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Abstract

Immature neurons generated by the subpallial MGE tangentially migrate to the cortex where they become parvalbumin-
expressing (PV*) and somatostatin (SST*) interneurons. Here, we show that the Sp9 transcription factor controls the
development of MGE-derived cortical interneurons. SP9 is expressed in the MGE subventricular zone and in MGE-derived
migrating interneurons. Sp9 null and conditional mutant mice have approximately 50% reduction of MGE-derived cortical
interneurons, an ectopic aggregation of MGE-derived neurons in the embryonic ventral telencephalon, and an increased ratio
of SST*/PV* cortical interneurons. RNA-Seq and SP9 ChIP-Seq reveal that SP9 regulates MGE-derived cortical interneuron
development through controlling the expression of key transcription factors Arx, Lhx6, Lhx8, Nkx2-1, and Zeb2 involved in
interneuron development, as well as genes implicated in regulating interneuron migration Ackr3, Epha3, and St18. Thus, Sp9
has a central transcriptional role in MGE-derived cortical interneuron development.

Key words: interneurons, Lhx6, Lhx8, medial ganglionic eminence, Nkx2-1, parvalbumin, somatostatin, Sp9, tangential

migration

Introduction

The subpallium consists of the lateral, medial, and caudal gan-
glionic eminences (LGE, MGE, and CGE, respectively) and the
preoptic area (POA). The MGE and CGE generate the vast major-
ity of mammalian cortical interneurons. The MGE generates
parvalbumin (PV*) and somatostatin (SST™) cortical interneur-
ons, which constitute about 60% of the total (Wonders and
Anderson 2006; Gelman and Marin 2010; Rubin et al. 2010;

Brown et al. 2011; Rudy et al. 2011; Taniguchi et al. 2013). The
MGE also generates striatal GABAergic and cholinergic inter-
neurons and pallidal projection neurons (e.g., the globus palli-
dus) (Marin et al. 2000; Flandin et al. 2010; Nobrega-Pereira
et al. 2010; Wang et al. 2014).

A cascade of transcription factors regulates MGE identity
and differentiation. In ventricular zone (VZ) cells (radial glia),
Nkx2-1 and Otx2 specify MGE regional identity (Sussel et al.

© The Author(s) 2018. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com


http://www.oxfordjournals.org
http://orcid.org/0000-0003-2447-6540
http://orcid.org/0000-0003-2447-6540
http://orcid.org/0000-0003-2447-6540

2654 | Cerebral Cortex, 2019, Vol. 29, No. 6

1999; Butt et al. 2005; Flandin et al. 2010; Hoch et al. 2015; Nord
et al. 2015; Silberberg et al. 2016). Otx2 represses ventral identity
(POA), whereas Nkx2-1 represses dorsal and caudal identities
(LGE and CGE). In addition, Otx2 promotes radial glia matura-
tion into neurons and oligodendrocytes (Hoch et al. 2015) and
Nkx2-1 promotes the expression of subventricular zone (SVZ)
(secondary progenitors) genes essential for neuronal differenti-
ation (Lhx6 and Lhx8) and patterning/survival (Shh) (Sussel et al.
1999; Du et al. 2008; Silberberg et al. 2016). Nkx2-1 expression
needs to be extinguished for interneurons to migrate to the cor-
tex (Nobrega-Pereira et al. 2008); this is controlled in part via
DIx1&2 induction of Zeb2 (Zfhx1b, Sipl) (McKinsey et al. 2013;
van den Berghe et al. 2013). Lhx6 is required for the differentia-
tion of GABAergic PV* and SST* cortical interneurons (Alifragis
et al. 2004; Liodis et al. 2007; Zhao et al. 2008; Neves et al. 2013).
Lhx6 drives the expression of Arx and Ackr3 (Cxcr7) to regulate
cortical interneuron differentiation and migration, respectively
(Vogt et al. 2014). Lhx8 is required for the differentiation of stria-
tal cholinergic neurons (Zhao et al. 2003; Fragkouli et al. 2005,
2009). Lhx6 and Lhx8 are partially redundant, and lacking both
causes severe pallidal defects, including loss of Shh expression
in pallidal neurons which reduces late-born cortical interneur-
ons, and upregulation of Nkx2-1 expression in a subset of MGE-
derived interneurons which induces an ectopic aggregation of
them in the ventral telencephalon (Flandin et al. 2011).

Much of the progress in understanding how the MGE gener-
ates interneurons and projection neurons has come from the
analysis of genes downstream of DIx1&2 (Anderson et al. 1997;
Long, Cobos, et al. 2009; Long, Swan, et al. 2009). The zinc finger
transcription factor Sp9 is particularly interesting because its
expression is similar to DIx1&2 in the SVZ of the GEs, and yet
its function and targets in the MGE are unknown. In the ventral
LGE, Sp9 expression persists in striatopallidal medium-spiny
neurons; its function is required for the generation, differentia-
tion and postnatal survival of striatopallidal neurons (Zhang
et al. 2016). In the dorsal LGE and postnatal SVZ, Sp9 and Sp8
coordinately regulate the development of olfactory bulb inter-
neurons (Li et al. 2017). Here, we provide evidence that Sp9 reg-
ulates MGE-derived interneuron tangential migration in part
through promoting Lhx6 expression. Deletion of Sp9 results in
ectopic aggregation of MGE-derived interneurons in the embry-
onic ventral telencephalon, and approximately 50% reduction
of MGE-derived cortical interneurons.

Materials and Methods
Mice

Mice were handled in accordance with the institutional
guidelines. Nkx2-1-Cre (Xu et al. 2008), Lhx6-Cre (Fogarty et al.
2007), Rosa-YFP (Srinivas et al. 2001), Sp9t%#* (Zhang et al.
2016), and Sp9™°¥* (Zhang et al. 2016) mice were previously
described. The day of vaginal plug detection was defined as
embryonic day 0.5 (EO.5).

Immunohistochemistry

Immunohistochemistry was performed on 12pm (embryonic
brains) or 30 pm (postnatal brains) coronal sections according to
previous studies (Zhang et al. 2016; Li et al. 2017). Briefly, sections
were rinsed in TBS (0.01M Tris-HCL + 0.9% NaCl, pH = 7.4),
blocked with 5% donkey serum/TBS, and then incubated over-
night at 4 °C with primary antibodies as followed: rabbit anti-Sp9
(1:500) (Zhang et al. 2016), rabbit anti-calretinin (CR) (1:3000,

AB5054, Millipore), chicken anti-GFP (1:2000, GFP-1020, Aves
labs), rabbit anti-PV (1:2000, PV25, Swant), rabbit anti-Nkx2-1
(1:500, sc-13 040, Santa Cruz), rabbit anti-Caspase-3 (1:300, 9661,
Cell Signaling), goat anti-ChAT (1:400, AB144P, Millipore), mouse
anti-Lhx6 (1:500, sc-271433, Santa Cruz), rabbit anti-NPY (1:500,
22940, Incstar), and goat anti-SST (1:500, sc-7819, Santa Cruz).
Sections were then incubated with secondary antibodies (1:400,
Jackson ImmunoResearch) for 2-3 h at room temperature.

In situ Hybridization

RNA in situ hybridization experiments were performed using
digoxigenin riboprobes on 20-pm cryostat coronal sections as
previously described (Long, Cobos et al. 2009; Long, Swan et al.
2009; McKinsey et al. 2013; Zhang et al. 2016; Li et al. 2017).
Riboprobe templates were amplified by PCR with the following
primers:

1. Lhx6 Fwd: CAGAGAGGGCGCGCATGGTCACCT
Lhx6 Rev: AATTGGGGGGGGGGTCTTTGGCAC
2. Lhx8 Fwd: GCCTTAGTGTGGCTGAGAGA
Lhx8 Rev: AGGATGGTAGGCTTTGTAAACT
3. Shh Fwd: ACAGCTCACAAGTCCTCAGGTT
Shh Rev: CGTCTCGATCACGTAGAAGACC
4. Ackr3 Fwd: ATGGATGTGCACTTGTTTGACTATG
Ackr3 Rev: GTTCTGTTCCAGGGCAGAGTACTC
5. Maf Fwd: GCGCACCTGGAAGACTACTACTGGA
Maf Rev: CTCCTTGTAGGCGTCCCTTTCG
6. Arx Fwd: ATGAGCAATCAGTACCAGGAAGAGG
Arx Rev: TTAGCACACCTCCTTCCCCGT
7. Sp9 Fwd: ACCTGAATCGTGATTCCCAGCAG
Sp9 Rev: TGCTATGGCTTTTGCAACCCAC
8. Sp8 Fwd: TGGGTTGTCTGGTAGAACAGTG
Sp8 Rev: CGCAAGCAGAGGAAAACTATCT
9. NPY Fwd: GTGGATCTCTTCTCTCACAGAGGCA
NPY Rev: ACAACAACAACAACAAGGGAAATGG
10. Rnd2 Fwd: AGAGTGGCCGCTGCAAGATC
Rnd2 Rev: TCACATGAGGTTACAGCTCTTGGC
11. Epha3 Fwd: GTCACCTATGTTCTGGTCGGGAG
Epha3 Rev: CCTCATGCCGTTAAGCCAATCAC
12. Zeb2 Fwd: GCAAATGCTATGACTTAGCTCCCG
Zeb2 Rev: AAGTAGCGGTGAGTCACATCCACG
13. Sox6 Fwd: AAACTCGGCAGGGGCAGTCT
Sox6: Rev: CGCTGCTATAGTCTGATTTGGGATC
14. 1d2 Fwd: GGTCTTCCTCCTACGAGCAGCA
1d2 Rev: CTGGTTGTCTGAAATAAAGCAAGCA
15. DIx2 Fwd: TTTCCTGTCCCGGGTCAGGAT
DIx2 Rev: AAGTCTCAGACGCTGTCCACTCGA
16. Ccnd2 Fwd: CCCAAGCTTGGGCTAGCAGATGACGAACACG
Ccnd2 Rev: GCTCTAGATCCCATTCAGCCAAAGGAAGGA

RNA-Sequencing (RNA-Seq)

The MGEs from E12.5 Sp9'®#1%Z nyll mutant and wild-type
brains (n = 3 per group) were dissected, and RNA was isolated
with the Direct-zol RNA Miniprep kit (Zymo, catalog #R2050)
following the manufacturer’s instructions (Li et al. 2017). The
values of gene expression level were reported in fragments per
kilobase of exon model per million mapped reads (Trapnell
et al. 2012). For a gene to be called as differentially expressed, it
required a P-value <0.05. RNA data from this experiment has
been deposited in the GEO database (GSE99049).



Sp9 Regulates Cortical Interneuron Development Liuetal. | 2655

ChIP-Seq

SP9 ChIP-seq was performed using dissected E13.5 lateral and
medial ganglionic eminences (MGE) (including VZ, SVZ, and
marginal zone, MZ) of wild-type CD1 mice (n = 2 replicas, 2 lit-
ters for each independent ChIP experiment) (Sandberg et al.
2016; Pla et al. 2017). Briefly, the E13.5 ganglionic eminences
were fixed in 10ml 1% formaldehyde for 10 min. Sonication
was performed using Bioruptor® Pico (15-20 cycles) to obtain
optimal fragment size in the range of 200-500 bp. The sheared
chromatin (SDS concentration diluted to 0.1%) was incubated
with 8 ug anti-SP9 rabbit polyclonal antibody at 4 °C overnight.
ChIP-seq sequencing libraries were prepared from both the
input DNA and the precipitated DNA using the NEBNext DNA
Library Prep Kit and Illumina standard adaptors and were
sequenced on the Illumina Hiseq 4000 with 150bp pair-end
reads. Reads from the ChIP and input libraries were mapped to
the mouse genome (mm9) using Bowtie with default para-
meters. Peaks were called considering input as the control sam-
ple with filtering to remove peaks in repeat regions. ChIP-seq
peaks were visualized using the UCSC genome browser.

Luciferase Assays

The DNA fragments of Lhx6 promoter, Lhx6 and Lhx8 putative
enhancers (region 1-3) were amplified by PCR and subsequently
cloned into pGL4.10 and pGL4.23 firefly luciferase vector (Promega)
upstream of Luc2 gene, respectively (McKinsey et al. 2013).

The primers used for amplifying the Lhx6 promoter were:

Fwd: 5'-CCTGTTATATAAACCGGCGCTGAAC-3’
Rev: 5'-AGCGATTTAGCAAAGACATAGGCGA-3'

The primers used for amplifying the Lhx6 putative
enhancers (Region 1 and Region 2) and the Lhx8 putative
enhancer (Region 3) were the following:

Region 1 Fwd: 5'-TCTAGACCTGGGAGAGACACACACG-3’
Rev: 5'-AGCCATTTTCACTCTCTCCGAAGAA-3’

Region 2 Fwd: 5'-GGAAACCTCAAGCTGCTCTTCGTAG-3’
Rev: 5'-GAGACCCACCAGCTAGTTGCTAAAA-3’

Region 3 Fwd: 5'-AGCGGGCGACTCGAGGACT-3’

Rev: 5'-ACTGAGCACTAAGTGGCAATTCACA-3’

The coding sequence (CDS) of Sp9 was amplified by PCR
from mouse genomic DNA and cloned into pCS2 (+) expression
vector, using the following primers:

Sp9 CDS Fwd: 5'-GACCTGAATCGTGATTCCCAGC-3'
Rev: 5'-TGCAACCCACATAAACTTCATTGC-3’

Mouse embryonal carcinoma cell line P19 were grown in MEMu
(Gibco 12571-063) supplemented with 10% fetal bovine serum (FBS,
Gibco 10099-141). For luciferase assay, P19 cells transfections were
performed in triplicate in 24-well plates by using Fugene HD trans-
fection regent (Promega, E2311) according to the manufacturer’s pro-
tocol. The amounts of plasmids for each transfection were: 40ng
pGL4.73 (Promega, Renilla luciferase vector), 240 ng pCS2-empty or
pCS2-Sp9, 240ng pGl4.23-empty (pGL4.10-empty) (Promega), or
pGL4.23-Element (pGL4.10-Promoter). Dual-luciferase assay was per-
formed with a GloMax 20/20 Luminometer (Promega). The signifi-
cance was determined via t-test.

Microscopy

Bright field images (in situ hybridization results) and some fluo-
rescent images were imaged with Olympus BX 51 microscope

using a 4x or 10x objective. Other fluorescent images were
taken with the Olympus FV1000 confocal microscope system
using 10x, 20x, 40x, or 60x objectives. Z-stack confocal images
were reconstructed using the FV10-ASW software. All images
were merged, cropped, and optimized in Photoshop CS5 with-
out distortion of the original information.

Cell Counting

For embryonic mice, the numbers of GFP* cells in E15.5 and
E17.5 motor cortex were counted in 300-pm-wide bins that
spanned from the MZ to VZ. The DAPI staining was used to
demarcate MZ, cortical plate (CP), intermediate zone (IZ), SVZ,
and VZ. The percentage of GFP* cells in each layer was calcu-
lated. We counted cells from 5 sections of each mouse and ana-
lyzed 3 mice of each genotype (Nkx2-1-Cre; Sp9™*; Rosa-YFP
controls and Nkx2-1-Cre; Sp9™1%Z; Rosa-YFP conditional mutants,
Sp9-CKOs). We also counted the numbers of Caspased-3* cells in
the E17.5 ventral telencephalon (n = 3 mice for each genotype, 3
sections per mice).

For P30 mice, the numbers of GFP", GFP*/PV*, GFP'/SST,
GFP*/NPY*, and GFP*/CR* cells in primary motor cortex were
analyzed in 500-pm-wide bins. The numbers of GFP*, GFP*/PV™,
and GFP*/ChAT™ cells in the striatum were analyzed in a 2-mm?
area (n = 3 mice for each genotype, 3-5 sections per mice).

Statistics

Results were calculated as mean + SEM (standard error of
mean), and presented as fold change relative to control.
Statistical significance was assessed using unpaired Student’s
t-test or y* test. P-values less than 0.05 were considered

significant.

Results

SP9 is Expressed in MGE Progenitors and Postmitotic
Interneurons

We recently showed that most, if not all, cortical interneurons
are derived from Sp9-Cre expressing cells (Zhang et al. 2016).
Indeed, in the E13.5 MGE, SP9 is broadly expressed in the MGE
(Fig. 1A-B’"). SP9 expression begins in scattered cells in the VZ
(Fig. 1B’, D), and then is expressed in virtually all SVZ cells
(Fig. 1A-B""). At the VZ-SVZ boundary (also known as SVZ1)
(Petryniak et al. 2007), SP9 expression begins before LHX6
(Fig. 1B). Immature MGE-derived cortical interneurons migrate
into the neocortex and continue to coexpress LHX6 and SP9
(Fig. 1C-C™).

To investigate Sp9 function in the development of MGE-
derived cells, we mainly used Sp9:*#!%Z constitutive null
mutants and Nkx2-1-Cre; Sp9™'%Z conditional (Sp9-CKO)
mutants with or without the Rosa-YFP Cre reporter allele. The
constitutive and conditional mutants had greatly reduced SP9
protein and Sp9 mRNA in the MGE (Fig. 1D-G) (Zhang et al.
2016).

Sp9 is Required for the Tangential Migration of MGE-
Derived Interneurons

We next examined the role of Sp9 in the tangential migration
of MGE-derived cortical inhibitory GABAergic interneurons in
Sp9-CKOs. In E12.5 Nkx2-1-Cre; Sp9™/*; Rosa-YFP littermate con-
trols, many GFP™* cells have entered the lateral cortex (Fig. 24, A'),
whereas, in the Sp9-CKOs very few GFP* cells were detected in
this region (Fig. 2B, B'). By E13.5, a large number of GFP* cells
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Figure 1. SP9 is expressed in LHX6" MGE progenitors and derived interneurons. (A) SP9/LHX6 double-immunostained coronal hemisection at E13.5. (B, C) Higher mag-
nification images of boxed areas in (A) showing that the vast majority of LHX6" cells expressed SP9 in the MGE SVZ and cortex (arrows). Note that some SP9* cells
were in the MGE VZ (B'). (D-F) SP9 expression was lost in most MGE cells in Nkx2-1-Cre; Sp97/1% conditional knockout mice (Sp9-CKOs) at E13.5 (arrows). Scale bars:

100 pm in G for A, D-G; 20 pm in C” for B-C”.

were observed in the 2 cortical migration streams in the MZ and
the 1Z/SVZ (Fig. 2C, C'); the Sp9-CKOs showed a retardation in the
progression of both migration streams, and had many fewer cells
in the MZ (Fig. 2D, D’). At E15.5, the Sp9-CKOs continued to show
a retardation into the migration into the dorsomedial cortex
(Fig. 3A, B). Thus, Sp9 promotes the tangential migration of MGE-
derived cortical interneurons.

Sp9 Mutants Have an Altered Allocation of MGE-Derived
Interneurons in the Deep and Superficial Tangential
Migration Pathways

We then analyzed the numbers and distribution of MGE-
derived (GFP*) cells in the cortex of Sp9-CKOs at E15.5 and
E17.5. The total numbers of GFP* cells in E15.5 and E17.5
mutant cortex were reduced by about 30% (Fig. 3A-D, E, G), as
were the percentage of GFP* migrating cells in the MZ and CP
(Fig. 3A1-D1, F, H). In contrast, the percentage of mutant GFP*
migrating cells in the cortical SVZ was increased (Fig. 3A1-D1,
F, H). Notably, in control embryos, a subpopulation of GFP* cells
tangentially migrates through the LGE VZ/SVZ (arrows,
Fig. 3A2, C2). However, very few GFP* cells were detected in the
LGE VZ/SVZ in Sp9 conditional mutants at E15.5 and E17.5
(arrows, Fig. 3B2, D2, cell density was reduced roughly 2- to 3.5-
fold). By contrast, within the Sp9-CKO LGE, there is an obvious

corridor of migrating MGE-derived cells that are probably
immature interneurons (Fig. 3B, B2). Thus, overall, while the
loss of Sp9 function reduced E15.5 and E17.5 cortical interneur-
ons in the superficial migration zone, they were increased in
the deep migration zone, suggesting that Sp9 controls the allo-
cation of interneurons that follow these distinct pathways.

MGE-Derived Interneurons in the Cortex are Greatly
Reduced in Adult Sp9-CKOs

At P30, we found approximately 50% reduction of GFP* neocor-
tical cells in the Sp9-CKO (Fig. 4E, E’, F). We next quantified the
numbers of GFP*/PV*, GFP*/SST*, GFP*/NPY*, and GFP'/CR*
interneurons in the primary motor cortex (Fig. 4A-D’). The Sp9-
CKO mutants showed a > 70% reduction in GFP*/PV™* cells, and
approximately 30% reduction in GFP*/SST* cells (Fig. 4F). By
contrast, GFP*/NPY* cells were increased (Fig. 4F); GFP*/CR*
interneurons trended towards an increase (nonsignificant
trend; Fig. 4F).

SP9 is mainly expressed in the MGE SVZ and migrating
MGE-derived interneurons, but not in the MGE VZ, therefore we
hypothesized that loss of PV* and SST* cortical interneurons in
Sp9-CKOs is mainly due to migration defects, not due to
reduced cell proliferation. To test this hypothesis, we bred Sp9
floxed mice with Lhx6-Cre transgenic line in which Cre
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Nkx2-1-Cre; Sp9™; YFP Nkx2-1-Cre; Sp9*<¢; YFP

Nkx2-1-Cre; Sp9™; YFP
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Figure 2. Tangential migration delay of MGE-derived cortical interneurons in Sp9-CKOs. (A-D’) GFP immunostaining on E12.5 and E13.5 coronal hemisections showed
that MGE-derived Sp9 mutant interneurons migrate into the cortex less efficiently. Note the reduction of GFP* cells in the marginal zone of Sp9-CKOs compared with
controls at E13.5 (arrows in C’, D’). More GFP* cells were observed in the ventral telencephalon of Sp9-CKOs (arrows in C, D). Scale bars: 200 pm in A for A-D; 100 pm A’

for A-D'.

recombination occurs only in postmitotic MGE-derived neurons
(Fogarty et al. 2007; Nobrega-Pereira et al. 2008). We again
quantified the numbers of GFP*, GFP*/PV*, GFP*/SST*, GFP*/
NPY™*, and GFP*/CR* interneurons in the primary motor cortex
in control (Lhx6-Cre; Sp9™/*; Rosa-YFP) and Lhx6-Cre; Sp97/F; Rosa-
YFP mice at P30 (Fig. 5A-E’). Consistent with results from Sp9-
CKOs (Fig. 4A-F), Lhx6-Cre; Sp9"F; Rosa-YFP mice showed
approximately 40% reduction in GFP* cells and approximately
65% reduction in GFP*/PV™ cells (Fig. SA-F). This result suggests
that SP9 only has a minor role in regulating cell proliferation in
the MGE, whereas, it has a major role in promoting MGE-
derived interneuron migration.

MGE-Derived Interneurons in the Striatum are Reduced
in Adult Sp9-CKOs

MGE also generates striatal interneurons. Sp9-CKOs had
approximately 70% reduction of GFP*/PV* and GFP*/SST™ inter-
neurons, whereas the number of GFP*/ChAT" cells were normal
(Supplementary Fig. S1A, A’, C-F'). Once again, Lhx6-Cre; Sp9™'F;
Rosa-YFP mice had a reduction of PV* or SST* interneurons in
the striatum (Supplementary Fig. S1B, B’, C, G-I'). This indicates
that SP9 also promotes MGE-derived interneurons migrating
into the striatum.

RNA-Seq Reveals Molecular Defects of the Sp9 Mutant
MGE

Towards elucidating the mechanisms underlying the Sp9
mutant phenotypes, we used RNA-Seq to compare wild-type
with Sp9 null mutant transcriptomes from the E12.5 MGE. We
identified 392 dysregulated genes in the mutants; 188 with

increased RNA expression and 204 with reduced RNA expres-
sion. Some of these genes were listed in the Supplementary
Table S1. We have deposited the RNA-Seq data to NCBI's GEO
(GEO database GSE99049).

Differential expression was validated for several genes via
in situ hybridization in E12.5-E15.5 embryos (Supplementary
Figs S2, S3; Figs 6-8). For example, we observed that expression
of Zeb2, Maf (c-maf), Rnd2 and St18 were greatly reduced
(Supplementary Fig. S2A-L’), whereas expression of Sp8, Epha3
(Eph receptor A3) and Id2 were increased, and expression of DIx2
and Ccnd2 (cyclin D2) were at the same level (Supplementary
Fig. S3A-0’). Moreover, the expression of Lhx6, Lhx8, Shh, Ackr3,
and Arx were also significantly reduced (Figs 6, 7), whereas
expression of Sst, Npy, and Sox6 were increased (Fig. 8A-0’).
Overall, the altered expression patterns of these genes mainly
occurred in the MGE SVZ (Zeb2, Maf, Rnd2, St18, Sp8, Epha3, 1d2,
Lhx6, Lhx8, Ackr3, and Arx) and MGE-derived migrating inter-
neurons (Epha3, Ackr3, Arx, Sst, Npy, Sox6, and NKX2-1), consis-
tent with the Sp9 expression pattern during embryonic
development, and these genes are also known for controlling
cortical interneuron development (see below).

Lhx6, Lhx8, Shh, Ackr3, and Arx expression are Reduced
in the Sp9 Mutant MGE

Lhx6 and Lhx8 have redundant functions in promoting cortical
interneuron generation, in part through driving Shh expression
and repressing Nkx2-1 expression in MGE neurons (Flandin et al.
2011). The Sp9 mutant MGE at E12.5 showed reduced Lhx6 expres-
sion in the SVZ (Fig. 6A-C’), reduced Lhx8 expression in the dorsal
SVZ (arrows, Fig. 6D-F’) and reduced Shh neuronal expression in
the MZ (Fig. 6G-T'). Reduced Lhx6 and Lhx8 SVZ expression in the
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Figure 3. MGE-derived interneurons are reduced and distributed abnormally in the cortex of Sp9-CKOs. (A-D2) GFP immunostaining on coronal hemisections showing
the distribution of MGE-derived cells (GFP*) in telencephalic hemispheres at E15.5 and E17.5. Note that GFP* cells in the LGE VZ/SVZ of mutants were absent or greatly
reduced at E15.5 and at E17.5 (arrows in A2-D2). More GFP* cells were observed in the ventral telencephalon of Sp9-CKOs (arrows in A-D). (E-H) Quantification showing
that Sp9-CKO mice had reduced numbers of GFP™ cells in the cortex at E15.5 (E) and E17.5 (G). The percentage of GFP* cells was reduced in the marginal zone (MZ) and
cortical plate (CP) (F, H), and increased in the SVZ (F, H). IZ, intermediate zone. Student’s t-test (E, G) and 4 test (F, H), *P < 0.05; *'P < 0.01, n = 3. Scale bars: 200 ym in D

for A-D; 100 pm D2 for A1-D2.

E13.5 and E15.5 MGE was also observed (Fig. 7A-F’, M-R’). We sug-
gest that the combined reduction of Lhx6, Lhx8, and Shh in the Sp9
mutant contributes to the reduced numbers and abnormal
migration of the cortical interneurons. Furthermore, we provided
evidence that LHX6 directly binds to and promotes the activity of

Ackr3 and Arx enhancers (Vogt et al. 2014). Thus, reduced Lhx6
expression in the Sp9 mutant MGE probably contribute to the
reduced Ackr3 and Arx expression in the MGE SVZ (in conjunction
with the reduced Lhx8) and in the MGE-derived migrating cortical
interneurons (Fig. 7G-L’ and S-U’).
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Figure 4. Cortical interneurons are reduced in Nkx2-1-Cre; Sp9™/2%Z; Rosa-YFP conditional mutants (Sp9-CKOs). (A-E’) GFP and interneuron markers (PV, SST, CR, and
NPY) double-immunostaining on P30 cortex sections. (F) Quantification showing that Sp9-CKOs had reduced GFP*, GFP*/PV*, and GFP*/SST* cells, and had increased
GFP*/NPY" cells in the primary motor cortex. Student’s t-test, *P < 0.05; **P < 0.01, **P < 0.001, n = 3. Scale bar: 50 pm.

MGE-Derived Interneurons Ectopically Accumulate
in the Ventral Telencephalon of Sp9-CKO Embryos

A mechanism that appears to contribute to the reduction in
cortical and striatal interneurons in the Sp9-CKOs is the ectopic
accumulation of MGE-derived cells in the ventral telencephalon
appearing at E13.5, E15.5, and E17.5 (arrows, Figs 2C, D, and 3A-
D). Cells in the ectopia are labeled by expression of cortical
interneuron and MGE markers, including Lhx6 (arrowheads,
Fig. 7M-0’), Npy, Sst, and Sox6 (arrows, Fig. 8A-0’). These cells
also express NKX2-1 (arrows, Fig. 9D, D”), whose expression
may contribute to their abnormal migration (Nobrega-Pereira
et al. 2008). Upregulation of NKX2-1 expression was also
observed in the LGE SVZ/MZ and cortical SVZ in Sp9 mutants
(arrows, Fig. 9D’), probably contributed by reduced Lhx6 and
Lhx8 expression (Flandin et al. 2011). When using the Lhx6-Cre

line to conditionally delete Sp9, we also observed the ectopic
accumulation of MGE-derived cells (NKX2-1*" and/or GFP*) in
the ventral telencephalon (arrows, Supplementary Fig. S4A-F)
and upregulation of NKX2-1 expression in the cortical SVZ
(Supplementary Fig. S4C’). We found that MGE-derived inter-
neurons expressed much higher levels of Sst, Npy, and Sox6
in Sp9-CKO embryos than those in controls (arrowheads,
Fig. 8A-0’). Notably, although the number of MGE-derived
cortical interneurons was reduced in the cortical MZ of Sp9
mutants (Figs 2 and 3), the remained cortical MZ interneur-
ons also upregulated SST expression (arrows, Supplementary
Fig. S5B").

Finally, we used Lhx6-GFP BAC transgenic mouse lines to
examine Lhx6-GFP expression in the Sp9t%#1%Z null mutants at
E14.5. We performed GFP/LacZ double-immunostaining. In
the Lhx6-GFP; Sp9'*#* control MGE and cortex, virtually all
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Figure 5. Cortical interneurons are reduced in Lhx6-Cre; Sp9™F; Rosa-YFP mice. (A-E) GFP and interneuron markers double-immunostaining on P30 cortex coronal sec-
tions. (F) Quantification of above experiments. GFP* and GFP*/PV* cells were significantly reduced. Student’s t-test, *P < 0.05; *P < 0.01, n = 3. Scale bar: 100 pm.

Lhx6-GFP* cells expressed LacZ (Supplementary Fig. S6A).
Lhx6-GFP was strongly expressed in the globus pallidus
(Supplementary Fig. S6A, C), whereas LacZ expression was
downregulated in this nucleus (Supplementary Fig. S6B) (Zhang
et al. 2016). In the Lhx6-GFP; Sp9+*“#'%Z mutant mice, LacZ
expression was stronger relative to the Lhx6-GFP; Sp9**%* mice
(Supplementary Fig. S6B, E), reflecting LacZ dosage. In control
mice, more Lhx6-GFP* cells were found in the MGE SVZ
(Supplementary Fig. S6G), than in the mutant MGE SVZ
(Supplementary Fig. S6H). Lhx6-GFP expression was also
reduced in cells migrating through the mutant LGE VZ/SVZ
(Supplementary Fig. S6G, H). Furthermore, the number of Lhx6-
GFP* interneurons in the Sp9 mutant E14.5 cortex was reduced
by 60% relative to control (Supplementary Fig. S6I).

The reduction in cortical interneurons does not appear to be
caused by an increased cell death, (as marked by cleaved
Caspase-3* cells) as we did not observe increased cell death in
the MGE, the migration streams or in the cortex of Sp9 mutants
(from E13.5 to P11). On the other hand, increased apoptosis was
observed in the mutant’s ventral telencephalon at E17.5
(Supplementary Fig. S7A, B, E) which may reflect the ectopic
accumulation of MGE-derived interneurons. Increased apopto-
sis was also seen in the dorsal striatum at P3 (Supplementary
Fig. S7C, D, F).

SP9 Directly Binds to a Putative Enhancer of Lhx6

Coexpression of SP9 and LHX6 in MGE-derived migrating inter-
neurons from the MGE SVZ to cortex indicates that SP9 may
directly regulate Lhx6 expression. We thus performed chroma-
tin coimmunoprecipitation followed by high-throughput DNA
sequencing (ChIP-Seq) (n = 2 replicas) using E13.5 wild-type
ganglionic eminences (LGE + MGE) (Sandberg et al. 2016; Pla
et al. 2017). There was strong concordance in SP9 binding
across replicates (Fig. 10A-H). We derived a set of 2962 binding
regions based on the presence of significant enrichment in SP9
ChIP libraries and no enrichment in the input control datasets.
Furthermore, most of those genes that were deregulated in the
Sp9 mutant MGE (Supplementary Table 1) had SP9 binding sites
(Fig. 10A-H). We found one SP9 ChIP-Seq peak at the Lhx6 pro-
moter region and 3 peaks at Lhx6 and Lhx8 putative enhancers
(region 1-3), as each of these loci are evolutionarily (see mam-
mal conservation track in Fig. 10A, B).

Next, to test the ability of SP9 to regulate these candidate
regulatory elements of Lhx6 and Lhx8, we performed a Dual-
luciferase transcription activation assay using P19 embryonal
carcinoma cells. SP9 robustly activated transcription from an
Lhx6’s putative enhancer (Region 2, Fig. 10A, I). In contrast, SP9
did not activate Lhx6 promoter and other Lhx6 and Lhx8
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Figure 6. Lhx6, Lhx8, and Shh expression were downregulated in the Sp9-CKO MGE. (A-I') In situ RNA hybridization staining for Lhx6, Lhx8, and Shh on E12.5 3 serial cor-
onal hemisections (rostral-most on the left) showed reduced Lhx6 expression in the MGE SVZ (arrows in B, B'), reduced Lhx8 expression in the dorsal MGE SVZ (arrows
in E-F’) and reduced Shh expression in the MGE mantle zone (MZ) of Sp9-CKOs (arrows in H-H'). Cx, cortex. Scale bar: 200 pm.

enhancers in P19 embryonal carcinoma cells (Region 1 and 3)
(Fig. 10I). Together, these results provide evidence that SP9
directly, at least in part, promotes Lhx6 expression in MGE-
derived migrating interneurons through its binding to an Lhx6
enhancer.

Discussion

Here, we show that Sp9 null and CKO mice have approximately
50% reduction in MGE-derived cortical interneurons, which we
propose is mainly due to abnormal tangential migration. In the
absence of Sp9, a subset of MGE-derived interneurons did not
migrate into the cortex or striatum, resulting in their ectopic
accumulation in superficial parts of the LGE and CGE and in the
external capsule. In the Sp9 mutant embryonic cortex, fewer
MGE-derived interneurons migrated in the cortical MZ,
whereas, more migrated in the cortical SVZ. Finally, in the Sp9
mutant adult cortex, the SST*/PV* ratio is increased in cortical
interneurons. Lhx6 and Lhx8 expression are reduced in the
MGE; we propose that this defect underlies, in part, the cortical
interneuron defects.

Sp9 Regulates Tangential Migration of MGE-Derived
Cortical Interneurons

Tangential migration to the cortex in the Sp9 mutants appeared
reduced at E13.5 and E15.5 using MGE-lineage analysis (Figs 2
and 3). The ectopic accumulation of interneuron-like cells in
superficial parts of the LGE and CGE, and in the external cap-
sule (arrows Figs 2, 3, and 7-9), appears to be a major contribu-
tor to this phenotype. The persistent expression of NKX2-1

(Fig. 9) and EphA3 (Supplementary Fig. S3D-F’), in these cells,
may contribute to their abnormal migration.

Prenatally, Sp9 mutants had a reduction of cortical inter-
neurons in the superficial migration zone, whereas they had
more cortical interneurons in the deep migration zone. Thus,
Sp9 regulates the relative allocation of interneurons that follow
these distinct pathways. It is possible that interneurons migrat-
ing along these paths have different fates, in terms of their cell
types and laminar positioning. This may account for why the
P30 cortex had more interneurons in the superficial layers and
a fewer in the deep layers (data not shown). The abnormal ratio
of superficial and deep tangentially migrating interneurons
may also be related to the altered ratio of PV* and SST* inter-
neurons (Figs 4 and 5). Further studies are needed to establish
whether Sp9 expression in the MGE SVZ, and in the migrating
interneurons, has distinct roles in regulating interneuron
migration.

Normally, a subset of MGE-derived interneurons tangen-
tially migrate into the cortex via the LGE VZ/SVZ, however, in
the Sp9-CKOs very few GFP* cells were found in this region
(arrows in Fig. 3A2-D2). This could be explained by the upregu-
lation of Epha3 expression in the Sp9 mutant MGE-derived
migrating interneurons (Supplementary Fig. S3D-F), as
enhanced Eph/ephrin signaling in the LGE VZ/SVZ increases
the repulsive effect on migrating interneurons (Zimmer et al.
2008; Rudolph et al. 2010; Villar-Cervino et al. 2015).
Accordingly, in the postnatal brain, fewer GFP* cells were
observed in the medial part of the Sp9 mutant striatum
(Supplementary Fig. S1A, A’). Notably, Ephrin-A3 is strongly
expressed in the CP (Rudolph et al. 2010). Thus, upregulation of
Epha3 expression also prevents migrating Sp9 mutant
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Figure 7. Sp9-CKOs have reduced Lhx6, Lhx8, Ackr3, and Arx expression in the MGE. (A-U’) In situ RNA hybridization showing that expression of Lhx6, Lhx8, and LHX6
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neurons in the Sp9 mutant cortical SVZ. Open arrowheads in (N, N, O, 0’) indicate ectopic accumulation of Lhx6* interneurons in the Sp9 mutant ventral telencepha-
lon. Scale bar: 200 pm.
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Figure 8. Ectopic accumulation of MGE-derived interneurons in the Sp9-CKO ventral telencephalon. (A-O’) In situ RNA hybridization showing that MGE-derived Sst*,
Npy*, and Sox6" cells ectopically accumulated in the ventral telencephalon of mutants at E13.5 and E15.5 (arrows). Arrowheads in (B, B, E, E/, H, H’) indicate upregula-
tion of Sst and Npy expression in Sp9 mutant cortical interneurons. Scale bar: 200 pm.

MGE-derived interneurons from entering the CP and pushes
these interneurons into the SVZ (Fig. 3).

Sp9 Mutants Have an Increased Ratio of SST* to PV*
Cortical Interneurons

Multiple transcriptional and signaling mechanisms control the
specification and ratio of SST* to PV* cortical interneurons (Hu
et al. 2017). Sp9 mutants have an increased ratio of SST* to PV*
cortical interneurons (Figs 4 and 5). This could be due to differ-
ential cell death, although increases in apoptosis were only
observed in the area of the ectopic interneuron accumulation
and in the dorsal striatum (Supplementary Fig. S7).
Alternatively, Sp9 may differentially regulate the generation of

SST* and PV" interneurons. This possibility seems plausible
given the robust increase in SST expression in cortical imma-
ture interneurons present at E13.5-15.5 (Fig 8, Supplementary
Fig. S5).

SST interneurons are generally generated before PV inter-
neurons (Xu et al. 2004; Butt et al. 2005; Miyoshi et al. 2007), and
thus, Sp9 could alter their balance by controlling the timing of
SST and PV specification. There is also evidence that SST*
interneurons arise via direct neurogenesis from VZ progenitors,
whereas PV* interneurons originate from SVZ progenitors of
the MGE (Petros et al. 2015). Thus, perhaps Sp9, by virtue of its
SVZ expression (Fig. 1), is particularly important in generating
PV interneurons. Note that there is a selective deficit in cortical
PV* interneurons in mice lacking Cend2 in the SVZ of the MGE
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200 pm in (D) for (A-D); 100 pm in (D") for (A'-D").

(Glickstein et al. 2007); however, Ccnd2 expression was not
affected in the Sp9 mutant MGE, according to our RNA-Seq and
in situ hybridization analysis (Supplementary Fig. S3M-0’).

Sp9 Regulation of Multiple Transcription Factors
Controls Cortical Interneuron Development

There is evidence dorsal MGE has a bias for generating SST cor-
tical interneurons whereas the ventral MGE has a bias for gen-
erating PV interneurons and the globus pallidus (Flandin et al.
2010; Nobrega-Pereira et al. 2010; Inan et al. 2012). Although Sp9
expression appears uniform across the MGE, development of
pallidal projection neurons (e.g., globus pallidus) appears
grossly normal, perhaps because Sp9 is not expressed in these
neurons (Zhang et al. 2016). On the other hand, the Sp9 mutants
have reduced numbers of both striatal and cortical interneur-
ons (Figs 4 and 5; Supplementary Fig. S1). The specificity for
MGE-derived interneurons, and the increase in the cortical
interneuron SST/PV ratio, may reflect the combination of tran-
scription factors that are altered in the Sp9 mutants.

Sp9 mutants have reduced expression of the Lhx6, Lhx8,
Zeb2, and Maf transcription factors. Reductions in both Lhx6 and
Lhx8 could explain why both cortical and striatal interneurons
are affected (Flandin et al. 2011). The lack of a defect in striatal

cholinergic neurons (Supplementary Fig. S1), which require
Lhx8 function LGE (Zhao et al. 2003), implies further specificity
of Sp9’s function. DIx1&2 and Zeb2 mutants fail to express the
Maf and Mafb transcription factors, whose expression is highly
enriched in developing cortical interneurons (McKinsey et al.
2013). Downregulation of Zeb2 expression could explain why
NKX2-1 expression was upregulated in several MGE derivatives:
the ectopic interneurons in the superficial LGE, and interneur-
ons migrating through the LGE SVZ and cortical SVZ (Fig. 9).
DIx1&2 control the generation of cortical interneurons through
increasing expression of the Zeb2 transcription factor in the
SVZ of the MGE, which in turn represses Nkx2-1 expression
(McKinsey et al. 2013; van den Berghe et al. 2013). Thus, we pro-
pose that reduced expression of Lhx6, Lhx8, Zeb2, and Maf in the
Sp9 mutant together contribute to the defects in cortical inter-
neuron development.

To investigate whether these genes are directly regulated by
SP9, we performed SP9 ChIP-seq using E13.5 ganglionic emi-
nences. We found that SP9 binds to loci in the region of genes
dysregulated in the Sp9 mutant: AckR3, Arx, EphA3, Lhx6, Lhx8,
Nkx2-1, St18, and Zeb2 (Fig. 10A-H). Thus, Sp9, through direct
activation (AckR3, Arx, Lhx6, Lhx8, St18, and Zeb2) and repression
(Nkx2-1 and Epha3), has multiple molecular targets, and modes
of function, in regulating development of MGE-derived cortical
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Figure 10. Anti-SP9 ChIP-Seq Results. (A-H) “Called” peak (small rectangles) locations relative to genomic loci are shown for genes that are deregulated in Sp9-CKOs
and for which ChIP-seq peaks were identified within 1 Mb of the gene body. Note the different scale bars for individual panels. For each panel, “up” or “down” indi-
cates whether the gene was upregulated or downregulated in the Sp9 mutant MGE. chr, chromosome; kb, kilobase. Large red rectangles highlight where SP9 binds to
the promoter and several downstream or upstream regions (regions 1-3) of Lhx6 and Lhx8 genes (A, B). (I) SP9 activated transcription from a putative Lhx6 enhancer
(R2, region 2) in a dual-luciferase assay within P19 cells. (Student’s t-test, *P < 0.05, n = 3 individuals, mean + SEM).

interneurons. As discussed above, this function appears to be
particularly important of interneuron tangential migration. In
this regard we recently demonstrated that Sp9 and Sp8 in the
dLGE and postnatal SVZ also have critical roles in promoting
migration of olfactory bulb interneurons (Li et al. 2017).

Most Lhx6 mutant MGE-derived cortical interneurons fail to
differentiate to mature PV* and SST* interneurons, while this
defect was not observed in Sp9 mutants. However, Sp9 mutants
partially phenocopy the migration defects of MGE-derived
interneurons in Lhx6 and Lhx6/Lhx8 mutants (Liodis et al. 2007;
Zhao et al. 2008; Flandin et al. 2011; Vogt et al. 2014). A putative
Lhx6 enhancer (Region 2 in Fig. 10A) was strongly activated by
SP9 in luciferase reporter assays. Given that enhancers are
required for normal development (Dickel et al. 2018), our results
suggest that the Lhx6 enhancer may have a crucial role in pro-
moting the tangential migration of MGE-derived interneurons.
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