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ARTICLE
Quantitative high-throughput gene expression profiling

of human striatal development to screen stem cell-derived
medium spiny neurons

Marco Straccia', Gerardo Garcia-Diaz Barriga', Phil Sanders', Georgina Bombau', Jordi Carrere', Pedro Belio Mairal', Ngoc-Nga Vinh?,
Sun Yung?, Claire M Kelly? Clive N Svendsen?, Paul J Kemp?, Jamshid Arjomand*®, Ryan C Schoenfeld*¢, Jordi Alberch’, Nicholas D Allen?,
Anne E Rosser? and Josep M Canals’

A systematic characterization of the spatio-temporal gene expression during human neurodevelopment is essential to understand
brain function in both physiological and pathological conditions. In recent years, stem cell technology has provided an in vitro tool
to recapitulate human development, permitting also the generation of human models for many diseases. The correct differentia-
tion of human pluripotent stem cell (hPSC) into specific cell types should be evaluated by comparison with specific cells/tissue
profiles from the equivalent adult in vivo organ. Here, we define by a quantitative high-throughput gene expression analysis the
subset of specific genes of the whole ganglionic eminence (WGE) and adult human striatum. Our results demonstrate that not
only the number of specific genes is crucial but also their relative expression levels between brain areas. We next used these gene
profiles to characterize the differentiation of hPSCs. Our findings demonstrate a temporal progression of gene expression during
striatal differentiation of hPSCs from a WGE toward an adult striatum identity. Present results establish a gene expression profile

to qualitatively and quantitatively evaluate the telencephalic hPSC-derived progenitors eventually used for transplantation and
mature striatal neurons for disease modeling and drug-screening.
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INTRODUCTION

The study of human neurodevelopment is essential to understand
the physiological function in both normal brain development and
during disease processes. The important discovery that induced
pluripotent stem cells (iPSCs) can be generated from human
somatic cells' allows the study human development and model-
ing of human diseases in vitro using iPSCs derived from patients
and healthy individuals. However, the challenge is to efficiently
and correctly differentiate human iPSCs to the desired cell type or
types. Many human stem cell differentiation protocols are based
on mouse developmental data despite the various differences that
exist between mouse and human development. The ideal method
to differentiate iPSCs would be to specifically recapitulate human
development in vitro by activating, inhibiting, and tuning specific
biochemical pathways in the correct temporal manner. In addition,
many human fetal studies do not analyze and/or compare the levels
of expression with the adulthood, missing critical information about
the relative expression levels.

Gene expression profiling during human development is crucial
for defining stage-related changes for specific anatomical regions,
and these data could subsequently be applied to in vitro differentia-
tion protocols. In the last decade, many transcriptomic approaches
have been used to analyze gene expression in the human brain.?*
While these techniques produce large amounts of data, they do not
provide quantitative gene expression information and the results
that are obtained require validation. Quantitative real-time poly-
merase chain reaction (qRT-PCR) is the gold standard for producing
quantitative and validated gene expression data.

For neurodegenerative diseases, differentiation of human plu-
ripotent stem cell (hPSC) into neural cells should be evaluated by
comparison with specific profiles from the equivalent in vivo ner-
vous system area. For example, the generation of hPSC-derived
medium spiny neurons (MSNs) to study Huntington’s disease is on
the state of the art. In fact several efforts have been made to gen-
erate human PSC-derived MSNs with varying degrees of success.*”
However, while some papers compare to the fetal gene expression
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profiles of the whole ganglionic eminence (WGE; the striatal primor-
dium),* none of them compare to the adult caudate-putamen pro-
file. Therefore, it is necessary to further characterize the WGE human
developmentand its relative levels with the adult caudate-putamen
in order to efficiently and correctly differentiates human iPSCs to
MSNs.

In the present work, we focus on the generation of quantitative
genetic profiles in human fetal and adult brain by low-cost high-
throughput gRT-PCR. We identified specific genes and their expres-
sion levels that allow determining the developmental stage of the
hPSC-derived striatal cells. Our results provide a detailed dataset of
genes involved in striatal development that can be used to assess
the quality and efficiency of current and future protocols that dif-
ferentiate hPSCs to striatal neurons, thereby improving and refining
MSN differentiation protocols for cell transplantation, disease mod-
eling, and drug-screening.

RESULTS
A selected gene set distinguishes human subpallial derivatives from
fetal pallium and adult motor cortex during development

We defined a panel of 106 genes (Figure 1a and Table 1) that are
known from the literature to be involved in mammalian brain
development, with an enrichment for genes implicated in subpallial
specification. Expression of this gene set in dissected human brain
samples was quantitatively analyzed using OpenArray nanoscale
real-time PCR technology. Samples included WGE and cortex dis-
sected from fetal tissues (between 49 and 63 pcd) as well as adult
caudate, putamen, and motor cortex (see Supplementary Figure S1a
for complete details of tissue sources and specimens).

Unbiased hierarchical clustering of gene expression data
(Figure 1b) from the 106 genes grouped human samples accord-
ing to their developmental stage. Subclusters A, B, and C iden-
tified the adult samples with subcluster B containing the adult
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motor cortex samples and subcluster C containing all the striatal
samples. Interestingly, the caudate and putamen samples clus-
tered together and a gene-by-gene analysis did not identify any
statistical differences between them. This indicates that our gene
set does not distinguish between these two nuclei of the adult
striatum. For this reason, the samples from both regions were
combined and referred to as striatum. Subcluster A clustered
outside of the main group analysis indicating a distinct gene
expression pattern. Since this subcluster was mainly composed of
samples dissected from the same brain (both cortical and striatal
tissues), this suggests a donor-related issue, inaccurate dissec-
tion, or poor postmortem preservation. However, we could not
exclude these samples from our whole gene set analysis on a sta-
tistical basis, since they were not identified as biological group
outliers by the multivariate Student'’s t-test. Gene expression dif-
ferences between striatum and cortex are clearly evidenced on
the heat map.

The fetal samples were clustered into two subclusters (Figure 1b,
groups D and E). Subcluster D contained all the WGE samples and
subcluster E contained the fetal cortical samples. Again, gene
expression differences between WGE and cortical primordia are
clearly shown in the heat map (Figure 1b).

Having determined that our customized gene expression assay
can identify different human brain samples as distinct biological
groups, we were then interested in identifying those genes that
specifically characterized each biological group. To identify groups
of genes that are specifically associated with each sample cluster,
we performed a k-means analysis on the gene expression data
(Figure 2). This approach generated three clusters for the fetal sam-
ples (clusters 2, 4, and 5; Figure 2a,b). Clusters 2 (27 genes) and 5 (9
genes) contained genes that are expressed in both fetal cortex and
WGE (Figure 2b). Cluster 4 (14 genes) contained those genes that
result specific for WGE (Figure 2b).
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Figure1 Gene expression view of telencephalic development. (a) Developmental scheme for the 106 genes selected for quantitative gene expression
analysis in human adult and fetal forebrain pallial and subpallial derivatives. Panel shows the selected gene set as markers during mammalian central
nervous system (CNS) development. Genes to monitor pluripotency and to determine germ layer identity are represented outside of the Cartesian
diagram. Inside the diagram, the genes are grouped into colored boxes. The x-axis represents the Rostro-Caudal axis of human brain development.
According to these criteria, the genes are located depending mainly on their expression during CNS development. Early neural genes are shown on the
left side of the diagram. Below the diagram general neuronal and glial gene markers are indicated. Subpallial genes are over-represented in this gene
set since we focus on striatal development. (b) Hierarchical clustering with complete linkage clustering groups the samples into five clusters. Subcluster
A (red) contains a mix of adult cortical and caudate-putamen nuclei samples, suggesting technical bias (see text for details). Subcluster B (yellow)
corresponds to adult cortical samples. Subcluster C (green) contains solely adult striatal samples. Subclusters D (light blue) and E (dark blue) contain all
of the fetal samples with D containing the whole ganglionic eminence (WGE) samples and E containing the cortical tissue samples. Colors range from
—3.0 green to +3.0 red depending on the double AC, of each sample/gene compared to the average double AC, (black, 1:1) of all of the expressed genes.
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Table1 Selected gene set to assess expression during central nervous system (CNS) development
Group Genes
A Pluripotency KIT, KFL4, MSI1, NANOG, POU5FT,
B  Germlayers CDX2, FTSJD1, GATA4, KRT18, PAX3, PBX2, PDX1, SNAI2, T
C Earlyneural DACH1, DBX2, NES, OTX1, OTX2, POU3F1, SIX3, SOX2, SOX1, TLX1, ZBTB16
D Forebrain FOXG1
E  Pallium EOMES, EMX2, EMX1, NEUROG1, NEUROG2, NR2F1, PAX6, SLC17A7, SLC17A6, TBR1,
F Subpallium ASCL1, DLX1, DLX2, DLX5, DLX6, GSX1, GSX2, NKX2-1, SP8
G LGE ALDH1A3, BCL11B, EBF1, ETV1, FOXP1, FOXP2, GPR6, IKZF1,IKZF2, ISL1, MEIS2, RARB, ZNF503
H GABAergic CALB2, GAD2, LHX1, NPY, PVALB, SST

Medium spiny neurons

ADORA2A, ARPP21, CALB1, DRD1, DRD2, GPR88, OPRM1, PENK, PPP1R1B, TAC1

J MGE, CGE GLI1, LHX6, NKX6-2, NR2F2

K Midbrain CHRM4, LMX1B, NR4A2, PAX2, TH

L Hindbrain HOXB4, HOXB9

M Spinal cord CHAT, FOXA2, MNX1

N Neuronal marker CDH2, DCX, MAP2, NCAM1, RBFOX3, TUBB3
O Glial markers AIF1, CNP, GFAP, OLIG1, OLIG2, S100B

P Others CDH1, GLI3, MMP9, RARA, RARG, TJP1

Genes are grouped based on their spatio-temporal biological relevance during CNS development according to the currently available scientific literature. The
letters in the first column (“Group”) identify the groups of genes to interpret the mRNA expression profile graph in Figures 3a and 4a.
CGE, caudal ganglionic eminence; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence.

K-means genes clustering of adult cortical and striatal samples
produced four clusters (clusters 1, 3, 6, and 7; Figure 2a,c). Cluster 1
contained nine genes (CDX2, FOXA2, GATA4, HOXB9, NANOG, NKX6-
2, PAX2, PDX1, and TLX1) that were expressed in cluster A samples
(Figure 1b), with these samples showing unexpected higher
expression of certain genes that was not present in the other tis-
sue donors. Clusters 3 (13 genes) and 7 (3 genes) contained genes
that are commonly expressed in the adult motor cortex, putamen,
and caudate (Figure 2c), while Cluster 6 contained 12 genes that are
highly expressed in caudate and putamen, identifying adult stria-
tum (Figure 2c¢).

Thus using these approaches, we have demonstrated that our
quantitative gene expression assay can generate subsets of genes
that identify brain subregions at specific developmental stages.

Quantitative expression of a discrete number of genes
distinguishes WGE from fetal cortex
After rostral-caudal patterning in vivo, progenitor cells must com-
mit to a dorsal or ventral fate.®® Similarly, stem cells differentiating
toward striatal neurons must be directed to a subpallial (ventral tel-
encephalon) fate following telencephalic commitment for the sub-
sequent specification to MSNs. With this in mind, it is important to
determine the gene expression signature that distinguishes human
fetal cortex from WGE. We compared the gene expression profiles
that we obtained from the fetal cortex and WGE samples (7-9 post-
conception weeks (p.c.w.)) with their total gene expression signa-
tures being represented by a spike graph (Figure 3a) to facilitate the
visual comparison with the 106 genes being grouped according to
biological relevance (Table 1).

Comparison of the fetal cortex and WGE gene expression data
revealed opposing gene expression signatures between the two
areas (Figure 3a). The WGE was characterized by high expression of
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the early neural gene SIX3 and genes involved in lateral ganglionic
eminence (LGE), medial ganglionic eminence, and caudal gangli-
onic eminence specification (Figure 3a, groups F, G, |, and J), while
the fetal cortex showed increased expression of OTXT and DACH1
and pallial markers (Figure 3a, groups D and E). Furthermore, expres-
sion of calretinin (CALB2) and PENK was also observed in fetal cortex.

A set of 19 statistically significant differentially expressed genes
distinguished WGE from fetal cortex. Figure 3b shows the mRNA
expression levels of the 14 genes that were upregulated (red bars)
and the 5 that were downregulated (green bars) in WGE com-
pared to fetal cortex. Interestingly, at this stage of human forebrain
development DARPP-32 (PPP1R1B), which is considered a specific
marker for mature MSNs,>'% is more highly expressed in the corti-
cal region than in the WGE. NANOG expression was significantly
increased in WGE, while significantly higher RBFOX3 (NeuN) expres-
sion was observed in fetal cortex (see also low expressed genes in
Supplementary Figure S2).

The statistical analysis of the specific marker genes for WGE and fetal
cortex identified TACT, DLX5, and DLX6 (P value < 0.0001) together
with DLX1, DLX2, EBF1, and LHX6 (P value < 0.01) as the most reliable
genetic predictors for human WGE on our panel of selected genes.
While the fetal cortex was best identified by two out of the five genes
that were downregulated in WGE compared to fetal cortex, namely
TBR1 and SLC17A7 (P value of 0.01) (Figure 3c). To define the best list
of WGE predictor genes, we selected those genes that were upregu-
lated in the WGE compared to the fetal cortex (Figure 3b,c) that were
also present in the specific WGE cluster obtained by k-means cluster-
ing analysis (Figure 2b; cluster 4). This selection process identified
seven genes (DLX1, DLX5, DLX6, EBF1, LHX6, NKX2-1, and SIX3), and to
ensure that these genes were developmentally specific for WGE, we
determined if they were also significantly downregulated in adult stri-
atum. Hence, we compared these seven shortlisted genes with those
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genes significantly downregulated in the adult striatum compared
to the WGE (Figure 4b,c). This analysis produced a list of gene gene
markers for WGE that showed a decrease in gene expression in adult
striatum compared to the WGE (SIX3 10.5-fold decrease, LHX6 11.3-
fold decrease, DLX1 11.0-fold decrease, DLX5 12.7-fold decrease, DLX6
2.8-fold decrease, and EBF1 12.9-fold decrease). Finally, to establish
the statistical significance and the relative quantitative mRNA expres-
sion levels of our WGE marker genes among pallial and subpallial
derivatives, we performed a gene-by-gene one-way analysis of vari-
ance (ANOVA) between WGE, fetal cortex, and adult tissues (striatum
and motor cortex) (Figure 3d). Using this approach we have validated
six genes whose expression together can be used to identify WGE at
this developmental stage.

Identification of a specific gene set to quantitatively distinguish
human WGE from adult striatal nuclei

Having identified the critical genes that distinguish human WGE from
fetal cortex, next, we characterized the specific quantitative gene
expression profile during human striatal development. We studied
how the expression of our gene set varied in adult human striatum
compared to WGE in order to identify mature striatal gene markers
and to observe how these markers change their expression relative
to WGE.

An overview of the gene expression data revealed a clear shift of
expression from early WGE genes toward mature striatal markers in
adult striatum (Figure 4a). A change in neuronal markers’ expres-
sion was observed between the two stages. Doublecortin (DCX),
B-Il-tubulin (TUBB3), and N-cadherin (CDH2) were expressed at high
levels in the WGE but were downregulated in the striatum, while
NeuN (RBFOX3) displayed the opposite behavior with its expression
positively correlating with tissue maturity (group N, Figure 4a). Glial
marker gene expression (§700B and GFAP, group O, Figure 4a) was
higher in adult tissue than in the WGE, indicating the multicellular
complexity that is established in the brain parenchyma.
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Thirty-seven statistically significant differentially expressed genes
defined a quantitative gene expression profile for the adult striatum
compared to the WGE (Figure 4b). Eighteen of these genes were
more highly expressed in the striatum (Figure 4b, red bars) with
12 of them (ADORA2A, ARPP21, CHRM4, DRD1, DRD2, CALB1, GPR6,
GRP88, PENK, PPP1RI1B, TAC1, and TH) being considered from the
literature to be specific for striatal neurons (MSNs and interneu-
rons). Furthermore, four oligodendrocyte-associated genes (S7008,
CNP, NKX6-2, and OLIG1) were also significantly upregulated in the
striatum. The final two genes that were more highly expressed in
the striatum (RBFOX3 and RARG) are associated with the general
maturation of brain parenchyma as also shown by the Human Brain
Transcriptome project (www.hbatlas.org).?

The remaining 19 statistically significant differentially expressed
genes were downregulated in the adult human striatum compared
to the WGE (Figure 4b, green bars). Early neural genes (SOX2, MSIT,
OTX2, and SIX3), MASH1 (also known as ASCLT) and ganglionic
eminence-related genes (MEIS2, BCL11B, EBF1, LHX6, NR2F2) were
expressed at higher levels in the WGE than in the striatum as were
the early neuronal markers CDH2, DCX, and TUBB3. Notably, while
the expression of all DLX family members (DLX1, 2, 5, and 6) was
downregulated compared to striatal nuclei, each family member
was downregulated to a different extent. The pallial marker TBR1
is hardly detectable in adult striatum, while retinoic acid recep-
tor A (RARA) expression decreases as development progresses as
described elsewhere.?

Upregulated genes represented 48.6% of all differentially
expressed genes but their average fold change of gene expression
was 28.4 compared to an average fold change of 14.7 for the down-
regulated genes. In addition, the upregulated genes in the adult stria-
tum showed a higher statistical significance (0 < P value < 0.02) than
the downregulated genes (0 < P value < 0.04). The expression analysis
indicated that the most reliable predictor genes (P < 0.0001) for stria-
tal maturation were two genes of the G protein-coupled transmem-
brane receptors family, GPR6 and GPR88, and the adenosine receptor
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ADORA2A. Other reliable but less statistically significant predictors
for mature striatum were the upregulation of PPP1R1B, PENK, DRD1,
CALB1, DRD2, and TACT (P value < 0.01), and the downregulation of
BCL11B, MSI1, LHX6, DLX5, DLX1, EBF1, NR2F2, and DLX2 (P value <
0.01). Volcano scatter plot analysis (Figure 4d) confirmed the impor-
tance of this specific set of striatal upregulated genes as well as the
downregulation of subpallium- and WGE-related genes in order to
distinguish between these two developmental stages. Thus, we have
defined a quantitative gene expression profile for the developmental

b [

Fetal clusters

Adult clusters

transition from WGE to adult striatum, which enhances our under-
standing of the human striatal differentiation process.

Quantitative gene expression signature of human striatal
development

Having used quantitative gene expression to define marker gene
sets that distinguish between two coexisting developmental areas
and two striatal developmental stages, we next identified the
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Figure2 Fetal and adult tissues are distinguished by the expression of specific clusters of genes. (a) K-means clustering analysis of the data in Figure 1b
generated three fetal-specific clusters (2, 4, and 5) and three adult-specific clusters (3, 6, and 7) indicating genes with higher expression in fetal (cortex
and whole ganglionic eminence (WGE)) and adult (motor cortex and caudate-putamen nuclei) human tissue, respectively. Faded red boxes highlight
the regions of the expression curves that identify each sample subcluster. (b) The heat-maps represent the hierarchical clustering of the genes identified
by k-means analysis. Clusters 2 and 5 contain genes commonly increased in fetal WGE and cortex whereas cluster 4 contains a group of genes whose
expression is increased exclusively in fetal WGE samples. (c) Clusters 3 and 7 contain genes whose expression increased in both adult cortical and
striatal samples. Cluster 6 contains genes whose expression is mostly increased in adult striatal samples (Cluster color code is described in Figure 1).
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marker genes that can be used to recognize fully mature striatal (Figure 4b,c), and then from this gene set, we excluded those genes
neurons. that were also expressed in the adult cortex (Figure 5a) or have a
To achieve this, we first considered those genes that were dif- glial-related function. The genes with increased striatal expression

ferentially expressed between the WGE and the adult striatum that were identified using this method were only considered as
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genuine upregulated striatal marker genes if they were also pres-
ent in the adult striatum cluster that was generated in the unbiased
k-means clustering (Figure 2a,b; cluster 6). This filtering process
identified six upregulated striatal markers (Figure 5b; ADORA2A,
CALB1, DRD1, DRD2, PENK, and TACT). The downregulated striatal
markers (Figure 5b) were the six genes (DLX1, DLX5, DLX6, EBFI,
LHX6, and SIX3) that we previously identified as WGE specific (Figure
3d) and downregulated in adult striatum (Figure 4b,c).

Further to the up- and downregulated striatal markers, we iden-
tified two genes (GAD2 and OPRMT) that are expressed at similar
levels in the WGE and striatum (i.e., not present in Figure 4b) and
they were defined as constant markers (Figure 5b). Finally, we also
identified four genes that show a specific decrease in expression in
the adult striatum while being consistently expressed in all other
tissues examined (HOXB4, SLC17A6, TBR1, and TLXT (Supplementary
Data 2)). These genes were defined as Low-Off striatal markers
(Figure 5b). Thus using these criteria, we defined a set of 18 genes
that together can be considered as a specific gene expression signa-
ture for mature human striatal neurons (Figure 5b).

In order to determine the relative expression level between tis-
sues and the statistical significance of the “up-regulation” and
“down-regulation” present within this 18 gene set (Figure 5b), we
compared their expression in the striatum to that in the WGE and
fetal and adult cortical samples (Figures 3d and 5c).

One-way ANOVA revealed that ADORA2A, CALB1, DRD1, DRD2,
PENK, and TACT were all reliable markers for mature striatal neurons
with PENK and CALBT expression being 62.3- and 18-fold higher
respectively in the striatum compared to the WGE. The other four
genes in the upregulated group presented smaller but still statis-
tically significant increases in striatal expression compared to the
WGE (ADORA2A 14-fold increase, DRD1 20.2-fold increase, DRD2 6.8-
fold increase, and TACT 2.6-fold increase). These findings revealed
that direct (TAC1, DRDT) and indirect (PENK, DRD2) striatal path-
way related genes were the most specific markers for adult MSNs
together with CALBT and ADORA2A.

We also analyzed the expression of the DARPP-32 (PPP1R1B) and
CTIP2 (BCL11B) genes (Figure 5d) as they are frequently used at
the protein level to specifically identify MSNs. Although they were
not defined as striatal markers by the k-means clustering analysis
described above (Figure 2¢; cluster 6), DARPP-32 (PPP1R1B) did dis-
play increased expression in the striatum compared to the WGE,
however the level of PPPTR1B expression that was detected in the
human fetal and adult cortex prevented its classification as a stria-
tal specific marker. In fact the resulting ANOVA P value for PPP1R1B
when comparing the striatum to the other tissues tested is 0.0012
(Figure 5d), which is less significant than for any of the six genes
we identified as being specifically upregulated in the adult striatum
(Figure 5c). CTIP2 (BCL11B) expression decreased 82% in the adult
striatum compared to the WGE (Figure 5d). To confirm these results
at the protein level, we analyzed CTIP2 protein by western blot in

human fetal and adult striatal samples. We observed that although
CTIP2 protein was expressed in the oldest of the fetal WGE samples
(pcd 61 and 63), no protein was detected in any of the adult striatal
samples (Figure 5e). We further analyzed DARPP-32 by immuno-
histochemistry in human adult brain (Figure 5f). Although human
adult putamen showed high number of DARPP-32 positive neu-
ronal soma and projections, cortical white matter and gray matter
also contains DARPP-32-expressing cells. In summary, we identified
ADORA2A, CALB1, DRD1, DRD2, PENK, and TACT as specific adult stri-
atal neuronal marker genes, while CTIP2 and DARPP-32 appear not
to be reliable markers at the mRNA expression level.

A quantitative gene expression tool for testing the efficiency of
human pluripotent stem cell differentiation to MSNs

Stem cell telencephalic differentiation recapitulates the human neu-
rodevelopmental process in the following three phases (Figure 6a):
(i) Neuralization phase, where pluripotent stem cells are committed
to neural cells via neuroectodermal induction; (i) Patterning and
specification phases, where rostro-caudal and dorso-ventral identi-
ties are established; (iii) Maturation, the final phase that generates
neuronal subtypes and establish synaptic connectivity. We differen-
tiated human PSC lines using a previously published protocol' and
extracted RNA at 0, 4, 8, 16, 23, and 28 days in vitro (DIV) to quantify
the expression levels of our panel of 106 selected genes using the
same high-throughput quantitative PCR method that we used to
evaluate gene expression during striatal and cortical development.
To assess the efficiency of the differentiation protocol, we compared
the expression data obtained from 0 to 28 DIV to that obtained from
the 7-9 p.c.w. WGE and adult striatum samples with the latter data
sets being used as developmental baselines. We also used the pre-
dictor genes that we identified above and their expression levels to
distinguish subpallial from pallial derivatives in the differentiated
PSC samples.

Unbiased hierarchical clustering analysis of the differentiated
PSC, WGE, and adult striatum data sets produced two main clus-
ters (Figure 6b) with the first cluster containing the samples from
the pluripotent stage (0 DIV) until the rosette stage (8 DIV). These
samples formed their own cluster partially due to the expression of
pluripotency and germ layer marker genes that decrease from 0 DIV
to 8 DIV and which is not significantly expressed beyond this time
point (Supplementary Data 3A and B).

The second cluster contained all of the differentiated samples
after 8 DIV as well as all of the WGE and adult striatal samples. Overall,
the 16 DIV to 28 DIV samples clustered closer to the WGE group than
the striatum group indicating that at these differentiation stages,
the samples were more similar to the WGE. However, an interest-
ing time-dependent clustering pattern was observed. The 16 DIV
samples (DLX1-positive neural progenitors—Figure 6¢) clustered
closer to the WGE than did the 23 DIV samples (B-Ill tubulin-positive

Figure3 Quantitative gene expression profiles of human fetal whole ganglionic eminence (WGE) and cortex between 7 and 9 p.c.w. (a) WGE and fetal
cortex are compared for the expression of the 106 selected genes involved in CNS development. At this stage, fetal cortex (light blue peaks) shows
expression of pallial markers (EOMES, TBR1, EMX1 and 2, NEUROG?2) as well as low mRNA levels of VGLUT1 transporter (SLC17A7). Human WGE shows
higher expression of early neural markers, especially SIX3 and OTX2. As expected, subpallial and pallial markers are more highly expressed in WGE and
fetal cortex respectively. WGE already shows increased expression of medium spiny neuron markers (GAD2, TACT, OPRM1) compared to fetal cortex.
(b) Statistically significant differentially expressed genes between WGE and fetal cortex are depicted. Gene expression levels are calculated as fold
change relative to fetal cortex for upregulated genes (red histograms) and fold change relative to WGE for downregulated genes (green histograms).
(c) Statistically significant genes identified in Figure 3b are plotted by P value (x-axis) and fold change (y-axis). TAC1, DLX5, and DLX6 are the most
significantly upregulated genes in the WGE compared to the fetal cortex with a Student’s t-test and P value of <0.001. (d) Six genes are identified as
the best predictors for WGE identity. Differential analysis of k-mean clustering analysis and Student’s t-test, followed by one-way analysis of variance
(ANOVA), shows DLX1, DLX5, DLX6, EBF1, LHX6, and SIX3 are the main reliable identifier genes for WGE. One-way ANOVA followed by Neuman-Keuls
multiple comparison test, **P < 0.01; ***P < 0.001. WGE at 49 pcd has been used as internal control. Error bars = SEM. DEGs, differentially expressed
genes; pcd, postconception days; p.c.w., postconception weeks; RQ, relative quantity.
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neurons—Figure 6¢). The 28 DIV samples were the most peripheral
of this subcluster and the closest to the adult striatal sample clus-
ter. Differentiated PSCs showed downregulation of OTX2 after 8 DIV
and of SOX1 after 16 DIV (Supplementary Data 3C and D) indicative
of the shutting down of the early neural gene expression program
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was turned down. The LGE/medial ganglionic eminence marker
genes GLI1, GSX1, and GSX2 were downregulated after 16 DIV indi-
cating a switch toward a mature striatal fate (Supplementary Data
3E). This observation was supported by the upregulation of GPR88
(Supplementary Data 3F), which we defined as one of the striatal

Molecular Therapy — Methods & Clinical Development (2015) 15030

9



&

High-throughput gene expression profiling of human striatal development
M Straccia et al.

10

predictor genes (Figure 4b,c). Furthermore, an increase in RBFOX3
(NeuN) expression that occurs between 16 and 23 DIV suggests the
onset of neuronal maturation (Supplementary Data 3G).

We also performed immunocytochemistry to assess their prog-
ress through the various phases (Figure 6c). At the start of the dif-
ferentiation protocol (0 DIV), all cells were pluripotent as shown by
OCT4 staining, and by 4 DIV, the vast majority of the cells were neu-
ralized as shown by the expression of the neuroectodermal marker
Pax6. At 8 DIV, neuroepithelium-like structures known as rosettes'
had formed with the cells comprising the rosettes expressing the
rosette-specific marker PLZF and displaying a rosette-specific polar-
ized subcellular distribution of ZO1. By 16 DIV, a significant propor-
tion of the cells expressed DLX1 protein indicating that these cells
had acquired a subpallial progenitor fate. At 23 DIV, practically all
cells expressed B-Ill tubulin and showed a neuronal morphology. By
28 DIV, DARPP-32/CTIP2 double-positive cells with a more complex
projection system were observed indicating that these cells were
acquiring a MSN fate (Figure 6c).

DISCUSSION
In recent years, stem cell technology has been used successfully to
establish in vitro model to study human brain biology' and has fur-
thered our knowledge of neurodevelopment at the molecular and
cellular levels. Furthermore, stem cell-derived tissues and differenti-
ated cells have great potential in drug discovery and cell therapy
for the treatment of a range of neurological disorders. However, the
possibility of modeling specific human diseases in vitro or the gen-
eration of cells suitable for transplantation relies on the efficacy and
efficiency of the differentiation protocols used. It is generally agreed
that it is necessary to recapitulate in vitro the critical in vivo develop-
mental stages of the cell type of interest to produce a robust differ-
entiation protocol. Thus, it is necessary to develop tools to compare
the gene expression profiles of cells derived by in vitro differentia-
tion with the equivalent target tissues derived from normal human
developmental samples. The differentiation of stem cells to MSNs is
important to model system for many diseases that affect the basal
ganglia, most notably Huntington'’s disease. With this in mind, the
characterization of human striatal development is fundamental for
understanding in vivo MSN specification for its subsequent recapit-
ulation in vitro. Here we have determined the gene expression pro-
file of a defined set of developmentally regulated genes in fetal and
adult human striatal tissue by qRT-PCR. We demonstrate that the
expression of this set of genes can be used to discriminate differ-
ent developmental stages, and that the levels of expression of these
genes are also relevant to the temporal maturation of the region.
Subsequently we show that these tissue-specific gene expression
signatures can be used to evaluate a protocol that differentiates
PSCs to striatal neurons.

To establish a qRT-PCR array for use with OpenArray technol-
ogy,'* we selected 106 genes relevant to neural induction and tel-
encephalic and subpallial lineage specification and differentiation.

Use of this gene array was then first validated from the perspective
of human development. We analyzed human fetal WGE and adult
striatal samples to establish quantitative gene expression signa-
tures of specified neural progenitors and mature neurons. Unbiased
hierarchical clustering revealed that this set of genes did indeed
distinguish between areas (WGE and cortical primordia) and devel-
opmental stages (fetal and adult). Our findings indicate that our
gene set is sufficiently stringent to distinguish between pallial and
subpallial derivatives. We used a qRT-PCR based analysis method;
therefore, we could establish gene expression signatures based
not only on whether or not certain genes were expressed but also
on the size and statistical significance of changes in expression of
individual genes in different tissues and at different developmental
stages. Furthermore, as we simultaneously analyzed the quantita-
tive expression of 106 genes, we can also consider the overall gene
expression profile as part of the signature.

Relatively few transcriptomic studies of human forebrain and
more specifically striatal development are currently available, which
highlights the importance of comparing our results with previous
published data. We compared our developmental quantitative
gene expression data with microarray data present in the Human
Brain Atlas (www.hbatlas.org)? and similar gene expression profiles
were observed in both data sets (see CTIP2 below as an example).
The genes that we identified as highly specific markers for adult
striatal neurons are also conserved during primate evolution as
shown by transcriptomic analysis of adult human, chimpanzee, and
macaque telencephalon.’ This reinforces the accuracy of the adult
striatal gene expression signature that we generated.

Multiple levels of analysis has allowed us to identify a gene expres-
sion signature, which consists of the following four classes of genes:
(i) WGE genes, which show higher expression in the WGE than in
the striatum (DLX1, DLX5, DLX6, EBF1, LHX6, and SIX3); (ii) striatal
genes, which show higher expression in the adult striatum than in
the WGE (ADORA2A, CALB1, DRD1, DRD2, PENK, and TACT); (iii) con-
stitutively expressing genes, that do not change their expression
levels between WGE and adult striatum (GAD2 and OPRM1); and (iv)
low expression genes, that are expressed at much lower levels in
the adult striatum compared to the other tissues tested (TBR71, TLX1,
SLC17A6, and HOXB4).

The WGE gene cluster identifies genes that are highly expressed
in the 7-9 p.cw. WGE samples. Within this gene cluster, the most
highly expressed genes were SIX3 and DLX genes DLX1, DLX5, and
DLX6, which are well characterized as transcription factor genes
required for ventral telencephalic specification in mammals.'s""°
Interestingly DLX2, another DLX family member present and com-
monly used marker of LGE development, was not defined as a
WGE-specific gene at this stage since its expression is only slightly
higher in the WGE than in the fetal cortex. One plausible explana-
tion could be that DLX2 is expressed in the developing human brain
at an earlier stage than DLX1, DLX5, and DLX6 as has been observed
in rodents.’®' Among the DLX genes, the highest expressed in the

Figure4 Quantitative gene expression profile of caudate-putamen nuclei development. (a) Whole ganglionic eminence (WGE) and striatal expression
profiles of the 106 gene set. The letter code below the graph identifies the subgroups of genes that define specific cell or tissue types (see Table 1).
(b) Differentially expressed genes (DEGs) are identified by Student’s t-test of adult striatum compared to WGE striatal upregulated genes (red
histograms) are mainly medium spiny neuron-related genes together with mature neuronal and glial markers. Striatal downregulated genes (green
histograms), specific for WGE identity, are mainly early ventral forebrain as well as early neuronal genes. The x-axis represents the fold change of
upregulated and downregulated genes compared to human WGE and striatum, respectively. (c) Statistically significant genes identified in Figure
4b are plotted by P value (x-axis) and fold change (y-axis). GPR6, GPR88, RBFOX3, TH, and ADORA2A are the most significant upregulated genes in the
striatum compared to the WGE, while TUBB3 is the most significant downregulated gene. (d) Unbiased volcano plot analysis further identifies DEGs.
P value boundary, indicated by a blue threshold line, is 0.05 (-log10 (P value) on the y-axis) and fold change boundary is 2 (log2(fold change)) on x-axis.
Upregulated (red dots) and downregulated (green dots) significant genes are above the P value boundary line. Genes with similar expression levels
(black dots) are plotted in the lower-central part of the volcano plot. RQ, relative quantity.
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7-9 p.c.w. WGE samples are DLX5 and DLX6 which coincides with
a previous human brain transcriptomic analysis.? This is consistent
with the observation that DLX5 and DLX6 are highly expressed in
mouse LGE around E11.5-E12.5."® Interestingly, although GSX7
and GSX2 appeared in the WGE cluster generated by the k-means
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clustering analysis, they did not show statistically significant differ-
ence in expression between the WGE and fetal cortex at 7-9 p.c.w.
In mouse, these genes are expressed relatively early at around
E10.5,%%" which suggests an early role in WGE development. A simi-
lar observation has been made during human development? and at
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later stages only a thin subventricular zone layer can be observed at
18 gestational weeks.?? Similar to DIx5 and DIx6, mouse Ebf1 expres-
sion starts at E11.5 where it regulates early striatal differentiation.
Analysis of human development by microarray also shows that EBF1
expression peaks at around 9 p.c.w., and coincides with DLX5 and
DLX6.* Taken together, these results suggest that our OpenArray
gene set is a powerful tool to determine an exact human devel-
opmental stage and indicate that human 7-9 p.cw. WGE samples
represent an early phase of striatal differentiation. This observation
is strengthened by the fact that the WGE-specific gene set did not
include lkaros (IKZF1) and Helios (IKZF2), which we identified previ-
ously as markers of the later phase of striatal development.?*?

Interestingly, a previous microarray analysis of human fetal stria-
tum from 18 to 23 p.c.w.? demonstrated the expression of genes
that we identified as reliable specific markers of either WGE or adult
striatum, indicating the developmental transition from WGE to stria-
tum at this developmental stage. Our results identified ADORA2A
as an adult striatal marker, which agrees with previous work that
identified it as a hub gene in human caudate nucleus develop-
ment.”> We also identified CALBT, PENK, and the G protein-coupled
receptor genes GPR6 and GPR88 as adult striatum specific genes.
This demonstrates an evolutionary conservation of striatal specific
genes as transcriptomic analysis of mouse striato-pallidal neurons
also showed specific expression of Adora2a, Bcl11b (Ctip2), Calb1,
Gpr6, Gpr88, and Penk.**? Interestingly, our results did not iden-
tify PPP1R1B (DARPP-32) as a specific striatal marker since it is also
expressed at a relatively high level in both fetal and adult cortex.
Although these results seem at odds with previously published
work,? this discrepancy can be explained by an increase in expres-
sion variability due to differences in PPPTR1B mRNA levels in our
human specimens. CTIP2 is another well-expressed gene in rodent
MSN,? but here we have observed low CTIP2 mRNA expression and
negligible CTIP2 protein expression in adult striatal tissue, which
also paralleled data in the Human Brain Atlas.** We hypothesize that
CTIP2, when colocalizing with DARPP-32, may in fact be a marker
of MSNs at the human fetal developmental stage, but not in the
adult human striatum. This would explain its classification as a MSN
marker in other studies where only human fetal brain tissue was
analyzed.*

The striatal interneuron markers TH and CHAT*'32 were also iden-
tified as striatal markers in this analysis. However, their expression
could also include signal from neurons projecting from the substan-
tia nigra and cortex with their projections, being known to contain
MRNA of these genes.®®

While protocols to generate MSNs from PSCs have been pub-
lished previously, they generate MSNs with varying degrees of
success.*5113435 Having established gene expression signatures
from both WGE and adult striatum samples our aim was to use

the OpenArray as a tool to evaluate the degree of striatal differen-
tiation that was achieved using PSC telencephalic differentiation
protocol.”” OpenArray gene expression profiling to evaluate PSC
differentiation protocols differs from the more commonly used
analytical approaches where immunocytochemistry and qRT-PCR
are performed for much smaller groups of selected markers.*>3¢
More advanced transcriptomic analyses using techniques such as
microarray or RNAseq are also viable approaches for monitoring
the progress of PSC cultures through differentiation protocols.*3
However, due to the large amounts of data that are generated, data
analysis can be time-consuming. Together with the higher cost, it
is not feasible to apply these approaches (i.e., RNA-seq) for itera-
tive analysis of cultures to evaluate changes made during protocol
development, nor to check the reproducibility of protocols within
a research group (intrareproducibility) or between research groups
(inter-reproducibility).

Our analysis of cultures at different time points during the human
PSCs differentiation protocol revealed their developmental pro-
gression and identified the following three distinct developmental
phases: (i) A presubpallial specification phase (0-8 DIV); (ii) A sub-
pallial specification phase (8-16 DIV); (iii) A postsubpallial phase
where the cells resemble WGE that is progressing toward an adult
striatal fate (16-28 DIV). Importantly, the data demonstrated that
the differentiation protocol we used'' is a reliable telencephalic
differentiation protocol that by 16 DIV produces ventral forebrain-
subpallial progenitors with a gene expression profile similar to 7-9
p.c.w. human WGE.

Comparison of the final time point examined (28 DIV) with the
adult striatal gene expression signature revealed that at 28 DIV the
neurons were not yet approaching a fully differentiated mature
phenotype. This suggests that further protocol optimization may be
required. Once the neurons arrive at the final stages of differentia-
tion and maturation, it will then be possible to compare them with
the adult striatal gene expression profile, with a focus on relative
changes in expression of the 18 adult striatal signature genes.

In this study, we show that quantitative gene expression profiles
are useful for the comparison of the various stages of neurodevel-
opment, especially since the levels of specific striatal transcripts
change between embryonic and adult stages. Our methods and
findings described here enhance our understanding of human
brain development, and provide a highly reliable, fast and low-cost
approach for evaluating PSC-derived MSNs, which in turn will facili-
tate the development of new therapeutic and may give us a deeper
understanding of the cellular and molecular mechanisms underly-
ing diseases in which MSNs are dysfunctional or degenerate, such
as Huntington’s disease. Moreover, the approach described here
could be used to establish gene expression signatures for many dif-
ferent in vivo tissues with these signatures then being available to

Figure5 A specific set of genes distinguishes human adult striatum from whole ganglionic eminence (WGE). (a) Genes that are specifically upregulated
in adult striatum compared to motor cortex (two-tailed Student’s t-test, *P < 0.05, **P < 0.01). (b) The specific behavior of the genes that best identify adult
human striatum. The upregulation, downregulation, and low-off subsets are defined as such relative to expression in cortical structures and WGE. The
constant gene subset is defined as genes that show similar expression in both the WGE and adult striatum. (c) At the gene expression level, ADORA2A,
CALB1,DRD1, DRD2, PENK, and TACT are the best predictors for medium spiny neuron specification compared to cortical structures and WGE as shown by
P values of one-way analysis of variance (ANOVA) analysis. WGE of 49 pcd has been used as internal control. (d) BCL11B (CTIP2) and PPP1R1B (DARPP-32) are
the two main protein markers for MSN identification during striatal specification. At the fetal stages tested, BCL11B gene expression is equally high in both
fetal cortex and WGE, while in adult striatal tissue expression is decreased due to striatal neuronal maturation. PPP1R1B expression displays the opposite
trend and shows lower expression levels in fetal tissues as well as in adult motor cortex, suggesting a specific increase of expression during the development
and maturation of human striatum. One-way ANOVA followed by Newman-Keuls multiple comparison test is applied, *P < 0.05; **P < 0.01 compared to
striatum; ***P < 0.001 compared to striatum. #P < 0.05 compared to fetal cortex. Error bars = SEM. (e) Western blot analysis shows that CTIP2 protein is
detectable in human fetal samples at 61 and 63 postconception days (pcd) with increasing intensity but is not detected in adult samples (Caudate and
Putamen). Actin is used as the loading control. (f) Immunohistochemistry analysis in coronal brain sections of human adult ventral region of putamen and
the adjacent insular cortex reveals DARPP-32-positive cells either in striatal and cortical tissue (white and gray matter). Red outlined arrow-heads highlight
some of the frequent DARPP-32-expressing cells across the brain parenchyma. MSN, medium spiny neuron; RQ, relative quantity.
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Figure6 The striatal development gene expression signature is applied to evaluate the efficiency of human pluripotent stem cell (hPSC) differentiation
toward a striatal fate. (a) Differentiation phases from pluripotent stem cells (PSCs) to medium spiny neurons (MSNs). Stem cell differentiation protocols
translate in vivo development into an in vitro system. PSC-derived neurons are obtained via a three-step protocol. The first step is neuroectodermal
induction (neuralization) that generates neural progenitors. The second step confers rostro-caudal and dorso-ventral patterning occurs and the final
step involves the neurogenesis and differentiation of neuronal subtypes. This is a representation of how this three-step process mimics subpallial and
then striatal development to generate MSNs. (b) Unbiased hierarchical clustering of differentiated hPSCs with human whole ganglionic eminence
(WGE) and adult striatum. We isolated RNA from differentiating human PSCs at six time points (shown in panel a) to analyze the progress of the
differentiation protocol by high-throughput quantitative real-time PCR. We compared the gene expression profile of differentiated hPSCs (H9 and
hiPSC) to human WGE and adult striatal tissue in order to establish the spatio-temporal gene expression pattern of iPSC-derived neural progenitors
and neurons. Striatal signature genes with PPP1R1B and BCL11B are indicated in the heat map. (c) Representative immunofluorescence images of hESCs
(H9) and hiPSCs (CS83iCTR33n1) during differentiation from pluripotency to striatal neurons. H9 cells were differentiated until 16 DIV, while hiPSCs
were differentiated to 28 DIV. At 4 DIV, the majority of cells had a neuroectodermal identity as shown by the PAX6 staining. At 8DIV, a neuroepithelial
morphology was observed with the cells organizing in rosettes, expressing nuclear marker PLZF and displaying polarized ZO1 distribution. At 16 DIV,
subpallial progenitors expressed DLX1 and give rise to 3-lll tubulin positive neurons at 23 DIV. At 28 DIV, the presence of DARPP-32/CTIP2 (MSN markers
at the protein level) double-positive neurons is observed. CGE, caudal ganglionic eminence; DIV, days in vitro; hESC, human embryonic stem cell; hiPSC,
human induced pluripotent stem cell; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence.
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benchmark differentiation protocols that aim to produce these tis-
sues in vitro.

MATERIALS AND METHODS
Postmortem human brain tissue

Adult motor cortex, caudate, and putamen samples were obtained from
neurologically healthy brain donor at the Neurological Tissue Bank of the
Biobank-Hospital Clinic—Institut d’Investigacions Biomediques August Pi
i Sunyer (IDIBAPS; Barcelona, Spain; URL: www.clinicbiobanc.org), follow-
ing the guidelines and approval of the local ethics committee. Human fetal
tissue (CRL of 22-54mm) ranging in age from 7-9 p.c.w was collected by
donation of the products of the elective termination of pregnancy, within
the MRC- and Welsh government-sponsored South Wales Initiative for
Fetal Tissue Transplantation (“SWIFT”) program, with full ethical approval
(02/4446) For mRNA studies, cortex and striatal primordia were processed
as previously published.® Patients’ gender and ages are provided in
Supplementary Data 1A.

RNA isolation and retrotranscription

Total RNA was isolated using TRI Reagent (T9424, Sigma-Aldrich, Madrid,
Spain) or Trizol (15596, Life Technologies, Barcelona, Spain) following the
manufacturers’ protocol. Ten microliters of total RNA at a concentration
of 200ng/pl (2 pg in total) for each sample were reverse-transcribed with
random primers using the High-Capacity RNA-to-cDNA Kit (4387406, Life
Technologies, Barcelona, Spain). Ten microliters of retro-transcription cock-
tail (2 ul of 10x retrotranscription (RT) buffer, 2 ul of Random primers, 1 pl of
dNTP mix; 1 pl MultiScribe reverse transcriptase) were added to each sample
(20 pl total volume). After gentle mixing, the samples were incubated for 10
minutes at room temperature followed by 2 hours at 37 °C, 10 minutes on
ice, and 10 minutes at 75 °C.

Openarray

Customized Openarrays (Life Technologies, Barcelona, Spain) containing 112
TagMan probes (see Supplementary Data File 1), that specifically detect all
isoforms of each of the 106 genes that were selected from the literature, as
well as six housekeeping genes (78S, B2M, HPRT1, HSP90AB1, RPL13A, UBC)
that were used as reference genes were produced and validated. cDNAs
were loaded onto the custom OpenArrays and run as recommended by the
manufacturer on the QuantStudio 12K Flex Real-Time PCR system by Servei
Veterinari de Genética Molecular at Faculty of Veterinary in Universitat
Autonoma de Barcelona (Spain).

Data analysis

Human WGE samples from 49 to 64 ultrasound pcd (postconceptional day)
were consider as the WGE biological group in order to acquire more statisti-
cal power, with the caveat of losing biological information during this fetal
development period. Relative gene expression values were calculated using
Expression Suite Software 1.03 (Life Technologies, Barcelona, Spain). RQ
minimum and maximum values (error bars) are calculated with a confidence
level of 95%, using Benjamini-Hochberg false discovery rate to adjust P val-
ues. Maximum allowed C, included in calculations is 30 and C_ confidence >
0.8. Multivariate Student’s t-test or one-way ANOVA were applied and values
of P < 0.05 were considered statistically significant. Error bars are presented
in all graphs as standard error of the mean (SEM). Gene expression profile
data are represented in graphics as relative quantity or fold change of one
biological group normalized to another. Volcano plot analysis comparing
WGE and striatal samples was performed with Data Assist v3.01 software
(Applied Biosystem) using the same parameters described above for the
Expression Suite software.

Heat maps generation and k-means clustering

Double AC, values (2-AAC) were log2 transformed and normalized to +3 SD
for representation on the heatmap. The complete hierarchical cluster algo-
rithm and k-means clustering were applied using the Genesis software from
the Institute for Genomics and Bioinformatics (University of Graz). Global
view map type for unbiased hierarchical clustering for all 106 genes to com-
pare human tissue with hiPSCs in differentiation was generated with Data
Assist v3.01 software (Applied Biosystem) using Pearson’s correlation for dis-
tance measure and complete linkage as clustering method.
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Protein extraction and western blot

Total protein extract was isolated from human tissue using TRI Reagent
(T9424, Sigma-Aldrich, Madrid, Spain) according to the manufacturer’s pro-
tocol. Total protein extracts were denatured using 2.5 mmol/I dithiothre-
itol at 100 °C for 5 minutes and then 40 pg of each denatured samples was
subjected to 12% SDS-PAGE and transferred to a nitrocellulose membrane
(IPVH00010, Millipore, Barcelona, Spain) for 90 minutes at T mA/cm? as
described previously.®® Membranes were incubated with polyclonal rabbit
anti-Ctip2 (overnight at +4 °C, dilution of 1 pug/ml; Abcam Ab28448) and
anti-Actin (20 minutes at RT, dilution of 1:20,000, MP Biochemicals), diluted
in immunoblot buffer (Tris-buffered saline (TBS) containing 0.05% Tween-20
and 5% no-fat dry milk).

Immunocytochemistry

Cultured cells were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 minutes at room temperaure, and then washed with PBS.
Cells were incubated overnight at 4 °C with 7% normal goat serum (S-1000,
VectorlLabs, Peterborough, UK) in PBS containing 0.3% Triton X100, 1%
Bovine serum albumin (BSA), 0.3% sodium azide and primary antibodies:
mouse anti-OCT4 (1:100, sc-5279, Santa Cruz Biotechnology, Heidelberg,
Germany), mouse anti-PAX6 (1:200; Hybridoma Bank, lowa City, lowa),
mouse anti-PLZF (1:100, OP128, Calbiochem, Madrid, Spain), rabbit anti-
Z01 (1:100, 40-2200, Invitrogen, Barcelona, Spain), rabbit anti-DLX (1:200,
PA5967, CHDI, Princeton, NJ), anti-rabbit DARPP-32 (1:100, sc-11365, Santa
Cruz Biotechnology, Heidelberg, Germany), anti-rat CTIP2 (1:300, Abcam
ab18465), anti-rabbit B-IIl tubulin (1:1000, T2200, Sigma-Aldrich, Madrid,
Spain). After rinsing in PBS, cells were incubated for 1 hour at RT with sec-
ondary antibodies: goat anti-mouse Alexa 546 (1:1000, A-11018, Molecular
Probes, Madrid, Spain), goat anti-rabbit Alexa 546 (1:1000, A-11010,
Molecular Probes, Madrid, Spain), Alexa 488 (1:1000, A-11070, Molecular
Probes, Madrid, Spain) or goat anti-rat Alexa 488 (1:500, A-11006, Molecular
Probes, Madrid, Spain). Microscopy images were obtained using a LEICA
AF6000 microscope with 10x and 20x objectives.

Immunohistochemistry

Five-micrometer thick sections were obtained from 4% formalin-fixed and
paraffin-embedded tissue blocks from the caudate nucleus of a neurologi-
cally healthy brain donor at the Neurological Tissue Bank of the Biobank-
Hospital Clinic-IDIBAPS, after obtaining informed consent for the use of
brain tissue for diagnostic and research purposes. Immunohistochemistry
was performed on an automated immunostainer (Dako Autostainer Plus,
Barcelona, Spain) using anti-rabbit DARPP-32 (1:100, sc-11365, Santa Cruz
Biotechnology, Heidelberg, Germany). Immunoreaction was visualized
using the DAKO Envision system. For antigen retrieval, paraffin sections were
dewaxed and boiled in a microwave for 20 minutes in citrate buffer at pH 6.

Striatal differentiation of human pluripotent stem cells

H9 human embryonic stem cells** (WA09, WiCell, Madison, WI) Feeder
Independent-TeSR1 Medium, and CS83iCTR33n1 hiPSCs 7, obtained from
CHDI foundation biorepository at Coriell Institute, were differentiated
until 28 DIV following the telencephalic differentiation protocol previously
described." All cells were regularly tested for mycoplasma contamination
and their karyotype was verified routinely.
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