Development 2007, 134, 317–325. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 4638

21.
22.

23.
24.

25.

26.
27.
28.

29.

30.
31.
32.

33.
34.

35.
36.
37.

38.

39.

40.

15 of 20

Joyner, A.L.; Liu, A.; Millet, S. Otx2, Gbx2 and Fgf8 interact to position and maintain a mid-hindbrain
organizer. Curr. Opin. Cell Biol. 2000, 12, 736–741. [CrossRef]
Prakash, N.; Brodski, C.; Naserke, T.; Puelles, E.; Gogoi, R.; Hall, A.; Panhuysen, M.; Echevarria, D.;
Sussel, L.; Weisenhorn, D.M.V.; et al. A Wnt1-regulated genetic network controls the identity and fate of
midbrain-dopaminergic progenitors in vivo. Dev. Camb. Engl. 2006, 133, 89–98. [CrossRef]
Wurst, W.; Bally-Cuif, L. Neural plate patterning: Upstream and downstream of the isthmic organizer.
Nat. Rev. Neurosci. 2001, 2, 99–108. [CrossRef]
Ye, W.; Bouchard, M.; Stone, D.; Liu, X.; Vella, F.; Lee, J.; Nakamura, H.; Ang, S.L.; Busslinger, M.; Rosenthal, A.
Distinct regulators control the expression of the mid-hindbrain organizer signal FGF8. Nat. Neurosci. 2001,
4, 1175–1181. [CrossRef] [PubMed]
Martinez-Barbera, J.P.; Signore, M.; Boyl, P.P.; Puelles, E.; Acampora, D.; Gogoi, R.; Schubert, F.; Lumsden, A.;
Simeone, A. Regionalisation of anterior neuroectoderm and its competence in responding to forebrain and
midbrain inducing activities depend on mutual antagonism between OTX2 and GBX2. Dev. Camb. Engl.
2001, 128, 4789–4800.
Mason, I.; Chambers, D.; Shamim, H.; Walshe, J.; Irving, C. Regulation and function of FGF8 in patterning of
midbrain and anterior hindbrain. Biochem. Cell Biol. Biochim. Biol. Cell. 2000, 78, 577–584. [CrossRef]
Shamim, H.; Mahmood, R.; Logan, C.; Doherty, P.; Lumsden, A.; Mason, I. Sequential roles for Fgf4, En1 and
Fgf8 in specification and regionalisation of the midbrain. Dev. Camb. Engl. 1999, 126, 945–959.
Simon, H.H.; Scholz, C.; O’Leary, D.D.M. Engrailed genes control developmental fate of serotonergic and
noradrenergic neurons in mid- and hindbrain in a gene dose-dependent manner. Mol. Cell. Neurosci. 2005,
28, 96–105. [CrossRef]
Kouwenhoven, W.M.; Veenvliet, J.V.; van Hooft, J.A.; van der Heide, L.P.; Smidt, M.P. Engrailed 1 shapes
the dopaminergic and serotonergic landscape through proper isthmic organizer maintenance and function.
Biol. Open 2016, 5, 279–288. [CrossRef]
Corley, M.; Kroll, K.L. The roles and regulation of Polycomb complexes in neural development. Cell Tissue Res.
2015, 359, 65–85. [CrossRef]
Wever, I.; Wagemans, C.M.R.J.; Smidt, M.P. EZH2 Is Essential for Fate Determination in the Mammalian
Isthmic Area. Front. Mol. Neurosci. 2019, 12, 76. [CrossRef] [PubMed]
Matise, M.P.; Epstein, D.J.; Park, H.L.; Platt, K.A.; Joyner, A.L. Gli2 is required for induction of floor plate and
adjacent cells, but not most ventral neurons in the mouse central nervous system. Dev. Camb. Engl. 1998,
125, 2759–2770.
Hynes, M.; Poulsen, K.; Tessier-Lavigne, M.; Rosenthal, A. Control of neuronal diversity by the floor plate:
Contact-mediated induction of midbrain dopaminergic neurons. Cell 1995, 80, 95–101. [CrossRef]
Roelink, H.; Porter, J.A.; Chiang, C.; Tanabe, Y.; Chang, D.T.; Beachy, P.A.; Jessell, T.M. Floor plate and motor
neuron induction by different concentrations of the amino-terminal cleavage product of sonic hedgehog
autoproteolysis. Cell 1995, 81, 445–455. [CrossRef]
Ye, W.; Shimamura, K.; Rubenstein, J.L.; Hynes, M.A.; Rosenthal, A. FGF and Shh signals control dopaminergic
and serotonergic cell fate in the anterior neural plate. Cell 1998, 93, 755–766. [CrossRef]
Bissonette, G.B.; Roesch, M.R. Development and function of the midbrain dopamine system: What we know
and what we need to. Genes Brain Behav. 2016, 15, 62–73. [CrossRef]
Vaswani, A.R.; Weykopf, B.; Hagemann, C.; Fried, H.-U.; Brüstle, O.; Blaess, S. Correct setup of the substantia
nigra requires Reelin-mediated fast, laterally-directed migration of dopaminergic neurons. eLife 2019, 8.
[CrossRef]
Joksimovic, M.; Yun, B.A.; Kittappa, R.; Anderegg, A.M.; Chang, W.W.; Taketo, M.M.; McKay, R.D.G.;
Awatramani, R.B. Wnt antagonism of Shh facilitates midbrain floor plate neurogenesis. Nat. Neurosci. 2009,
12, 125–131. [CrossRef]
Ribes, V.; Balaskas, N.; Sasai, N.; Cruz, C.; Dessaud, E.; Cayuso, J.; Tozer, S.; Yang, L.L.; Novitch, B.;
Marti, E.; et al. Distinct Sonic Hedgehog signaling dynamics specify floor plate and ventral neuronal
progenitors in the vertebrate neural tube. Genes Dev. 2010, 24, 1186–1200. [CrossRef]
Verwey, M.; Grant, A.; Meti, N.; Adye-White, L.; Torres-Berrío, A.; Rioux, V.; Lévesque, M.; Charron, F.;
Flores, C. Mesocortical Dopamine Phenotypes in Mice Lacking the Sonic Hedgehog Receptor Cdon. eNeuro
2016, 3. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 4638

41.
42.
43.
44.

45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

16 of 20

Zervas, M.; Millet, S.; Ahn, S.; Joyner, A.L. Cell behaviors and genetic lineages of the mesencephalon and
rhombomere 1. Neuron 2004, 43, 345–357. [CrossRef] [PubMed]
Zhang, W.; Hong, M.; Bae, G.; Kang, J.-S.; Krauss, R.S. Boc modifies the holoprosencephaly spectrum of Cdo
mutant mice. Dis. Model. Mech. 2011, 4, 368–380. [CrossRef] [PubMed]
Bye, C.R.; Thompson, L.H.; Parish, C.L. Birth dating of midbrain dopamine neurons identifies A9 enriched
tissue for transplantation into Parkinsonian mice. Exp. Neurol. 2012, 236, 58–68. [CrossRef] [PubMed]
Blaess, S.; Corrales, J.D.; Joyner, A.L. Sonic hedgehog regulates Gli activator and repressor functions with
spatial and temporal precision in the mid/hindbrain region. Dev. Camb. Engl. 2006, 133, 1799–1809.
[CrossRef] [PubMed]
Nouri, N.; Patel, M.J.; Joksimovic, M.; Poulin, J.-F.; Anderegg, A.; Taketo, M.M.; Ma, Y.-C.; Awatramani, R.
Excessive Wnt/beta-catenin signaling promotes midbrain floor plate neurogenesis, but results in vacillating
dopamine progenitors. Mol. Cell. Neurosci. 2015, 68, 131–142. [CrossRef] [PubMed]
Joksimovic, M.; Awatramani, R. Wnt/β-catenin signaling in midbrain dopaminergic neuron specification
and neurogenesis. J. Mol. Cell Biol. 2013. [CrossRef]
Andersson, E.; Tryggvason, U.; Deng, Q.; Friling, S.; Alekseenko, Z.; Robert, B.; Perlmann, T.; Ericson, J.
Identification of intrinsic determinants of midbrain dopamine neurons. Cell 2006, 124, 393–405. [CrossRef]
Ono, Y.; Nakatani, T.; Sakamoto, Y.; Mizuhara, E.; Minaki, Y.; Kumai, M.; Hamaguchi, A.; Nishimura, M.;
Inoue, Y.; Hayashi, H.; et al. Differences in neurogenic potential in floor plate cells along an anteroposterior
location: Midbrain dopaminergic neurons originate from mesencephalic floor plate cells. Dev. Camb. Engl.
2007, 134, 3213–3225. [CrossRef]
Doucet-Beaupré, H.; Ang, S.-L.; Lévesque, M. Cell fate determination, neuronal maintenance and disease
state: The emerging role of transcription factors Lmx1a and Lmx1b. FEBS Lett. 2015, 589, 3727–3738.
[CrossRef]
Yuan, J.; Lei, Z.; Wang, X.; Deng, Y.-J.; Chen, D.-B. Interaction between Oc-1 and Lmx1a promotes ventral
midbrain dopamine neural stem cells differentiation into dopamine neurons. Brain Res. 2015, 1608, 40–50.
[CrossRef]
Deng, Q.; Andersson, E.; Hedlund, E.; Alekseenko, Z.; Coppola, E.; Panman, L.; Millonig, J.H.; Brunet, J.-F.;
Ericson, J.; Perlmann, T. Specific and integrated roles of Lmx1a, Lmx1b and Phox2a in ventral midbrain
development. Dev. Camb. Engl. 2011, 138, 3399–3408. [CrossRef] [PubMed]
Hoekstra, E.J.; von Oerthel, L.; van der Heide, L.P.; Kouwenhoven, W.M.; Veenvliet, J.V.; Wever, I.; Jin, Y.-R.;
Yoon, J.K.; van der Linden, A.J.A.; Holstege, F.C.P.; et al. Lmx1a Encodes a Rostral Set of Mesodiencephalic
Dopaminergic Neurons Marked by the Wnt/B-Catenin Signaling Activator R-spondin 2. PLoS ONE 2013,
8, e74049. [CrossRef] [PubMed]
Yan, C.H.; Levesque, M.; Claxton, S.; Johnson, R.L.; Ang, S.-L. Lmx1a and lmx1b function cooperatively to
regulate proliferation, specification, and differentiation of midbrain dopaminergic progenitors. J. Neurosci.
Off. J. Soc. Neurosci. 2011, 31, 12413–12425. [CrossRef]
Hong, S.; Chung, S.; Leung, K.; Hwang, I.; Moon, J.; Kim, K.-S. Functional roles of Nurr1, Pitx3, and Lmx1a in
neurogenesis and phenotype specification of dopamine neurons during in vitro differentiation of embryonic
stem cells. Stem Cells Dev. 2014, 23, 477–487. [CrossRef]
Kele, J.; Simplicio, N.; Ferri, A.L.M.; Mira, H.; Guillemot, F.; Arenas, E.; Ang, S.-L. Neurogenin 2 is required
for the development of ventral midbrain dopaminergic neurons. Dev. Camb. Engl. 2006, 133, 495–505.
[CrossRef] [PubMed]
Kim, H.-J.; Sugimori, M.; Nakafuku, M.; Svendsen, C.N. Control of neurogenesis and tyrosine hydroxylase
expression in neural progenitor cells through bHLH proteins and Nurr1. Exp. Neurol. 2007, 203, 394–405.
[CrossRef]
Roybon, L.; Hjalt, T.; Christophersen, N.S.; Li, J.-Y.; Brundin, P. Effects on differentiation of embryonic ventral
midbrain progenitors by Lmx1a, Msx1, Ngn2, and Pitx3. J. Neurosci. Off. J. Soc. Neurosci. 2008, 28, 3644–3656.
[CrossRef]
Chiaramello, A.; Soosaar, A.; Neuman, T.; Zuber, M.X. Differential expression and distinct DNA-binding
specificity of ME1a and ME2 suggest a unique role during differentiation and neuronal plasticity. Brain Res.
Mol. Brain Res. 1995, 29, 107–118. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 4638

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

17 of 20

Ishibashi, M.; Ang, S.L.; Shiota, K.; Nakanishi, S.; Kageyama, R.; Guillemot, F. Targeted disruption of
mammalian hairy and Enhancer of split homolog-1 (HES-1) leads to up-regulation of neural helix-loop-helix
factors, premature neurogenesis, and severe neural tube defects. Genes Dev. 1995, 9, 3136–3148. [CrossRef]
Lim, M.-S.; Chang, M.-Y.; Kim, S.-M.; Yi, S.-H.; Suh-Kim, H.; Jung, S.J.; Kim, M.J.; Kim, J.H.; Lee, Y.-S.;
Lee, S.Y.; et al. Generation of Dopamine Neurons from Rodent Fibroblasts through the Expandable Neural
Precursor Cell Stage. J. Biol. Chem. 2015, 290, 17401–17414. [CrossRef]
Uittenbogaard, M.; Chiaramello, A. Expression of the bHLH transcription factor Tcf12 (ME1) gene is linked
to the expansion of precursor cell populations during neurogenesis. Brain Res. Gene Expr. Patterns 2002,
1, 115–121. [CrossRef]
Khazanov, S.; Paz, Y.; Hefetz, A.; Gonzales, B.J.; Netser, Y.; Mansour, A.A.; Ben-Arie, N. Floor plate
descendants in the ependyma of the adult mouse Central Nervous System. Int. J. Dev. Biol. 2016, 61, 257–265.
[CrossRef] [PubMed]
Mesman, S.; Smidt, M.P. Tcf12 Is Involved in Early Cell-Fate Determination and Subset Specification of
Midbrain Dopamine Neurons. Front. Mol. Neurosci. 2017, 10, 353. [CrossRef] [PubMed]
Peterson, D.J.; Marckini, D.N.; Straight, J.L.; King, E.M.; Johnson, W.; Sarah, S.S.; Chowdhary, P.K.;
DeLano-Taylor, M.K. The Basic Helix-Loop-Helix Gene Nato3 Drives Expression of Dopaminergic Neuron
Transcription Factors in Neural Progenitors. Neuroscience 2019, 421, 176–191. [CrossRef]
Toledo, E.M.; Yang, S.; Gyllborg, D.; van Wijk, K.E.; Sinha, I.; Varas-Godoy, M.; Grigsby, C.L.; Lönnerberg, P.;
Islam, S.; Steffensen, K.R.; et al. Srebf1 Controls Midbrain Dopaminergic Neurogenesis. Cell Rep. 2020,
31, 107601. [CrossRef]
Di Giovannantonio, L.G.; Di Salvio, M.; Acampora, D.; Prakash, N.; Wurst, W.; Simeone, A. Otx2 selectively
controls the neurogenesis of specific neuronal subtypes of the ventral tegmental area and compensates
En1-dependent neuronal loss and MPTP vulnerability. Dev. Biol. 2013, 373, 176–183. [CrossRef]
Puelles, E.; Annino, A.; Tuorto, F.; Usiello, A.; Acampora, D.; Czerny, T.; Brodski, C.; Ang, S.-L.; Wurst, W.;
Simeone, A. Otx2 regulates the extent, identity and fate of neuronal progenitor domains in the ventral
midbrain. Dev. Camb. Engl. 2004, 131, 2037–2048. [CrossRef] [PubMed]
Simeone, A. Genetic control of dopaminergic neuron differentiation. Trends Neurosci. 2005, 28, 62–65.
[CrossRef]
Vernay, B.; Koch, M.; Vaccarino, F.; Briscoe, J.; Simeone, A.; Kageyama, R.; Ang, S.-L. Otx2 regulates subtype
specification and neurogenesis in the midbrain. J. Neurosci. Off. J. Soc. Neurosci. 2005, 25, 4856–4867.
[CrossRef] [PubMed]
Andersson, E.; Jensen, J.B.; Parmar, M.; Guillemot, F.; Björklund, A. Development of the mesencephalic
dopaminergic neuron system is compromised in the absence of neurogenin 2. Dev. Camb. Engl. 2006,
133, 507–516. [CrossRef] [PubMed]
Metzakopian, E.; Bouhali, K.; Alvarez-Saavedra, M.; Whitsett, J.A.; Picketts, D.J.; Ang, S.-L. Genome-wide
characterisation of Foxa1 binding sites reveals several mechanisms for regulating neuronal differentiation in
midbrain dopamine cells. Dev. Camb. Engl. 2015, 142, 1315–1324. [CrossRef]
Saucedo-Cardenas, O.; Quintana-Hau, J.D.; Le, W.D.; Smidt, M.P.; Cox, J.J.; De Mayo, F.; Burbach, J.P.;
Conneely, O.M. Nurr1 is essential for the induction of the dopaminergic phenotype and the survival of
ventral mesencephalic late dopaminergic precursor neurons. Proc. Natl. Acad. Sci. USA 1998, 95, 4013–4018.
[CrossRef] [PubMed]
Smits, S.M.; Ponnio, T.; Conneely, O.M.; Burbach, J.P.H.; Smidt, M.P. Involvement of Nurr1 in specifying the
neurotransmitter identity of ventral midbrain dopaminergic neurons. Eur. J. Neurosci. 2003, 18, 1731–1738.
[CrossRef]
Andersson, E.K.I.; Irvin, D.K.; Ahlsiö, J.; Parmar, M. Ngn2 and Nurr1 act in synergy to induce midbrain
dopaminergic neurons from expanded neural stem and progenitor cells. Exp. Cell Res. 2007, 313, 1172–1180.
[CrossRef]
Thompson, L.H.; Andersson, E.; Jensen, J.B.; Barraud, P.; Guillemot, F.; Parmar, M.; Björklund, A. Neurogenin2
identifies a transplantable dopamine neuron precursor in the developing ventral mesencephalon. Exp. Neurol.
2006, 198, 183–198. [CrossRef] [PubMed]
Zhou, X.; Pace, J.; Filichia, E.; Lv, T.; Davis, B.; Hoffer, B.; Selman, W.; Luo, Y. Effect of the sonic hedgehog
receptor smoothened on the survival and function of dopaminergic neurons. Exp. Neurol. 2016, 283, 235–245.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 4638

77.
78.

79.

80.

81.
82.

83.

84.
85.

86.

87.

88.

89.
90.
91.

92.

93.

94.

18 of 20

Danielian, P.S.; McMahon, A.P. Engrailed-1 as a target of the Wnt-1 signalling pathway in vertebrate midbrain
development. Nature 1996, 383, 332–334. [CrossRef]
Bryja, V.; Andersson, E.R.; Schambony, A.; Esner, M.; Bryjová, L.; Biris, K.K.; Hall, A.C.; Kraft, B.; Cajanek, L.;
Yamaguchi, T.P.; et al. The extracellular domain of Lrp5/6 inhibits noncanonical Wnt signaling in vivo.
Mol. Biol. Cell 2009, 20, 924–936. [CrossRef]
Castelo-Branco, G.; Wagner, J.; Rodriguez, F.J.; Kele, J.; Sousa, K.; Rawal, N.; Pasolli, H.A.; Fuchs, E.;
Kitajewski, J.; Arenas, E. Differential regulation of midbrain dopaminergic neuron development by Wnt-1,
Wnt-3a, and Wnt-5a. Proc. Natl. Acad. Sci. USA 2003, 100, 12747–12752. [CrossRef]
Castelo-Branco, G.; Andersson, E.R.; Minina, E.; Sousa, K.M.; Ribeiro, D.; Kokubu, C.; Imai, K.; Prakash, N.;
Wurst, W.; Arenas, E. Delayed dopaminergic neuron differentiation in Lrp6 mutant mice. Dev. Dyn. Off.
Publ. Am. Assoc. Anat. 2010, 239, 211–221. [CrossRef]
He, X.; Semenov, M.; Tamai, K.; Zeng, X. LDL receptor-related proteins 5 and 6 in Wnt/beta-catenin signaling:
Arrows point the way. Dev. Camb. Engl. 2004, 131, 1663–1677. [CrossRef]
Sousa, K.M.; Villaescusa, J.C.; Cajanek, L.; Ondr, J.K.; Castelo-Branco, G.; Hofstra, W.; Bryja, V.; Palmberg, C.;
Bergman, T.; Wainwright, B.; et al. Wnt2 regulates progenitor proliferation in the developing ventral
midbrain. J. Biol. Chem. 2010, 285, 7246–7253. [CrossRef] [PubMed]
Zhou, C.-J.; Borello, U.; Rubenstein, J.L.R.; Pleasure, S.J. Neuronal production and precursor proliferation
defects in the neocortex of mice with loss of function in the canonical Wnt signaling pathway. Neuroscience
2006, 142, 1119–1131. [CrossRef] [PubMed]
Anderegg, A.; Awatramani, R. Making a mes: A transcription factor-microRNA pair governs the size of the
midbrain and the dopaminergic progenitor pool. Neurogenesis Austin Tex 2015, 2, e998101. [CrossRef]
De Gregorio, R.; Pulcrano, S.; De Sanctis, C.; Volpicelli, F.; Guatteo, E.; von Oerthel, L.; Latagliata, E.C.;
Esposito, R.; Piscitelli, R.M.; Perrone-Capano, C.; et al. miR-34b/c Regulates Wnt1 and Enhances
Mesencephalic Dopaminergic Neuron Differentiation. Stem Cell Rep. 2018, 10, 1237–1250. [CrossRef]
[PubMed]
Ribeiro, D.; Ellwanger, K.; Glagow, D.; Theofilopoulos, S.; Corsini, N.S.; Martin-Villalba, A.; Niehrs, C.;
Arenas, E. Dkk1 Regulates Ventral Midbrain Dopaminergic Differentiation and Morphogenesis. PLoS ONE
2011, 6, e15786. [CrossRef]
Andersson, E.R.; Prakash, N.; Cajanek, L.; Minina, E.; Bryja, V.; Bryjova, L.; Yamaguchi, T.P.; Hall, A.C.;
Wurst, W.; Arenas, E. Wnt5a regulates ventral midbrain morphogenesis and the development of A9-A10
dopaminergic cells in vivo. PLoS ONE 2008, 3, e3517. [CrossRef]
Cajánek, L.; Ribeiro, D.; Liste, I.; Parish, C.L.; Bryja, V.; Arenas, E. Wnt/beta-catenin signaling blockade
promotes neuronal induction and dopaminergic differentiation in embryonic stem cells. Stem Cells 2009,
27, 2917–2927. [CrossRef]
Andersson, E.R.; Bryjova, L.; Biris, K.; Yamaguchi, T.P.; Arenas, E.; Bryja, V. Genetic interaction between Lrp6
and Wnt5a during mouse development. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2010, 239, 237–245. [CrossRef]
Mesman, S.; Krüse, S.J.; Smidt, M.P. Expression analyzes of early factors in midbrain differentiation programs.
Gene Expr. Patterns GEP 2018, 27, 8–15. [CrossRef]
Tiklová, K.; Björklund, Å.K.; Lahti, L.; Fiorenzano, A.; Nolbrant, S.; Gillberg, L.; Volakakis, N.; Yokota, C.;
Hilscher, M.M.; Hauling, T.; et al. Single-cell RNA sequencing reveals midbrain dopamine neuron diversity
emerging during mouse brain development. Nat. Commun. 2019, 10, 581. [CrossRef] [PubMed]
Di Salvio, M.; Di Giovannantonio, L.G.; Acampora, D.; Prosperi, R.; Omodei, D.; Prakash, N.; Wurst, W.;
Simeone, A. Otx2 controls neuron subtype identity in ventral tegmental area and antagonizes vulnerability
to MPTP. Nat. Neurosci. 2010, 13, 1481–1488. [CrossRef] [PubMed]
Panman, L.; Papathanou, M.; Laguna, A.; Oosterveen, T.; Volakakis, N.; Acampora, D.; Kurtsdotter, I.;
Yoshitake, T.; Kehr, J.; Joodmardi, E.; et al. Sox6 and Otx2 control the specification of substantia nigra and
ventral tegmental area dopamine neurons. Cell Rep. 2014, 8, 1018–1025. [CrossRef] [PubMed]
Hoekstra, E.J.; von Oerthel, L.; van der Linden, A.J.A.; Schellevis, R.D.; Scheppink, G.; Holstege, F.C.P.;
Groot-Koerkamp, M.J.; van der Heide, L.P.; Smidt, M.P. Lmx1a is an activator of Rgs4 and Grb10 and is
responsible for the correct specification of rostral and medial mdDA neurons. Eur. J. Neurosci. 2013, 37, 23–32.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 4638

95.

96.
97.
98.

99.

100.

101.

102.

103.

104.

105.
106.

107.
108.

109.
110.
111.

112.
113.

114.

19 of 20

Gyllborg, D.; Ahmed, M.; Toledo, E.M.; Theofilopoulos, S.; Yang, S.; ffrench-Constant, C.; Arenas, E.
The Matricellular Protein R-Spondin 2 Promotes Midbrain Dopaminergic Neurogenesis and Differentiation.
Stem Cell Rep. 2018, 11, 651–664. [CrossRef] [PubMed]
Mesman, S.; van Hooft, J.A.; Smidt, M.P. Mest/Peg1 Is Essential for the Development and Maintenance of a
SNc Neuronal Subset. Front. Mol. Neurosci. 2016, 9, 166. [CrossRef] [PubMed]
Wever, I.; von Oerthel, L.; Wagemans, C.M.R.J.; Smidt, M.P. EZH2 Influences mdDA Neuronal Differentiation,
Maintenance and Survival. Front. Mol. Neurosci. 2018, 11, 491. [CrossRef]
Maxwell, S.L.; Ho, H.-Y.; Kuehner, E.; Zhao, S.; Li, M. Pitx3 regulates tyrosine hydroxylase expression in
the substantia nigra and identifies a subgroup of mesencephalic dopaminergic progenitor neurons during
mouse development. Dev. Biol. 2005, 282, 467–479. [CrossRef]
Smidt, M.P.; Smits, S.M.; Bouwmeester, H.; Hamers, F.P.T.; van der Linden, A.J.A.; Hellemons, A.J.C.G.M.;
Graw, J.; Burbach, J.P.H. Early developmental failure of substantia nigra dopamine neurons in mice lacking
the homeodomain gene Pitx3. Dev. Camb. Engl. 2004, 131, 1145–1155. [CrossRef]
Jacobs, F.M.J.; Smits, S.M.; Noorlander, C.W.; von Oerthel, L.; van der Linden, A.J.A.; Burbach, J.P.H.;
Smidt, M.P. Retinoic acid counteracts developmental defects in the substantia nigra caused by Pitx3
deficiency. Dev. Camb. Engl. 2007, 134, 2673–2684. [CrossRef]
Jacobs, F.M.J.; Veenvliet, J.V.; Almirza, W.H.; Hoekstra, E.J.; von Oerthel, L.; van der Linden, A.J.A.; Neijts, R.;
Koerkamp, M.G.; van Leenen, D.; Holstege, F.C.P.; et al. Retinoic acid-dependent and -independent
gene-regulatory pathways of Pitx3 in meso-diencephalic dopaminergic neurons. Dev. Camb. Engl. 2011,
138, 5213–5222. [CrossRef] [PubMed]
Jacobs, F.M.J.; van Erp, S.; van der Linden, A.J.A.; von Oerthel, L.; Burbach, J.P.H.; Smidt, M.P. Pitx3
potentiates Nurr1 in dopamine neuron terminal differentiation through release of SMRT-mediated repression.
Dev. Camb. Engl. 2009, 136, 531–540. [CrossRef] [PubMed]
Chakrabarty, K.; Oerthel, L.V.; Hellemons, A.; Clotman, F.; Koerkamp, M.G.; Holstege, F.C.P.; Pasterkamp, R.J.;
Smidt, M.P. Genome wide expression profiling of the mesodiencephalic region identifies novel factors involved
in early and late dopaminergic development. Biol. Open 2012. [CrossRef] [PubMed]
Veenvliet, J.V.; Dos Santos, M.T.M.A.; Kouwenhoven, W.M.; von Oerthel, L.; Lim, J.L.; van der Linden, A.J.A.;
Koerkamp, M.J.A.G.; Holstege, F.C.P.; Smidt, M.P. Specification of dopaminergic subsets involves interplay
of En1 and Pitx3. Dev. Camb. Engl. 2013, 140, 3373–3384. [CrossRef]
Kouwenhoven, W.M.; von Oerthel, L.; Smidt, M.P. Pitx3 and En1 determine the size and molecular
programming of the dopaminergic neuronal pool. PLoS ONE 2017, 12, e0182421. [CrossRef]
La Manno, G.; Gyllborg, D.; Codeluppi, S.; Nishimura, K.; Salto, C.; Zeisel, A.; Borm, L.E.; Stott, S.R.W.;
Toledo, E.M.; Villaescusa, J.C.; et al. Molecular Diversity of Midbrain Development in Mouse, Human, and
Stem Cells. Cell 2016, 167, 566–580.e19. [CrossRef]
Poulin, J.-F.; Tasic, B.; Hjerling-Leffler, J.; Trimarchi, J.M.; Awatramani, R. Disentangling neural cell diversity
using single-cell transcriptomics. Nat. Neurosci. 2016, 19, 1131–1141. [CrossRef]
Poulin, J.-F.; Gaertner, Z.; Moreno-Ramos, O.A.; Awatramani, R. Classification of Midbrain Dopamine
Neurons Using Single-Cell Gene Expression Profiling Approaches. Trends Neurosci. 2020, 43, 155–169.
[CrossRef]
Bonilla, F.A.; Oettgen, H.C. Adaptive immunity. J. Allergy Clin. Immunol. 2010, 125, S33–S40. [CrossRef]
Busslinger, M.; Nutt, S.L.; Rolink, A.G. Lineage commitment in lymphopoiesis. Curr. Opin. Immunol. 2000,
12, 151–158. [CrossRef]
Li, Y.; Brauer, P.M.; Singh, J.; Xhiku, S.; Yoganathan, K.; Zúñiga-Pflücker, J.C.; Anderson, M.K. Targeted
Disruption of TCF12 Reveals HEB as Essential in Human Mesodermal Specification and Hematopoiesis.
Stem Cell Rep. 2017, 9, 779–795. [CrossRef]
Pyaram, K.; Sen, J.M.; Chang, C.-H. Temporal regulation of Wnt/β-catenin signaling is important for invariant
NKT cell development and terminal maturation. Mol. Immunol. 2017, 85, 47–56. [CrossRef] [PubMed]
Qian, L.; Bajana, S.; Georgescu, C.; Peng, V.; Wang, H.-C.; Adrianto, I.; Colonna, M.; Alberola-Ila, J.; Wren, J.D.;
Sun, X.-H. Suppression of ILC2 differentiation from committed T cell precursors by E protein transcription
factors. J. Exp. Med. 2019, 216, 884–899. [CrossRef] [PubMed]
van Loosdregt, J.; Coffer, P.J. The Role of WNT Signaling in Mature T Cells: T Cell Factor Is Coming Home.
J. Immunol. Baltim. Md 1950 2018, 201, 2193–2200. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 4638

20 of 20

115. Taghon, T.; Rothenberg, E.V. Molecular mechanisms that control mouse and human TCR-alphabeta and
TCR-gammadelta T cell development. Semin. Immunopathol. 2008, 30, 383–398. [CrossRef] [PubMed]
116. Outram, S.V.; Varas, A.; Pepicelli, C.V.; Crompton, T. Hedgehog signaling regulates differentiation from
double-negative to double-positive thymocyte. Immunity 2000, 13, 187–197. [CrossRef]
117. Rowbotham, N.J.; Hager-Theodorides, A.L.; Furmanski, A.L.; Ross, S.E.; Outram, S.V.; Dessens, J.T.;
Crompton, T. Sonic hedgehog negatively regulates pre-TCR-induced differentiation by a Gli2-dependent
mechanism. Blood 2009, 113, 5144–5156. [CrossRef]
118. Ma, J.; Wang, R.; Fang, X.; Sun, Z. β-catenin/TCF-1 pathway in T cell development and differentiation.
J. Neuroimmune Pharmacol. 2012, 7, 750–762. [CrossRef]
119. Staal, F.J.T.; Luis, T.C. Wnt signaling in hematopoiesis: Crucial factors for self-renewal, proliferation, and cell
fate decisions. J. Cell. Biochem. 2010, 109, 844–849. [CrossRef]
120. Staal, F.J.T.; Sen, J.M. The canonical Wnt signaling pathway plays an important role in lymphopoiesis and
hematopoiesis. Eur. J. Immunol. 2008, 38, 1788–1794. [CrossRef]
121. Jones, M.E.; Zhuang, Y. Stage-specific functions of E-proteins at the β-selection and T-cell receptor checkpoints
during thymocyte development. Immunol. Res. 2011, 49, 202–215. [CrossRef] [PubMed]
122. Wikström, I.; Forssell, J.; Penha-Goncalves, M.N.; Bergqvist, I.; Holmberg, D. A role for E2-2 at the DN3 stage
of early thymopoiesis. Mol. Immunol. 2008, 45, 3302–3311. [CrossRef] [PubMed]
123. Wojciechowski, J.; Lai, A.; Kondo, M.; Zhuang, Y. E2A and HEB are required to block thymocyte proliferation
prior to pre-TCR expression. J. Immunol. 2007, 178, 5717–5726. [CrossRef] [PubMed]
124. Crompton, T.; Outram, S.V.; Hager-Theodorides, A.L. Sonic hedgehog signalling in T-cell development and
activation. Nat. Rev. Immunol. 2007, 7, 726–735. [CrossRef] [PubMed]
125. Sinclair, C.; Bains, I.; Yates, A.J.; Seddon, B. Asymmetric thymocyte death underlies the CD4:CD8 T-cell ratio
in the adaptive immune system. Proc. Natl. Acad. Sci. USA 2013, 110, E2905–E2914. [CrossRef]
126. Rowbotham, N.J.; Hager-Theodorides, A.L.; Cebecauer, M.; Shah, D.K.; Drakopoulou, E.; Dyson, J.;
Outram, S.V.; Crompton, T. Activation of the Hedgehog signaling pathway in T-lineage cells inhibits TCR
repertoire selection in the thymus and peripheral T-cell activation. Blood 2007, 109, 3757–3766. [CrossRef]
127. Jones-Mason, M.E.; Zhao, X.; Kappes, D.; Lasorella, A.; Iavarone, A.; Zhuang, Y. E Protein Transcription
Factors Are Required for the Development of CD4+ Lineage T Cells. Immunity 2012, 36, 348–361. [CrossRef]
128. van Loosdregt, J.; Fleskens, V.; Tiemessen, M.M.; Mokry, M.; van Boxtel, R.; Meerding, J.; Pals, C.E.G.M.;
Kurek, D.; Baert, M.R.M.; Delemarre, E.M.; et al. Canonical Wnt signaling negatively modulates regulatory
T cell function. Immunity 2013, 39, 298–310. [CrossRef]
129. Apavaloaei, A.; Brochu, S.; Dong, M.; Rouette, A.; Hardy, M.-P.; Villafano, G.; Murata, S.; Melichar, H.J.;
Perreault, C. PSMB11 Orchestrates the Development of CD4 and CD8 Thymocytes via Regulation of Gene
Expression in Cortical Thymic Epithelial Cells. J. Immunol. 2019, 202, 966–978. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

