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SUMMARY

Stem cell engineering and grafting of mesencephalic
dopamine (mesDA) neurons is a promising strategy
for brain repair in Parkinson’s disease (PD). Refine-
ment of differentiation protocols to optimize this
approach will require deeper understanding of
mesDA neuron development. Here, we studied this
process using transcriptome-wide single-cell RNA
sequencing of mouse neural progenitors express-
ing the mesDA neuron determinant Lmx1a. This
approach resolved the differentiation of mesDA and
neighboring neuronal lineages and revealed a
remarkably close relationship between developing
mesDA and subthalamic nucleus (STN) neurons,
while also highlighting a distinct transcription factor
set that can distinguish between them. While previ-
ous hESC mesDA differentiation protocols have
relied on markers that are shared between the two
lineages, we found that application of these high-
lighted markers can help to refine current stem cell
engineering protocols, increasing the proportion of
appropriately patterned mesDA progenitors. Our
results, therefore, have important implications for
cell replacement therapy in PD.

INTRODUCTION

A promising treatment for neurodegenerative disorders is cell-

replacement of clinically relevant neuron types engineered

from stem cells (Steinbeck and Studer, 2015). Parkinson’s dis-

ease (PD) is particularly attractive from this perspective, as

demonstrated by clinical studies using fetal grafts containing

mesencephalic dopamine (mesDA) neurons that degenerate in

disease (Barker et al., 2015). Intense efforts have focused on en-

gineering human pluripotent embryonic stem cells (hESCs) or

induced pluripotent stem cells into transplantable and functional

mesDA neurons (Doi et al., 2014; Jaeger et al., 2011; Kirkeby
et al., 2012; Kriks et al., 2011). For the development of such pro-

tocols, understanding the mechanisms underlying the normal

development of mesDA neurons has been critical, since the prin-

ciple strategy has been to culture stem cells under conditions

that mimic the signaling environment of the developing ventral

midbrain and caudal diencephalon, where mesDA neurons

are normally generated. However, major challenges remain

including cellular heterogeneity, batch-to-batch variability in dif-

ferentiation outcome, and a need to identify improved predictive

markers that can indicate successful graft outcome prior to

transplantation. Critical for moving forward toward robust proto-

cols is therefore to achieve a more comprehensive understand-

ing of the neuronal lineages developing in the vicinity of mesDA

neurons. Such knowledge would elucidate the likely contami-

nating neuron types, thereby providing gene profiles that can

inform the development of efficacious, clinically viable protocols

(Kirkeby et al., 2016, in this issue of Cell Stem Cell).

mesDA neurons are derived from neural progenitor cells

located in the ventral mesencephalon and caudal dienceph-

alon (Arenas et al., 2015; Marı́n et al., 2005). At early develop-

mental stages, spatially organized signaling events induce the

patterned expression of transcription factors including Lmx1a.

Lmx1a has a restricted expression pattern in progenitor cells in

the ventral mesencephalic and diencephalic (VMD) region and

was for this reason identified as a selective mesDA neuron-

specifying determinant (Andersson et al., 2006b). Together

with the highly related Lmx1b, Lmx1a is indeed essential in the

specification of mesDA neural progenitors as demonstrated by

gene ablation studies in mice (Deng et al., 2011; Yan et al.,

2011). Following mesDA neuronal lineage specification, progen-

itors exit the cell cycle and initiate both pan-neurogenic and

mesDA neuron-specific gene expression programs that are

dependent on additional transcription factors including Nurr1

and Pitx3 (Smidt et al., 2004; Zetterström et al., 1997). Thus,

a mesDA neuron-specific transcription factor signature has

been defined and shown to mediate essential functions in spec-

ification of neural stem cells and in the acquisition of mesDA

neuron-specific traits.

Despite these advances, the precise orchestration of mesDA

neurogenesis and how it relates to other types of neurons devel-

oping within the VMD region remains poorly understood and has
Cell Stem Cell 20, 1–12, January 5, 2017 ª 2016 Elsevier Inc. 1

mailto:nigel.kee@licr.ki.se
mailto:thomas.perlmann@ki.se
http://dx.doi.org/10.1016/j.stem.2016.10.003


Figure 1. Strong Axis of Differentiation Is Illustrated in Single-Cell Data

(A) Whole-mount micrographs of heterozygous E11.5 Lmx1a-EGFP embryos. EGFP fluorescence is shown to the right.

(B) Schematic depicting isolation strategy for EGFP-positive and -negative cells from the VMD region at different embryonic stages. The green domain and cells

indicate EGFP-positive cells. The cells in the lower image are colored according to embryonic age: E10.5 yellow; E11.5 orange; E12.5 red; and E13.5 black.

(C) PCA plot of all single cells based on 3,006 differentially expressed genes.

(D) All cells plotted according to their position along only PC1, arranged so as to be adjacent, but not overlapping. The cells are colored according to embryonic

age as in (A). The lower image depicts the frequency distribution along PC1 for each embryonic age. The lines are colored according to embryonic age.

(E) Expression levels of pan-neuronal markers Sox2, Ngn2, and Dcx plotted along PC1. The right hand images show triple co-immunostainings for Sox2, Ngn2,

and Dcx in VMD tissue in a coronal section at E12.5.

(F) Expression levels of mesDA neuronal lineage markers Corin, Nurr1, and Pitx3 plotted along PC1. The right hand images show triple co-immunostainings for

Corin, Nurr1, and Pitx3 in the VMD region in a coronal section at E12.5 (the scale bar represents 100 mm).
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not been resolved at the global gene expression level. As

a consequence, contaminating neuron types in stem cell engi-

neering remain insufficiently characterized. Newly developed

methods for analyzing mRNA expression in single cells (RNA

sequencing [RNA-seq]) are therefore of major interest since

they offer new opportunities to define cell relationships within

highly complex and dynamic tissues including the adult or fetal

brain (Darmanis et al., 2015; Jaitin et al., 2014; Klein et al.,

2015; Macosko et al., 2015; Pollen et al., 2014; Shalek et al.,

2014; Treutlein et al., 2014; Zeisel et al., 2015).

To study mesDA and neighboring neuronal lineages, we

performed single-cell RNA-seq of cells from the developing

mouse VMD region that either express or do not express the

transcription factor Lmx1a. Computational analysis of these

data uncovered an unexpected strong relationship between

mesDA and STN neural lineage development. Further histolog-

ical, genetic, and in vitro stem cell analyses confirmed this

relationship in mouse and human embryos. Importantly, our

analysis uncovered new markers that can distinguish between

early mesDA and STN development, while classical dopami-

nergic markers previously used in stem cell engineering are

shared between the two lineages. These data therefore have

important implications for strategies aimed at robust generation

of highly enriched mesDA neurons for transplantation in PD

(Kirkeby et al., 2016).
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RESULTS

Single-Cell RNA-Seq Reveals a Strong Axis of
Differentiation
To resolve mesDA neuron development at the genome-wide

gene expression level, we took advantage of a mouse line ex-

pressing EGFP from the Lmx1a locus (Lmx1aEGFP mice) (Deng

et al., 2011). Proliferating mesDA neural progenitors exit the

cell cycle roughly between embryonic (E) day 10 to E13.5 in

the mouse. Fluorescent-activated cell sorting (FACS) was used

to isolate both EGFP-positive and negative single cells (in total

550 cells) from dissected VMD tissue from Lmx1aEGFP heterozy-

gous mice at 4 embryonic days from E10.5 to E13.5 (Figures 1A,

1B, and S1; Supplemental Experimental Procedures). Libraries

for RNA-seq were generated using the Smart-seq2 method (Pi-

celli et al., 2013), and sequenced to a depth of at least 400,000

uniquely mapped reads, displaying a mean Spearman correla-

tion of 0.45 when considering all genes expressed above a reads

per kilobase transcript and million mappable reads (RPKM) cut-

off of one (Figure S1A). Additionally, 100-cell pool bulk RNA sam-

ples were prepared in parallel, with six replicates in four groups

(EGFP negative and positive cells from E10.5 and E13.5) that

clustered in agreement with in silico bulk samples constructed

from corresponding single cells (Figure S1B). The 100-cell pools

were used to generate an instructive gene set consisting of 3,006
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differentially expressed genes that were used in further analysis

(Figure S1C).

Considering this gene set, principal-component analysis

(PCA) illustrated a strong axis of age along principal component

one (PC1; Figure 1C). Thus, the density of all cells’ ages along

PC1 followed an expected timing, with E10.5 cells occupying

negative ranges, and E13.5 cells occupying positive ranges (Fig-

ure 1D). EGFP positive and negative cells were dispersed along

this component (Figure S1D).

Expression of established neural differentiation markers

also conformed to PC1’s age axis. Higher expression of pro-

genitor markers including Sox2 was seen toward the left, while

expression of the post-mitotic neuronal markers including

doublecortin (Dcx) was higher toward the right (Figures 1E

and S1E). Pro-neural genes, including Ngn2, Ascl1, and

Neurod1, and regulators of the Notch signaling pathway are

crucial for the transition of proliferating progenitors into post-

mitotic neurons and were expressed toward the center of

PC1 (Figures 1E and S1F). This transition was further illustrated

by the expression of additional pro-neural genes that, as pre-

dicted from previous studies, describe neurogenic cascades

along PC1 (Figure S1G).

Known mesDA neuronal lineage markers also showed a pre-

dictable distribution along PC1 (Figures 1F and S1H). mesDA

neuron progenitor markers including Corin were high toward

the left, while Nurr1 (Nr4a2) and Pitx3, two critical post-mitotic

mesDA transcription factors, as well as mature mesDA neuron

markers Th, Slc6a3, and Slc18a2, were high toward the right of

PC1 (Figures 1F and S1H). Notably, subtle timing differences

were also recapitulated along PC1. For example, Ascl1 expres-

sion precedes the highest density ofNgn2 expression (Figure 1G)

(Andersson et al., 2006a; Kele et al., 2006), while Nr4a2 is ex-

pressed slightly earlier than Pitx3, an order also seen in vivo (Fig-

ure 1F). Additionally, non-dopaminergic markers such as the Gli

transcription factors, Nkx6-1, Isl1, and Lhx5 were detected (Fig-

ure S1I), illustrating that cells were derived from both EGFP-pos-

itive and EGFP-negative lineages. Together, these results show

that single-cell RNA-seq has a remarkable potential to recon-

struct the VMD lineage development at the genome-wide

expression level.

Identification of Parallel Lmx1a-Expressing Neuronal
Lineages
We next employed Monocle (Trapnell et al., 2014) to determine a

temporal order in our single-cell data (Experimental Procedures).

The Monocle-derived pseudotime differentiation axis matched

very closely with PC1 (Figure 2A), showing the same distribution

of cell age. Additionally, Monocle’s unsupervised clustering

generated multiple clusters of co-varying genes (Figure S2A),

each enriched for gene ontology (GO) terms dominating succes-

sive phases of differentiation.

After establishing an axis of neural differentiation, explaining

by far the largest source of variation in the data, we next sought

to delineate more subtle differences between neuronal sub-

types. In principle, Lmx1a-EGFP positive and negative lineages

should be distinct and represented by cells found across all

stages of pseudotime. A trend for such separation is recognized

along PC3 (Figure S1D ii). However, Spearman correlation

considering the original 3,006 genes, all expressed genes, or
the top 1,000 variable genes, could not recapitulate these

expected FACS-based Lmx1a-EGFP positive and negative

groups (Figures S2B–S2D). Thus, we curated an instructive

lineage-defining gene set (termed Lineage Intersect gene set),

depleted of genes involved in pan-neuronal differentiation,

from commonly differentially expressed genes between EGFP

positive and negative cell pools derived from both E10.5 and

E13.5 (see Figure S2E). Spearman correlation clustering based

on this gene set strongly divided into four main branches: two

progenitor and two post-mitotic branches, as indicated by the

cells’ pseudotime values (Figure 2B i). Additionally, one progen-

itor and one post-mitotic branch each were classified into

Lmx1a-EGFP-positive and -negative clusters that matched

closely with the cells’ original FACS-based classification. Only

five cells considered negative by FACS clustered in the

Lmx1a-positive group, while 45 cells considered FACS positive

clustered in the Lmx1a-negative group. Thismatched our expec-

tations, as a relaxed fluorescence gating was intentionally used

while sorting to avoid missing cells expressing low levels of

EGFP (Figure S2F). Scatterplots depicting gene expression

across these two groups confirmed our clustering, with mesDA

neuron-specific genes including Lmx1a, Lmx1b, Corin, Wnt1,

Th, and Pitx3 expressed at high levels in the Lmx1a-positive

group (Figure 2B ii). Conversely, Gli1, Dlx1, Gad1, Lhx5, Gata2,

and Isl1 were expressed at high levels in the Lmx1a-negative

group indicating, as expected, that non-dopaminergic neurons

such as oculomotor neurons and GABAergic interneurons are

included in this cluster (Figure 2B iii).

An important challenge is to uncover previously unknown sub-

divisions in Lmx1a-expressing cells. We considered two bio-

informatic tools; t-distributed neighbor embedding (t-SNE) and

graph-based clustering, recently proposed to effectively resolve

high-dimensionally rich non-parametric data sets (Levine et al.,

2015). We combined these tools in a novel workflow, using

Euclidean distance after t-SNE projection to construct a force-

directed graph of the nearest-neighbor network across all cells

(Figures 2C–2E and S2G–S2K) (van der Maaten, 2014). Addition-

ally, we employed a weighted PCA as input into the t-SNE

projection (Figures S3A–S3D; Experimental Procedures). This

resulted in a network map that strongly segregated early and

late cells based on pseudotime, while also confirming our earlier

classification of Lmx1a-positive and Lmx1a-negative cells.

Reads were also mapped to an eGFP reference sequence

and, as expected, expression was clearly restricted to Lmx1a-

positive cells (Figure S2G). Interestingly, the network map also

indicated the existence of two segregating Lmx1a-positive

sublineages displaying parallel, unbroken pseudotime axes (Fig-

ure 2D), a pattern we were unable to replicate using pre-existing

bioinformatic approaches (Figures S3E–S3H). These axes were

also clear when using the alternative expression normalization

approach (transcripts per million; Figure S3I). We refer to the

three axes as Axis-1, Axis-2, and Lmx1a-neg.

The emergence of two Lmx1a-positive axes (Axis-1 and

Axis-2) suggested the existence of at least two Lmx1a-ex-

pressing sublineages. To investigate this, expression values

were plotted for known dopaminergic and non-dopaminergic

markers. As expected, non-dopaminergic markers were highly

expressed in Lmx1a-neg axis (Figure S2H). Several known

dopaminergic markers such as Lmx1a, Lmx1b, C130021l20Rik,
Cell Stem Cell 20, 1–12, January 5, 2017 3



Figure 2. Separation of Two Distinct Lmx1a-Positive and One Lmx1a-Negative Pseudotime Axes

(A) (i) Cells are colored as in Figure 1B. The monocle’s pseudotime trajectory is depicted by a thick black line traversing though a sprawling minimum spanning

tree. (ii) The cell density is plotted along PC1 and colored by pseudotime. Blue: early pseudotime and red: late pseudotime.

(B) (i–iii) Euclidean distance heatmap of cells based on Spearman correlation when considering the Lineage Intersect gene list. The clustering tree (left and top)

divides into four main branches (i’: early Lmx1a-positive cluster; ii’: late Lmx1a-positive cluster; iii’: early Lmx1a-negative cluster; and iv’: late Lmx1a-negative

cluster). The right hand bars indicate cells’ pseudotime age (blue: early and red: late), FACS classification (green: GFP-positive and gray: GFP-negative), and

assignment into either Lmx1a-positive (green) or Lmx1a-negative (red) lineages. (ii) The expression of mesDA markers in Lmx1a-negative (red) and Lmx1a-

positive (green) lineages is shown. (iii) The expression of non-dopaminergic VMDmarkers in Lmx1a-negative (red) and Lmx1a-positive (green) lineages is shown.

(C) t-SNE network plot shows a left-to-right distribution of cells roughly conforming to their established pseudotime order. Blue: early pseudotime and red: late

pseudotime.

(D) Cells plotted as in (C). The assignment to either Lmx1a-positive (green) or Lmx1a-negative (red) lineages fromFigure 2B i is indicated. The t-SNE plot separates

into two parallel Lmx1a-positive axes (Axis-1 and Axis-2) and one Lmx1a-negative axis (Lmx1a-neg).

(E) t-SNE plots displaying expression of known mesDA markers.
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Foxa1, Foxa2, Otx2, Msx1, and Nurr1 (Nr4a2), in addition to

the developmental signaling molecules Shh, Wnt1, Wnt5a, and

Cxcr4were expressed at their expected early or late pseudotime

points and were equally expressed in both Axis-1 and Axis-2

(Figures 2E i and S2I). Notably, many of these genes are essential

markers commonly used to assess differentiation outcomewhen

generating mesDA neurons from human pluripotent stem cells
4 Cell Stem Cell 20, 1–12, January 5, 2017
(Doi et al., 2014; Jaeger et al., 2011; Kirkeby et al., 2012;

Kriks et al., 2011). Surprisingly, however, multiple classic dopa-

minergic markers including Corin, Msx2, En1, and Pitx3 were

confined to only Axis-1 (Figure 2E ii). Additionally, at late pseudo-

time, Axis-2 contained lower levels of Th, Slc6a3, and Slc18a2,

compared to the late pseudotime region of Axis-1 (Figure S2J).

Thus, Axis-2 appeared to be non-dopaminergic.



Figure 3. Gene Signatures Identified by WGCNA Distinguish Axis-1 from Axis-2

(A) Relative expression levels (dark brown: high expression; yellow: low expression; and white: no expression) of gene signatures identified to be expressed in

both Axis-1 and Axis-2. The representative genes are indicated for each signature. The top signature is strongly expressed from early through to late pseudotime;

the middle signature is mostly active at early pseudotime, while the bottom signature is active only at late pseudotime.

(B) Relative expression levels of gene signatures identified to be expressed selectively in Axis-1. The representative genes are indicated for each signature and

include many known mesDA markers. The top, middle, and bottom signatures are strongly expressed throughout, at early or at late pseudotime, respectively.

(C) Relative expression levels of the identified gene signature active in Axis-2.

(D) In situ hybridization expression patterns from sagittal sections of E11.5 mouse embryos from the Allen Developing Mouse Brain Atlas of genes present in (C).

The expression was consistently confined to a domain in the developing diencephalon that appears rostral to developing mesDA neurons.
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Neuronal Identity of Axis-2
To investigate what genes may describe Axis-2, neighboring

cells within the graph were assigned to one of 27 unsupervised

clusters using Infomap graph-based community detection (Ros-

vall and Bergstrom, 2008) (Figure S4A i). To specifically isolate

only lineage related genes by an unbiased approach, single-

cell differential expression (SCDE) (Kharchenko et al., 2014)

was performed between cluster pairs only of similar pseudotime

age. Significant genes were then analyzed using weighted gene

co-expression network analysis (WGCNA) (Langfelder and Hor-

vath, 2008), a clustering approach that groups similarly behaving

genes into gene signatures based on the topological overlap of

their expression across all cells. Cells were then correlated

against each gene signature and their score plotted on the
t-SNE network (Figure 3). Considering the Lmx1a-neg axis, mul-

tiple gene signatures described GABAergic and glutamatergic

lineages known to develop within the VMD region and caudal

hypothalamus (Figure S4B). When considering the two Lmx1a-

positive axes, most gene signatures fell into two categories,

those present in both Axis-1 and Axis-2 (Figure 3A) or those

confined to only Axis-1 cells (Figure 3B). Strikingly, one gene

signature including Barhl1, Barhl2, Dbx1, Epha3, Wnt8b,

Rspo2, Nkx2-1, Nkx2-4, Irx3, Irx5, and Pitx2 was confined to

Axis-2, distinguishing this gene signature from the dopaminergic

lineage (Figure 3C). Almost all genes in this signature were

strongly expressed from the beginning of pseudotime, while

many genes, including Barhl1/2 and Pitx2, remained strongly ex-

pressed into late pseudotime (Figure S4C). Interrogation of Allen
Cell Stem Cell 20, 1–12, January 5, 2017 5



Figure 4. Immunohistochemistry of Identified Axis-2 Markers
(A) Sagittal schematic of an E11.5 embryo, boxed section depicts image boundary in (C). The caudal Lmx1a domain expressing mesDA genes is indicated in

green, while the rostral Lmx1a domain expressing STN genes is indicated in red.

(legend continued on next page)
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Developing Mouse Brain Atlas in E11.5 mouse embryos demon-

strated specific expression in a rostral Lmx1a-expressing

domain (Figure 3D) (Thompson et al., 2014) (Allen Institute for

Brain Science available from http://www.developingmouse.

brain-map.org). Importantly, the expression of Pitx2, one of eight

transcription factors present in this gene signature, has previ-

ously been mapped to the rostral/ventral diencephalon where

it has been implicated in the development of the subthalamic nu-

cleus (STN) (Asbreuk et al., 2002; Martin et al., 2004; Smidt et al.,

2000), raising the possibility that this glutamatergic lineage may

arise from rostral Lmx1a-expressing progenitor cells.

To clarify this in silico-derived rostro-caudal division of Axis-1

and Axis-2, we performed immunohistochemistry on sagittal

sections from E11.5 Lmx1aEGFP heterozygote embryos (Figures

4C and S5A). EGFP extended rostrally from the midbrain into the

developing diencephalon (Figures 4C and S5A, arrowheads).

Corin, TH, Pitx3, and En1 were confined to caudal regions of

the EGFP domain, thus defining the boundaries for mesDA

development and genes confined to Axis-1. In contrast, markers

confined to Axis-2 (Epha3, Barhl1, Dbx1, Nkx2-1, and Pitx2)

were expressed immediately rostral to the mesDA neuron

markers, extending further into the diencephalon. Consistent

with their expression in both Axis-1 and Axis-2, Nurr1 (Nr4a2)

and FoxA2 spanned both rostral and caudal Lmx1a domains

(Figure 4C, bottom right). Nkx2-1 was only weakly expressed

within the rostral Lmx1a-expressing domain, however, much

stronger Nkx2-1 staining extended past the rostral boundary of

Lmx1a expression (Figure S5A, top, yellow bracket), overlapping

a domain also expressing Foxb1, a marker for developing

mammillary bodies and hypothalamic neural populations (Fig-

ure S5A, bottom) (Zhao et al., 2008). Together, the expression

of these markers defines two Lmx1a-expressing domains: a

caudal domain undergoing mesDA neurogenesis, and an adja-

cent rostral domain expressing many classical mesDA progeni-

tor and early differentiation markers, but, additionally, the unique

gene signature of Axis-2. Interestingly, Lmx1a-expressing

caudal mesDA progenitors can be further distinguished based

on En1 expression, with little or no En1 protein more anteriorly

(Figure 4C, top right, red arrowhead) and strong expression

closer to the mid/hindbrain boundary (Figure 4C, top right, red

arrow).

Analysis of Lmx1aEGFP heterozygous embryos at later stages

corroborates the identity of the Axis-2 lineage. At E13.5, at a level

immediately rostral to mesDA neurons, EGFP co-localizes with

Barhl1, Pitx2, and Epha3 in rostrotangentially migrating neuro-

blasts (Figures S5B and S5C, top). At E17.5, EGFP, Barhl1, and

Pitx2 are co-localized in the maturing STN, but not in ventrally
(B) Sagittal schematic of an E17.5 embryo is shown in the top right corner indicatin

LH.

(C) Immunostaining of indicated markers in sagittal sections from E11.5 Lmx1aEG

indicate the rostro-caudal boundaries of the EGFP expression. The red arrowhea

represents 100 mm).

(D) Immunostaining of indicated markers in coronal sections from E17.5 Lmx1aE

section in B). The white boxed regions are shown in higher magnification below, w

ventrally located lateral hypothalamic neurons expressing Pitx2 do not co-expre

(E) qPCR analysis of primary dissected human tissue displays the segregation o

(F) Schematic of week 7.5 human embryo showing rostral to caudal levels of sec

(G) FOXA2, BARHL1, and EN1 expression at three rostro-caudal levels of week 7

adjacent higher magnifications. As in the mouse, the strongest EN1 expression i
located Pitx2 expressing neurons of the lateral hypothalamus

(Figure 4D). At this age, EGFP stainingwas also observed outside

the STN. To clearly visualize other neuron types emerging from

rostral Lmx1a-expressing progenitors, a mouse line with a

tamoxifen-inducible Cre targeted to the Lmx1a locus was

crossedwith a reportermouse line. Expression of this fluorescent

reporter showed that, in addition to the STN, Lmx1a express-

ing progenitors contribute to other diencephalic-hypothalamic

nuclei (for details, see Figures S6A–S6T). Interestingly, Lmx1a,

Pitx2, and Barhl1 are co-expressed in virtually all cells of the

STN and show permutations of co-expression in other dience-

phalic/hypothalamic glutamatergic neurons (Figures S6M–S6P).

This characterization demonstrates that Axis-2 corresponds to

Lmx1a-positive neural progenitors with an expression profile

matching that of glutamatergic neurons of the STN.

Next, we investigated the segregation of Axis-1 and Axis-2

genes in the developing human brain. qPCR analysis of

dissected 5.5 week human diencephalon and midbrain showed

segregation of Axis-2 (BARHL1/2, WNT8B, NKX2-1/4, and

DBX1) and Axis-1 (EN1/2, WNT1, and CNPY1) genes, a pattern

that was repeated in 7.5-week-old rostral versus caudal VMD

samples (Figure 4E). 7.5 week human expression patterns of

key transcription factors recapitulated themouse data, as shown

by DAB immunostaining of FOXA2, BARHL1, and EN1 through

either the developing diencephalon (Figure 4G, left) or more

posterior rostral and caudal VMD region (Figure 4G, middle

and right, respectively).

Related Transcription Factor Signature in STN and
mesDA Neurons
Our data revealed a strong transcriptional relationship between

mesDA and STN neuronal lineages and show that several critical

mesDA neuron transcription factors are co-expressed in STN

neural progenitors including Lmx1a/b, Foxa1/2, Otx2, Foxp1/2,

andMsx1. Lmx1a-EGFP knockout mice display amodest reduc-

tion in the number of mesDA neurons, while genetic ablation of

both Lmx1a and Lmx1b results in a complete disruption of

mesDA neurogenesis (Deng et al., 2011; Yan et al., 2011). Inter-

estingly, Lmx1a-EGFP homozygous knockout embryos dis-

played a reduction in size of the STN (Figure S5F). To determine

if, similar to mesDA neuron development, generation of the STN

requires both Lmx1a and Lmx1b, strains of floxed Lmx1a and

Lmx1b mice were crossed with CAGG-CreERT2 mice (Hayashi

and McMahon, 2002) to generate animals in which both Lmx1a

and Lmx1b could be conditionally ablated by tamoxifen

treatment (see Experimental Procedures). Embryos tamoxifen

treated at E10.5, a time point after the developmental window
g developingmesDA (green) and STN (red) neurons. STN, lateral hypothalamus:

FP heterozygous embryos. All sections were stained for EGFP. The arrowheads

d or arrow indicates weak or strong En1 expression, respectively (the scale bar

GFP heterozygous embryos. The top shows low-magnification images (boxed

here Lmx1a, Pitx2, and Barhl1 are strongly co-expressed within the STN. The

ss Lmx1a or Barhl1.

f Axis-1 and Axis-2 genes in week 5.5 and 7.5 VMD tissue.

tions in (G).

.5 human ventral diencephalon and midbrain. The boxed regions are shown in

s seen at the most caudal level (black arrows).
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Figure 5. Lmx1a and Lmx1b Are Essential

for STN Neurogenesis

(A) Left: sagittal schematic of an E17.5mouse brain

showing rostro-caudal levels at which embryos

were sectioned (B and C). The rostral level coronal

schematic depicting STN neurons (red) and lateral

hypothalamic (LH) neurons (gray) is shown (mid-

dle). The caudal level coronal schematic depicting

mesDA neurons (green) is shown (right).

(B) Immunohistochemistry of Barhl1/Pitx2 double

or Barhl1/FoxB1/vGlut2 triple stains in control (top

row) and Lmx1a/Lmx1b double conditional

knockout embryos (bottom row). The right most

image shows in situ hybridization for vGlut2mRNA.

The STN nucleus is absent in conditional knockout

embryos, while ventrally located lateral hypotha-

lamic neurons remain (the scale bar represents

100 mm).

(C) Immunohistochemistry of mesDA neuron

markers Pitx3 and TH in control (top) and Lmx1a/b

double conditional knockout embryos (bottom).

The mesDA neurons are almost completely lost in

the conditional knockout.

(D) Left: two-way Student’s t test statistical quan-

tification of (B) showing significant loss of Pitx2 and

Barhl1 co-expressing cells (p < 0.001, mean ± SD,

n = 4 control, and five knockout [KO] animals).

Two-way Student’s t test of (C) displays significant

loss of Pitx3 expressing cells (p < 0.05, mean ± SD,

n = 3 control, and three KO animals) (right).
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where Lmx1b influences the mid/hindbrain border (Guo et al.,

2007), appeared morphologically normal; however, STN neuro-

genesis was severely disrupted. Thus, at E13.5, developing

STN neurons could not be seen in their appropriate rostrolateral
8 Cell Stem Cell 20, 1–12, January 5, 2017
position compared to control littermates

(Figure S5C, lower), and at E17.5

the characteristic olive shaped STN dis-

playing co-localized Barhl1, Pitx2, and

vGlut2 expression in control embryos

was completely lost in mutants (Figures

5B and 5D, left). Ventrally located lateral

hypothalamic neurons displaying expres-

sion of Pitx2, Foxb1, and vGlut2 were not

lost. As expected, mesDA neurogenesis

was abolished in these embryos as

shown by an almost complete absence

of mesDA neuron markers Pitx3 and TH

(Figures 5C and 5D, right). In conclusion,

the close lineage relationship indicated

by a co-expressed transcription factor

code extends to a functional co-depen-

dency on Lmx1a and Lmx1b for develop-

ment of both mesDA and STN neurons.

Rostrocaudal Fine Patterning of
ESCs Can Bias Differentiation of
Axis-1 or Axis-2 Lineages
Wewished to investigate if fine-tuned ros-

trocaudal patterning ofmouse ESCs could

bias differentiation toward either Axis-1 or
Axis-2 lineage development. GSK-3 beta inhibitors have been

used to direct rostrocaudal patterning of differentiating hESCs

into mesDA neurons (Kirkeby et al., 2012; Kriks et al., 2011; Xi

et al., 2012). VMD patternedmouse ESCs (mESCs) were cultured



Figure 6. Rostrocaudal Patterning of ESC

Differentiations Segregates Axis-1 and

Axis-2 Genes

(A) (i–iv) mESCs were differentiated across a

gradient of CHIR99021 and stained for Lmx1a/b

(Lmx1) and Pitx2 (the scale bar represents

50 mm). The quantification across the gradient of (ii)

percent Lmx1a/b (Lmx1) single positive, (iii)

Lmx1a/b-Pitx2 double positive cells, or (iv) the ratio

of Lmx1a/b (Lmx1) versus Lmx1a/b-Pitx2 double

positive cells (mean ± SD) is shown.

(B) (i–iii) Schematic illustrating lentiviral vectors,

which drive the expression of either Foxa2/Lmx1a

or Foxa2/Lmx1a/Barhl1. (ii) Cells cultured as in (A),

using 0.4 mM CHIR99021, transduced with indi-

cated viruses, and immunostained for Lmx1/Pitx2.

(iii) Two-way Student’s t test displays a significant

increase in Lmx1a/b-Pitx2 double positive cells

after forced expression of Barhl1 (p < 0.001,

mean ± SD, non-transduced n = 20, FL n = 60, and

B-FL n = 60).

(C) (i–iii) hESCs were differentiated according

to Kirkeby et al. (2012), along a gradient of

CHIR99021 and immunostained for Lmx1/FoxA2

(i), Lmx1/Pitx2 (ii), or FoxA2/Barhl1 (iii) (the scale

bar represents 100 mm).
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along a concentration gradient of GSK-3 inhibitor CHIR99021.

Consistent with their profile in both rostral and caudal domains,

Lmx1/Foxa2 double positive and Lmx1 single positive cells were

observed at both low and high levels of inhibitor (Figures S6U ii

and iii and 6A i and ii). By contrast, rostral domain Lmx1/Pitx2

double positive cells were observed only at low concentrations

of CHIR99021, with their proportion dropping sharply above

0.4 mM (Figures 6A iii and iv). Additional Axis-1 and Axis-2 genes

reproduced this rostro-caudal segregation (Figure S6U i).

The persistent expression of Barhl1 from early progenitors

into mature STN neurons indicates an important role for this
transcription factor in distinguishing

rostral versus caudal Lmx1a-expressing

lineages. We therefore tested if forced

expression of Barhl1 also influenced the

ratio of rostral Lmx1/Pitx2 double posi-

tive cells versus caudal Lmx1 single pos-

itive cells in mESC-derived progenitors

patterned by 0.4 mM CHIR99021. Indeed,

forced expression of Barhl1 (together

with Lmx1a and Foxa2) significantly

increased the proportion of Lmx1/Pitx2

double positive cells as compared to

non-transduced cells or Lmx1a and

Foxa2 transduced cells (Figure 6B).

Considering that roughly 15% of all pro-

genitors were transduced (Figure S6V),

the results indicate a high efficiency in-

duction of Lmx1/Pitx2-positive progeni-

tors. Together, these results suggest

that Barhl1 may function as a lineage

determinant in ventral diencephalic

Lmx1a progenitor cells.
The finding that classical mesDA neuron markers used to

assess differentiation outcome are all co-expressed in the

more rostral STN lineage is of considerable relevance for human

therapeutic stem cell engineering and raises the concern that

previous stem cell protocols may have been guided toward gen-

eration of both mesDA neurons and more rostral glutamatergic

neurons. We therefore tested if fine-tuned rostrocaudal pattering

using CHIR99021 has potential to further refine differentiation

outcome of VM patterned hESCs (Kirkeby et al., 2012). Differen-

tiation at CHIR99021 concentrations ranging from 0.4–1 mM re-

sulted in the majority of neural progenitors expressing LMX1A,
Cell Stem Cell 20, 1–12, January 5, 2017 9
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FOXA2, andOTX2 (Figures 6C and S6W). Importantly, many cells

were PITX2/LMX1 and BARHL1/FOXA2 double positive at

0.4–0.6 mM, while these progenitors were mostly absent in

more caudalized cultures differentiated at higher concentrations

of CHIR00021. Thus, fine patterning of rostrocaudal level has po-

tential to eliminate more rostral contaminating cell types under

conditions that would otherwise appear appropriately patterned

based on co-expression of LMX1A, FOXA2, and OTX2. Indeed,

consistent with this conclusion, Kirkeby et al. (2016) demon-

strate that caudalizing culture conditions eliminates STN neuron

contamination and markedly improves hESC differentiation and

grafting outcome.

DISCUSSION

A motivation for understanding mesDA neuron development is

the prospect of using stem cell derived mesDA neurons in cell-

replacement therapy, a strategy requiring detailed understand-

ing of mesDA neurogenesis for the production of clinically viable

transplantable cells. Here, we demonstrate that single-cell RNA-

seq can be used to robustly reconstruct mesDA neurogenesis

with high temporal resolution. Importantly, we show that essen-

tially all markers used to verify developing stem cell-derived

human mesDA progenitor cells prior to grafting in PD animal

models are shared between caudal dopaminergic and more

rostral glutamatergic Lmx1a-expressing progenitor cells giving

rise to the STN. These findings suggest that more robust gener-

ation of human mesDA neurons from stem cells may require pre-

cise rostro-caudal patterning that surveys the expression of STN

markers, in particular when considering that GSK-3 inhibitor

mediated manipulation of the rostrocaudal axis may vary be-

tween different hESC and patient specific iPSC lines. Moreover,

grafted cells are transplanted at an immature stage before termi-

nal dopaminergic markers are expressed, emphasizing the need

to identify specific early markers that can better predict graft

outcome. Importantly, Kirkeby et al. (2016) show that STN neu-

rons are indeed a source of contamination in grafted cells and,

in line with the single cell analysis, demonstrate that fine-tuned

rostro-caudal patterning reduces STN marker expression and

significantly improves graft outcome.

Additional mesDA neuron subtypes, recently described using

a single cell qPCR approach (Poulin et al., 2014), were not

seen in our data, presumably because mesDA neuron subtypes

become distinguished at later stages of development than

analyzed here. However, our single cell analysis has elucidated

diversity of VMD cells that neighbor the developing Lmx1a line-

age, including Dlx/Pax6 or Gata2-3/Tal1/Sox14 expressing

GABAergic neurons, Onecut1-2/Foxd2 expressing glutamater-

gic neurons, and Isl1/Phox2a-b expressing oculomotor neu-

rons. Since mesDA stem cell protocols are designed to mimic

the regional context of the developing VMD region, we expect

these data will contribute an important resource in refining

stem cell engineering protocols enriching for mesDA or neigh-

boring lineages. To facilitate this, we provide a web-based

resource whereby any individual gene can be projected onto

our single cell data set (http://rshiny.nbis.se/shiny-server-

apps/shiny-apps-scrnaseq/Kee_2016/).

Understanding how cell type diversity in the CNS is generated

has been a long-standing research focus, and numerous studies
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have unravelled principles underlying lineage specification and

pan-neuronal differentiation. Of note, analysis of the single-cell

data resolved multiple, but distinct, phases of progressive

neuronal maturation. For example, the reconstituted differentia-

tion axis illustrated poorly understood transitions in progenitor

cell maturation. In vivo, the ventricular zone harbors proliferating

progenitors at least until E13.5. However, in silico progenitor

cells exhibit diverse attributes along PC1 that distinguish an early

phase of rapid cell division from a later phenotype associated

with slower proliferation and induction of factors promoting

pan-neuronal differentiation (Figures S1E–S1G). The regulatory

program guiding this temporal switch is not clearly understood,

and additional analysis of single-cell data thus holds potential

to resolve key mechanisms governing such transitions. From a

clinical perspective, further understanding of temporal transi-

tions can potentially help to control multiple parameters relevant

to stem cell therapies, including efforts to isolate appropriately

staged progenitors (Ganat et al., 2012) or derive adult-like neu-

rons more rapidly during in vitro stem cell differentiation (Nicho-

las et al., 2013).

Computationally, we found that interrogation of our data was

more successful when considering the Lineage Intersect gene

list, as compared to top variable genes or all expressed genes.

In data sets where a differentiation path contributes substantially

more variation than lineage differences, applying lineage-centric

gene lists may prove useful in resolving subtle features from

whole transcriptome data. Further, while we employed differen-

tial expression to weight genes before tSNE projection, in prin-

cipal, other rationales can be used, such as consideration for

the biological relevance of a gene or gene set or the expression

of reporter transgenes.

Three transcription factors in the identified STN gene signa-

ture, Lmx1a, Barhl1, and Pitx2, were maintained in STN cells at

all ages. Permutations of these transcription factors were ex-

pressed in additional hypothalamic neurons, suggesting that

the STN may head a family of related neural subtypes emerging

from the diencephalic Lmx1a-expressing domain. The STN is a

key relay station of the indirect output pathway of the basal

ganglia, a circuitry that is critically modulated by mesDA neuro-

transmission (DeLong, 1990). As a consequence of mesDA

neuron degeneration in PD, glutamatergic excitatory output

from the STN is increased, providing the rationale for deep brain

stimulation of the STN to relieve motor symptoms in PD patients

(Benabid et al., 2009). Our analysis reveals a remarkably close

relationship between mesDA and STN neuronal lineages, but

additionally suggests candidate factors critical for specification

of STN neurons. Given their selective expression in diencephalic

Lmx1a progenitors, Barhl1/2, Pitx2, and Dbx1 in particular stand

out. Further, our finding that forced expression of Barhl1 in

mouse ESC-derived progenitors can robustly induce Pitx2/

Lmx1 expressing cells is also consistent with a function in STN

neuron determination. Interestingly, no transcription factors pre-

viously found to be essential for mesDA neurogenesis are specif-

ically expressed in all mesencephalic Lmx1a progenitors. Taken

together, these observations suggest that Barhl1may function to

distinguish between these two neuron types by suppressing the

mesDA neural fate while promoting STN neuron commitment.

In summary, our single cell analysis uncovered mesDA neuro-

genesis at high resolution at the genome-wide expression level
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and identified a close relationship with developing STN neurons.

Many signaling molecules and transcription factors are shared

between the two lineages, several of which have been essential

to predict successful differentiation of human pluripotent stem

cells into mesDA progenitors. Moving forward, it is likely that

graft heterogeneity between different hESC lines, patient spe-

cific iPSC lines, and protocols (Kirkeby et al., 2016) will present

a considerable barrier. Our results thus have important implica-

tions for faithful and highly reproducible production of clinical

grade transplantable mesDA cells.

EXPERIMENTAL PROCEDURES

Library Preparation and Sequencing

VMD tissue was dissected from Lmx1a-EGFP ± embryos, dissociated, and

sorted into positive of negative fractions by FACS. Single cells or 100-cell

pools were manually picked and processed using the Smartseq2 protocol

(Picelli et al., 2014). Reads were aligned to the mm10 genome, and expression

values calculated using rpkmforgenes. See Supplemental Experimental Pro-

cedures for further details.

Bioinformatics Analyses

For bioinformatic analyses, see Supplemental Experimental Procedures.

Immunohistochemistry and Knockout Mice

All mouse tissue was collected, frozen, and immunostained as described

in Supplemental Experimental Procedures. Lmx1a/b double flox mice were

crossed with CAGG-CreERT2 mice, pregnant mothers were treated with

tamoxifen by gavage at E10.5, embryos collected at E13.5 or E17.5, and finally

processed for immunohistochemistry. All animal experiments were approved

by the local animal ethics committee and conform to the relevant regulatory

standards.

Human Tissue

Human fetal tissue was obtained from legally terminated embryos with

approval of the Swedish National Board of Health and Welfare in accordance

with existing guidelines including informed consent from women seeking

elective abortions. The gestational age of each embryo was determined by

measuring the crown-to-rump length and neck-to-rump length. See Supple-

mental Experimental Procedures for further details.

ESC Differentiations

For the monolayer protocol, mESCs were differentiated for 7 days, RNA was

extracted using RNEasy micro kits (QIAGEN), cDNA was synthesized, and

SYBR Green qPCR was performed. For the 5-stage protocol, mESCs were

differentiated for 10 days and processed for immunohistochemistry. hESCs

were differentiated as previously described (Kirkeby et al., 2012). Lentiviral

particles were produced as previously described (Zufferey et al., 1997). See

Supplemental Experimental Procedures for further details.
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