CDDpress

ARTICLE

www.nature.com/cdd

W) Check for updates

The embryonic patterning gene Dbx1 governs the survival of
the auditory midbrain via Tcf712-Ap26 transcriptional cascade
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At the top of the midbrain is the inferior colliculus (IC), which functions as the major hub for processing auditory information.
Despite the functional significance of neurons in the IC, our understanding of their formation is limited. In this study, we identify the
embryonic patterning gene Dbx1 as a key molecular player that governs genetic programs for IC survival. We find that Dbx1 plays a
critical role in preventing apoptotic cell death in postnatal IC by transcriptionally repressing c-Jun and pro-apoptotic BH3 only
factors. Furthermore, by employing combined approaches, we uncover that Tcf7I2 functions downstream of Dbx1. Loss of Tcf7I2
function causes IC phenotypes with striking similarity to those of DbxT mutant mice, which include defective embryonic maturation
and postnatal deletion of the IC. Finally, we demonstrate that the Dbx1-Tcf7I2 cascade functions upstream of Ap-26, which is
essential for IC development and survival. Together, these results unravel a novel molecular mechanism for IC maintenance, which

is indispensable for normal brain development.

Cell Death & Differentiation (2023) 30:1563-1574; https://doi.org/10.1038/s41418-023-01165-6

INTRODUCTION

The auditory midbrain or inferior colliculus (IC) is the major hub
serving as a critical integration center of the central auditory
pathway [1]. To process the perception of sound stimuli, neurons in
the auditory system form precise circuits, which emerge from
cochlea ganglion neurons. The IC receives virtually all ascending
brainstem inputs and descending projection from the auditory
cortex [2, 3]. In turn, the IC projects to the medial geniculate body,
the thalamic relay nucleus [4, 5]. Neurons in the IC also receive many
non-auditory inputs from the superior colliculus (SC), which is known
as the optic midbrain. The IC is functionally subdivided into core
(central nucleus) and shell (dorsal and lateral cortex) subregions
according to dendritic morphology and axonal trajectories [1].
Despite the functional significance of IC neurons, our understanding
of their formation is limited.

During early embryogenesis, the territories of midbrain progeni-
tors are specified and assigned into seven subdivisions (m1-m?7)
with specific combinations of gene expression codes [6, 7]. The m1-
m2 regions are organized into the dorsal midbrain or tectum, which
further subdivide into the IC and SC. Early growth and patterning of
the tectum are tightly linked to the key signaling molecules of the
isthmic organizer [8-11]. FGF signaling functions in a dose- and
time- dependent manner to control tectal growth, specification, and
survival [10, 12, 13]. Distinct levels of FGF activity play crucial roles in
regulating SC and IC fates, as reduced FGF signaling results in
disruption of the IC [10, 12, 14-16]. In addition, inactivating Fgf8 at
different stages leads to variable truncation of the developing
tectum [17]. Similarly, loss of the tectum has been also observed
in embryos that lack Wnt1 or En1 function although the phenotypes

of Wnti1- or Enl-deficient embryos with altered midbrain and
cerebellum can vary [18-20]. Impaired cellular processes including
defective proliferation, cell fate transformation, and loss of tectal
stem zone are likely to be responsible for the loss of the tectum
[12, 13, 17]. Furthermore, abnormal apoptosis also appears to be
one of the major causes for embryonic tectum deletion [10, 21]. Pax
and Meis2 play differential roles in forming the tectum [14, 22-24],
and Otx2 contributes to the control of multiple aspects of midbrain
development [25-28]. During neurogenesis between E11.5 and
E14.5 [29-32], the tectum produces glutamatergic and GABAergic
neurons in the SC and IC [6, 7]. The transcription factors Ascl1, Helt,
Gata2 and Tal2 play selective functions in determining GABAergic
neuronal identity along the DV axis [6, 7, 33-37]. Although previous
works have greatly broadened our understanding of the early phase
of tectal development, little is known about the molecular
mechanisms underlying the differentiation and survival of the IC
at the late embryonic and adult stages.

Herein we present evidence that the transcriptional cascade of
the Dbx1, Tcf7I12 and Ap-26 (Tfap2d) transcription factors regulates
the survival of the IC. The homeodomain transcription factor Dbx1 is
expressed in various regions of the developing nervous system [38],
and is required for regulating neuronal cell fate determination.
In the spinal cord, Dbx1 is necessary for specifying distinct identities
of VO and V1 interneurons that coordinate the alternation of left
and right limbs [39-41]. In the hindbrain, Dbx1 is required for
regulating the identity and function of the preBé&tzinger respiratory
neurons [42, 43]. In the forebrain, Dbx1 is critical for regulating
the specification of hypothalamic neurons that control innate
behaviors [44]. A recent study by gain- and loss-of-function analyses
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Fig. 1 Differential expression profiling identifies Dbx7 target genes in the IC. A Volcano plot representing transcriptional changes in Dbx19¢!

IC versus wildtype IC at E18.5. Orange dots correspond to upregulated genes whereas blue dots correspond to downregulated genes. B Gene
ontology (GO) analysis of differentially expressed genes in the IC of Dbx1% embryos at E18.5 compared with wildtype embryos. Bar charts
showing 10 GO terms for biological process, molecular function and cellular components, ranked by fold enrichment. C, F, H Clustering
heatmaps represent expression patterns of the genes with overrepresented GO terms: transcription factors (C), neuron projection and
adhesion (F), and synaptic transmission and excitability (H). Each column represents an independent biological replicate. The log, values of
expression in relation to the median of the row are shown as a blue-red color scale. Localization of each gene expression in the brain was
estimated according to the Allen Brain Atlas, and is indicated by boxes. IC-enriched, expression enriched in the IC; IC-depleted, expressed
broadly in the brain except for the IC; Ubiquitous, expressed throughout the brain; Low, low overall expression in the brain; N/A, not available
in the Allen Brain Atlas. D, E, G, I In situ hybridization on E18.5 sagittal brain sections. Scale bars, 200 pm.

revealed crucial roles of Dbx1 in regulating midline crossing by to define a novel molecular pathway for IC maintenance, which is
midbrain commissural axons [45]. During early embryogenesis, indispensable for normal brain development.

Dbx1 expression in the midbrain is restricted to the m1-m2

progenitor domains, which generate IC and SC neurons [28, 38].

At late embryonic stages, Dbx1 expression is excluded from the SC, RESULTS

and persists in the IC (Allen Brain Atlas). These observations raise the Dbx1 orchestrates a genetic program for the development of

possibility that Dbx71 has a later role in regulating IC formation. the inferior colliculus
Tcf712, a high mobility group (HMG) box-containing transcription To investigate the role of Dbx1 in the regulation of IC differentiation,
factor, has been known as both the major transducer of Wnt/f3- we first generated Dbx1?' mice in which Dbx1 is inactivated at

catenin activity and high diabetic risk factor [46-48]. Tcf7I2 the pre-implantation stages, by crossing Dbx1"*? mice [44] to
expression initiates at E10.5, and is abundantly detected in the Ella-Cre [58] transgenic mice. We then analyzed global gene
diencephalon and midbrain [49]. Loss of Tcf7I2 function leads to expression in the IC of control and Dbx1% mutant embryos on
pituitary hyperplasia [50], defective oligodendrogenesis [51-53], E18.5 by RNA-seq. In this comparison, we found 1,524 genes

and disruption of thalamic and habenula development [54-56]. differentially expressed (=04 or<—0.4 log, fold-change; Puq <
Despite strong and persistent expression in the dorsal midbrain 0.05), 1,213 of them upregulated and 311 downregulated in Dbx 719
during embryonic and postnatal stages, the possible role of Tcf7I2 in mutants (Fig. 1A; Table S1; Table S2). The differentially expressed
tectal differentiation remains unexplored. genes (DEGs) were significantly enriched in gene ontology (GO)

By employing combined approaches, we demonstrate that terms associated with transcription factor activity, neuron projec-
Dbx1-Tcf7I2 transcriptional cascade orchestrates a genetic pro- tion, cell adhesion, synaptic function, apoptotic process, Wnt

gram for the development of the IC. Notably, this regulatory signaling, ion channel activity, extracellular matrix, and neurotrans-
cascade is required for postnatal survival of the IC by playing an mitter signaling (Fig. 1B; Table S3). To assess whether the DEGs from
essential anti-apoptotic role through transcriptional suppression these groups are specific to the IC, we surveyed corresponding gene
of ¢-Jun and BH3-only factors such as Hrk and Bim. We further expression data from the Allen Brain Atlas (https://mouse.brain-
show that the Dbx1-Tcf7I2 cascade acts upstream of Ap-28, which map.org). We found that 100% of the DEGs highly enriched in
regulates neuronal survival in the IC [57]. Together, our data begin the IC belonged to the downregulated target genes (Fig. 1C, F, H).
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Fig.2 Loss of Dbx1 leads to increased levels of c-Jun and BH3 only factors, and to cell death in the IC. A Differential expression of BH3 only
(Bid, Bad, Bim, Puma, Hrk) factors and c-Jun in E18.5 Dbx1% compared with control based on RNA-seq (pink bars; ****FDR g < 0.0001) and gRT-
PCR (light blue bars; Student’s t-test; ***p < 0.001); error bars indicate standard error for log2 fold change). B In situ hybridization with Bim, Hrk,
and c-Jun riboprobes in E18.5 sagittal brain sections. C-E Immunohistochemistry using anti-cleaved caspase 3 (Cas3) was performed on E18.5
coronal sections (C) and E12.5 (D) and E15.5 (E) sagittal sections to detect apoptosis. E18.5, but not E12.5 or E15.5 Dbx1% mutants exhibited
increased numbers of apoptotic cells in the IC. For E12.5, Cas3™ cells were counted from 5 sections from each embryo (n = 5). For counting
Cas3™ cells at E15.5 and E18.5, 10-20 counting sites (counting grid for SC, 200 pm x 200 pm; for IC, 100 pm x 100 pm) were evaluated in one
section. The values were calculated from 5 sections from each embryo (n =5). *P < 0.01 (Student’s t-test). Scale bars, 200 pm.

To validate this loss of Dbx1-altered gene expression in the IC, we
selected a subset of the identified DEGs for further analysis by in situ
hybridization (ISH). IC-enriched genes included transcription
factors Tcf712, Foxp2, Irx1/2, Shox2, Pou4f3, Mef2c, Meis2, Maf, Rora,
and Bcl11a/b; neuronal adhesion Reln [59]; axon projection Gas7 and
Robo2 [45, 60]; synaptic transmission Grm5, Grik2, Nrgn, Kcnk9 and
Ndst4 [61] (Figs. 1D, G, I, S1A, B). By contrast, the DEGs that
were upregulated in the Dbx17¢ mutant were dominated by genes
that were either depleted from the IC, broadly expressed, or
undetectable (Fig. 1C, E, F, G, H, I). Among them were transcription
factor Otx2, Pou4fl, Barhll1, Ebf1/3, Irx5/6, and Lhx2; chromatin
remodeling factor Chd7; axon guidance Robol, Nrp2, Ntnl, Efna5,
and Islr2 [62]; basement membrane Col4a5 [63]; cell adhesion
Pcdh19[64] (Fig. 1C, F, H). Taken together, these data identify a set of
Dbx1-regulated genes with potentially novel roles in late phases of
IC development.

The expression of Tcf7I2 and Meis2 identified the whole IC
except for the ventrolateral region, whereas other IC-enriched
genes such as Nrgn, Foxp2, Maf, Ndst4, Pou4f3, and Barhl1 could
serve as subregion-specific IC markers (Fig. STA, B). Foxp2, Mdf,
and Ndst4 are expressed along the DV axis, and partially
overlapped with the expression of Nrgn, which is restricted to
the dorsolateral region. The ventromedial region in the IC was
subdivided into two different cell populations, Ndst4* Pou4f3 cells
and Ndst4" Pou4f3* cells (asterisk in Fig. S1A, B). Therefore, our
datasets provided a list of molecular markers that distinguish the
IC from the SC and other brain regions, and could selectively
identify different neuronal types in the IC.

Loss of Dbx1 leads to upregulation of BH3 only pro-apoptotic
genes and robust neuronal cell death in the IC

Because the RNA profile analysis revealed alterations in the
expression of genes involved in apoptotic cell death, we next

Cell Death & Differentiation (2023) 30:1563 - 1574

investigated the potential cellular mechanism of the IC defects in
the Dbx1% mutant by determining whether Dbx1 disruption
affects neuronal survival in the IC. Among the BH3 only factors
implicated in triggering neuronal apoptosis [65-67], the RNA
profile showed upregulation of Bim and Hrk (Tables S2, S3; Fig.
2A). Also, c-Jun, the transcription and phosphorylation of which
play critical roles in the regulation of BH3 only factors [67, 68], was
also upregulated in Dbxi-deficient IC. This effect was further
validated by RT-PCR and ISH (Fig. 2A, B). Ectopic expression of Bim,
Hrk, and c-Jun was specifically detected in the IC of Dbx1%!
mutants. To determine whether Dbx1- deficient IC neurons
undergo cell death, we next performed immunostaining for
cleaved caspase 3 (Cas3) in the developing midbrain of controls
and Dbx1%' mutants. At E18.5, loss of Dbx1 resulted in ~700%
increase in the number of IC neurons undergoing apoptosis,
compared with control IC (Fig. 2C). By contrast, in the SC, there
was no major difference in apoptotic cell death between controls
and Dbx1%! mutants (Fig. 2C). To determine the timing of the
onset of abnormal cell death, we measured immunoreactivity for
active Cas3 at earlier stages. At E12.5 and E15.5, there was no
significant difference in the number of Cas3™ cells in the
developing midbrain between controls and Dbx7% mutants
(Fig. 2D, E). Therefore, most of the cell death in the Dbx1%' -IC
occurred at late embryonic stages. These data indicate that Dbx1
inactivation leads to specific loss of IC cells.

Postnatal deletion of the IC in the absence of Dbx1

We next explored the consequence of Dbx1-deficiency on the
postnatal development of IC neurons. Null mutation of Dbx1
causes perinatal lethality due to asphyxia resulting from loss of the
core respiratory rhythm generator in the hindbrain preB6tC
complex [42, 43], which precludes analysis of the long- term
consequences on dorsal midbrain development. To overcome this
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Fig. 3 Absence of the inferior colliculus in Dbx1° mutant mice. A A close-up dorsal view of P3 control and Dbx7° mutant brains. Dashed
lines indicate the position of the IC. Compared with controls, Dbx7*° mutant brains showed a reduction in IC size. B In situ hybridization on
P3 sagittal sections of control and Dbx1%° brains. C Immunohistochemistry with anti-Cas3 on P3 sagittal sections of control and Dbx1° brains.
Cas3™ cells were counted from five sections from three embryos using 20 counting sites (counting grid 100 pm x 100 um) in one section.
*P < 0.05; **P < 0.001 (Student’s t-test). D The P20 brain phenotype of Dbx1*° mutants. The entire brain (dorsal view) and histological sections

of the midbrain. Section ISH on sagittal sections indicates an almost complete lack of the IC with the SC fused to the cerebellum in Dbx1°

mutants. Scale bars, 200 pm.

limitation, we generated a mouse line driving Cre- mediated
recombination by using a Sox2 regulatory element (Sre), which
was shown to direct the transcription of a reporter gene to distinct
brain regions except for the hindbrain [69] (Fig. S2A, B). In Sre-Cre;
Dbx1"P/#! mice (Dbx1%°), Dbx1 expression was abrogated in the
midbrain at E12.5 (Fig. S2C). At P3, when the fissure between the
SC and IC is apparent, external anatomical examination of
postnatal brains enabled us to identify Dbx71° mice among their
littermates. Dbx1*° mutant IC was slightly reduced in size,
compared with controls, whereas no overt morphological
malformations were found in other brain regions (Fig. 3A).
Consistent with the Dbx7% mutant, the IC in Dbx1%° mutants
lost expression of Tcf7/2, Nrgn, and Mef2c, but acquired expression
of the SC-specific markers Otx2, Pou4fl and Ap-2a (Fig. 3B).
Furthermore, the Dbx1%° mutants displayed robust apoptotic cell
death in the IC (Fig. 3C). By P20, the IC continued to grow
and form the two rounded posterior eminences of the quad-
rigeminal plate in controls, whereas in the absence of Dbx1, the IC
was almost completely missing, resulting in abutment of the SC
on the anterior cerebellum (Fig. 3D). This was corroborated by

SPRINGER NATURE

examination of Tcf7I12, Nrgn and Otx2 expressions on sagittal
sections (Fig. 3D). These data demonstrate that the embryonic
changes mentioned above result in alterations of the postnatal IC,
and that Dbx1 is selectively required for IC neuronal survival by
playing an essential anti-apoptotic role.

Transcriptome analyses reveal similar regulatory functions for
Dbx1 and Tcf7I2

Among the Dbx1-regulated genes that our transcriptome analyses
identified, Tcf7I2 is a good candidate for mediating the function of
Dbx1, given the temporal and spatial pattern of Tcf7I2 expression
in the developing midbrain. Dbx1 and Tcf7I2 transcription in the
midbrain was limited to m1-m2 domains, which are organized into
the IC and SC. Dbx1 was expressed in the progenitor region,
and Tcf7I2 in the post-mitotic region (Fig. S3). Early loss of Dbx1
severely downregulated Tcf7/2 expression in the IC and SC,
whereas later depletion of Dbx1 abrogated Tcf7I2 expression in
the IC despite normal expression in the SC (Fig. S3), indicating
distinct temporal requirements for Dbx1 in the regulation of Tcf7/2
transcription.

Cell Death & Differentiation (2023) 30:1563 - 1574
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To explore the potential role of Tcf7I2 in the regulation of tectal
development, we generated Tcf7I29¢ mice by crossing Tcf7/2'?
lox mice to the Ella-Cre line, and analyzed transcriptome changes
in the IC of control and Tcf7/2% mutant embryos on E18.5 by
RNA-Seq. This comparison revealed 633 DEGs (=0.4 or < —0.4 log,
fold-change; P,4;<0.05), 371 of them upregulated and 262
downregulated in Tcf7I29' mutant (Tables S1, S4, S5; Fig. 4A, B).
To identify genes that are co-regulated by Dbx1 and Tcf712, we

Cell Death & Differentiation (2023) 30:1563 - 1574

intersected these datasets from Tcf7I29®' mutants with our list of
Dbx1-regulated genes. Out of 633 DEGs that were regulated by
Tcf712, 342 targets (54%; 198 upregulated and 144 downregu-
lated), were commonly affected to a similar extent in Dbx1%- and
Tcf712%-mutants (Table S6; Fig. 4C, D). We selected a subset of the
common targets to validate their expression in Tcf712% mutants
by ISH (Fig. 4E-J). Among them were transcription factors Mef2c,
Foxp2, Irx1/2, Shox2, Maf, Rora, Bcll11a, Barhll, Ebf3, and Irx5;
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embryos for each genotype. E Section ISH on coronal sections of E12.5 control and Tcf7I2“° embryos with a riboprobe derived from exon 10 of
Tcf712. F The dorsal view of control and Tcf7[2%° mutant P20 brains. Section ISH on sagittal sections indicates large deletion of the IC, whereas
the SC abutted on the cerebellum in Tcf7I2*° mutants. Scale bars, 200 um.

neuron projection/adhesion Gas7, Nrp2, and Islr2; synaptic activity
Grmb5, Grik2, Nrgn, Ndst4, and Kcnk9. These observations indicate
that Tcf7I2-deficient IC closely resembles Dbx1-depleted IC in its
gene expression profile. Taken together, these data suggest that
Tcf712 regulates an IC-specific genetic program, and that Dbx7 and
Tcf712 have a significant degree of overlapping regulatory function
in the development of the IC.

Deletion of Tcf7I2 leads to specific loss of the IC due to
increased apoptosis

Considering that Dbx1 and Tcf7I2 share IC phenotypes through the
regulation of common target genes, we asked whether loss of
Tcf712 also results in abnormal cell death in the developing
midbrain. The RNA profile showed upregulation of Bim, Hrk, and
Jun in Tcf712-deficient IC with a pattern similar to that in Dbx1%¢
mutants (Table S4; Fig. 5A). This effect was further confirmed by
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RT-PCR and ISH (Fig. 5A, B). To determine whether Tcf7I2
inactivation leads to apoptotic cell death in the developing
midbrain, we performed immunostaining for Cas3 in control and
Tcf7129! mutant embryos. Loss of Tcf712 resulted in a ~500%
increase in the number of Cas3* cells in the IC at E18.5, while
control and Tcf7/2- deficient SC both had low levels of apoptotic
cells (Fig. 5C). We observed no significant differences in the
numbers of phospho-histone H3™ mitotic cells in the developing
midbrain between normal and mutant ICs (Fig. 5D). To further
corroborate that prevention of apoptotic cell death by Tcf712 is a
critical event during IC development, we examined the effects of
Tcf7I2 on the postnatal development of IC neurons. Because
Tcf7129®! mutants die shortly after birth due to abnormal intestine
development [47, 70], we crossed Tcf7[2'%®"°P mice with a Sre-Cre
line to bypass perinatal lethality (Fig. 5E). Superficial examination
of the brains of Tcf7[2°° mutants revealed large deletion of IC with

Cell Death & Differentiation (2023) 30:1563 - 1574



fusion of the SC to the vermis of the cerebellum (Fig. 5F). Loss of
Tcf712 resulted in remarkable reduction in the size of Nrgn™
domain, while the Otx2* SC region was normally detected. Thus,
the phenotype of the Tcf7/2-depleted IC was essentially the same
as that of the Dbx1-deficient IC. Taken together, our data indicate
that Tcf712 functions downstream of Dbx1 to regulate survival of
the IC.

Ap-24 is an essential regulator downstream of the Dbx1-Tcf7I2
cascade

The AP-2 family of transcription factors plays important roles in
regulating cell differentiation and apoptosis [57, 71, 72]. Among
the five AP-2 genes that are expressed in the developing midbrain,
only Ap-26 has expression that persists in the IC during embryonic
and adult stages. Interestingly, loss of Ap-26 causes massive
apoptotic cell death, specifically in the posterior midbrain, and
postnatal deletion of the IC [57], resembling the phenotypes of
Dbx1 and Tcf7[2 mutants. We therefore characterized the
transcript levels of Ap-26 in the midbrain in the absence of Dbx1
or Tcf712. RNA-seq and qRT-PCR revealed significant reduction in
the mRNA expression of Ap-26 in Dbx1-deficient or Tcf7/2-deficient
IC (Fig. 6A; Tables S2, 54, S6). In Dbx1%! embryos, Ap-26 staining
was not detectable in the entire midbrain despite normal
expression in other regions during embryogenesis (Fig. 6B). In
Dbx1%° embryos, Ap-26 expression was largely unaffected in the
SC, but abolished in the IC (Fig. 6B). Similarly, loss of Tcf7/2 did not
alter Ap-26 expression in the SC, whereas it severely down-
regulated expression in the IC (Fig. 6B). Therefore, our results and
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Fig. 6 Ap-26 is co-regulated by Dbx1 and Tcf7I2 in the IC.
A Differential expression of Ap-25 in Dbx1% and Tcf712% mouse
embryos compared with controls based on RNA-seq (****FDR
g <0.0001) and gRT-PCR (Student’s t-test; ****p < 0.0001). Error bars
indicate standard error for log2 fold change). B Representative
midbrain sections of wild-type, Dbx1%', Dbx1%°, and Tcf712%' mouse
embryos hybridized with Ap-26 at E18.5. Scale bars, 200 pm.
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those of others suggest that Ap-26 functions downstream of the
Dbx1-Tcf7I2 regulatory axis to control IC morphogenesis by
preventing cell death.

Tcf712 and Ap-26 are necessary for Dbx1-mediated IC survival
The above-described observations led us to ask whether Tcf7I2 and
Ap-26 are essential components of Dbx1-mediated genetic pro-
grams that support the survival of the IC. To address this question,
we established IC cell cultures from E15.5 embryonic brains of
control and Dbx1% mice. Primary cultures from control IC tissues
were found to contain many cells that co-expressed Tcf7I2 and
Nrgn immunoreactivity, indicating normal IC cell identity (Fig. 7A).
By contrast, consistent with our embryo experiments, the majority
of primary cultured Dbx1-deficient IC cells were Tcf7I27, Nrgn™
(Fig. 7A). Compared to controls, Dbx19¢ IC cells that had been
cultured for 5~7 days in vitro (DIV) showed apoptosis in significantly
increased amounts (Fig. 7B). Notably, almost none of Cas3™
apoptotic cells expressed Tcf712 immunoreactivity (Fig. 7B). When
IC cells were allowed to develop for up to 21 DIV, control IC cells
were healthy, with round cell bodies and a complex network of
neurites (Fig. 7A, C). However, In Dbx1-deficient cell cultures, their
cell bodies were smaller and shrunken with fragmented neurites
(Fig. 7A, C). Some of Dbx1%' IC cells had begun detaching from the
substrate and neurites were not visible. We estimated cell viability
during a 28 DIV time course by using Calcein AM, a cell permeable
dye, which is converted to fluorescent Calcein in live cells. The
number of viable Dbx77¢' IC cells continued to decrease drastically
and was <5% by 28 DIV, whereas >50% of control IC cells were
viable (Fig. 7D). To address whether restoration of Tcf7/2 and Ap-26
expression is able to prevent apoptosis and promote survival in
Dbx1- deficient IC cells, Tcf7I2 and/or Ap-26 expression constructs
were transfected into Dbx79¢ mutant IC cells that had been cultured
for 2 DIV together with a GFP expression vector to identify
transfected cells. After 7 additional days of culture, GFP-positive
cells were evaluated for apoptosis by assessing Cas3 immunor-
eactivity. The level of apoptosis was significantly decreased
in primary cultures of Dbx17® IC cells transfected with Tcf7/2 and/
or Ap-26 expression constructs, compared with mock-transfected
Dbx1% IC cells (Fig. 7E). To determine whether Dbx7-deficient IC
cells remained viable following transfection, we assessed cell
survival using Calcein-AM during a 21 DIV time course. The viability
of mock-transfected Dbx1%' IC cells continued to decrease
drastically and was <5% by 21 DIV, whereas >30% of Dbx1%' IC
cells transfected with Tcf7/2 and/or Ap-26 expression constructs
were viable (Fig. 7F), indicating a significant rescue of IC apoptosis
by Dbx1 deficiency. Taken together, these results suggest that Tcf7/2
and Ap-26 transcription factors are important mediators of Dbx1
function for IC survival.

DISCUSSION

Previous studies defined core (central nucleus) and shell (dorsal
and lateral nucleus) regions of the IC in adult brain mainly by cell
size, dendrite morphology, and axonal trajectories according to
anterograde or retrograde tracing [2, 73-76]. IC neuronal
populations and distributions during embryogenesis remains
poorly understood, as assigning subdivisions is not straightfor-
ward because of a lack of gene expression profiling. To the best of
our knowledge, this is the first study to systematically capture the
gene expression profile of the developing IC at the genomic level,
and identify an exhaustive list of molecular markers that
distinguish the IC from the SC and other brain regions. Some of
the IC-enriched genes revealed by our datasets served as
molecular markers that could selectively identify different
neuronal types in the IC. Most IC cells are Tcf7I2* and Meis2™,
and these neuron populations can be further subdivided into
several distinct clusters according to differential distributions
of other IC-specific genes including Nrgn, Foxp2, Maf, and Ndst4
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Fig. 7 Restored expression of Tcf7I2 and/or Ap-28 attenuates apoptosis in Dbx1-deficient IC cells. A Isolation and primary cultures of IC
cells from E15.5 control and Dbx1% mutant embryonic brains. IC cells were cultured on coverslips coated with L-ornithine and laminin in 24-
well plates. IC cell identity was verified by immunocytochemistry of 5 days in vitro (DIV5) cells using antibodies against Nrgn and Tcf712.
Bright-field (BF) images display cellular processes including neurite outgrowth. Consistent with gene expression profiles in embryos, the
majority of primary cultured Dbx1-deficient IC cells are Tcf7127, Nrgn™. B Caspase 3 (Cas3) immunostaining were performed at DIV7 cells to
identify quantity of apoptosis. Co-immunostaining revealed that most of Cas3™ cells are Tcf7I2™ (n = 5 biological replicates; Student’s t-test;
*p <0.001). C Primary IC cells were established from E15.5 embryos and kept in culture for 21 days. Compared to control IC cells with round
cell bodies and a complex network of neurites, most of Dbx1% mutant cell bodies were smaller, shrunken, and the neurites were fragmented
and lost. D Calcein AM staining of viable cells. The number of viable cells was determined by Calcein fluorescence at DIV14, DIV21, and DIV28.
Six counting sites were evaluated in one coverslip (n =5 biological replicates). *P < 0.01; **P < 0.001 (Student’s t-test). E, F IC cells isolated from
Dbx1% mutant E15.5 brains were cultured for 2 DIV and transfected with Tcf7I2 (p043mTcf-4B), Ap-26 (pCMV-Tfap2d) expression constructs or
both DNAs. Nuclear GFP expression construct (CAG-NLS-GFP) was co-transfected to identify the transfected cells. E Quantification of apoptosis
was achieved from IC cells cultured for 7 additional DIV by counting the proportion of Cas3™ cells among GFP™ cells. Approximately 3000 GFP
+ cells were considered for each experiments. Histograms represent the means normalized to 1 in the proportion of mock control (empty
vector). Experiments were performed in 4 biological replicates. Error bars correspond to standard deviation. Means were compared using
Student’s t-test; *p <0.01). F Quantification of survival was achieved from IC cells cultured for 7, 14 and 21 additional DIV following
transfection. The number of viable cells was determined by Calcein fluorescence for 6 counting sites in each coverslip (n =4 biological
replicates). (Student’s t-test; *p < 0.05; **p < 0.01).

(Fig. S1), indicating diverse populations of embryonic IC neurons. Our study shows that Dbx1 is required for the specification of
Further mapping of the co-expression of more genes in those the progenitor pool in the posterior tectum that generates the
neuronal clusters at postnatal stages will be required to determine Tcf712t Meis™ neuronal population in the IC via positive and
the precise contribution of individual embryonic neuronal negative regulation of target genes. It is not surprising that the
subtypes to adult IC organization and connectivity. majority (~80%) of the DEGs are upregulated in Dbx1 mutants as
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Dbx1 functions as a transcriptional repressor that contains the eh1
domain to interact with Gro/TLE corepressor. The downregulated
DEGs including Tcf7I2 and Meis2, are likely to be indirectly
regulated by Dbx1, and other transcriptional repressors released
by loss of Dbx1 may mediate the negative regulation. A question
that arises is how this single transcription factor can regulate
distinct gene programs along the AP axis of the developing
tectum. Our study uncovered striking similarities in IC phenotypes
between Dbx1 and Tcf7I2 mutants. Interestingly, Dbx1 is also
required for Tcf7I2 expression in the SC, but unlike the loss of
Dbx1, loss of Tcf7I2 did not affect SC differentiation and
morphogenesis, indicating that Dbx1 depends on Tcf7I2 to
promote IC development, and requires other factor(s) for SC
differentiation.

Our study uncovered 342 genes that are co-regulated by Dbx1
and Tcf7I12, many of which belong to the list of genes with
previously uncharacterized expression and role in the IC,
suggesting them as strong candidates for follow-up studies to
investigate their functions in IC morphogenesis. Hesse et al.
reported the identification of 12 genes, whose expression in the
IC is regulated by Ap-26 [57]. Interestingly, five of these Ap-26
targets; Mef2c, Rgs4, Myh8, Ndst4, and Hjurp; are also co-regulated
by Dbx1 and Tcf712. Mef2c is expressed in multiple brain regions
including the cerebral cortex, midbrain, and cerebellum, and is
crucial for neuronal differentiation, synaptic activity, learning, and
memory [77]. However, the functional roles of these target genes
in the midbrain remain unexplored. It should be noted that this
Dbx1-regulated transcriptional program is not likely to be
mediated entirely by the action of the Tcf7/2-Ap-26 cascade. For
example, Meis2, which marks most IC cells along with Tcf712, is
regulated by Dbx1, but not by Tcf7I2. Previous gain-of-function
experiments performed in chicken embryos demonstrated the
ability of Meis2 to cause a diencephalic-to-tectal fate change
without inducing the isthmic organizer [24]. The question of
whether a parallel action by other transcription factors partici-
pates in the regulation of IC development by Dbx1 needs further
investigation.

A remarkable feature common to Dbx1, Tcf7I2 and Ap-26
mutants is abnormal cell death in the posterior tectum that
commences at a late developmental phase and leads postnatally
to specific loss of the IC. Considering the known roles and
temporal expression window of Dbx1, we anticipated that Dbx1
function in the midbrain may be restricted to early embryonic
patterning events. However, we discovered a novel function of
Dbx1 as a survival factor that can transcriptionally suppress the
pro-apoptotic factors c-Jun, Bim and Hrk. The apoptotic functions
of c-Jun and BH3-only proteins are limited by multiple mechan-
isms (transcriptional, post-transcriptional, and post-translational),
and stimuli by death signals release these controls [78]. Apoptotic
stimuli induce transcriptional upregulation of c-Jun, Bim and Hrk,
causing neuronal cell death [65, 68, 79]. We show that like the loss
of Dbx1, the loss of Tcf7I2 also results in ectopic induction of c-Jun,
Bim and Hrk. During embryonic development, Wnt signaling
facilitates or inhibits apoptosis depending on the cellular context
[48, 80]. Loss of Wntl leads to the absence of midbrain and
cerebellum due to increased apoptotic cell death at E9.5 [10, 18],
and B-catenin-deficient mice exhibit pronounced apoptosis at E7.5
[81]. Unlike loss of Wnt1 or B-catenin, loss of Tcf7I2 resulted in
abnormal cell death in the IC at ~E18.5. At early stages, all four Tcf/
Lef factors are expressed in the midbrain, but at late embryonic
and postnatal stages, only Tcf712 expression is strongly present in
the IC (Allen Brain Atlas). Therefore, it is likely that other Tcf/Lef
factors may compensate for the loss of Tcf7I2 in the early stages,
but not at later stages, when Tcf7I2 is the only gene expressed in
the IC. Like in Dbx1 and Tcf7I2 mutants, at the early stages,
apoptosis does not occur in Ap-26 mutants, although Ap-26 is
already expressed [57]. Interestingly, Ap-2 genes are expressed in
the developing midbrain in a pattern similar to that of Tcf/Lef
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factors. Five AP-2 genes are expressed in the developing midbrain,
but only Ap-26 expression continues in the IC during the late
embryonic and adult stages [57] (Allen Brain Atlas), suggesting
that functional redundancy may exist or that early midbrain
development may not be dependent on Ap-26 [57, 74, 75]. As
Tcf712 and Ap-26 are positively regulated by Dbx1, we assessed the
ability of Tcf7I2 and Ap-26 to rescue apoptosis induced by Dbx1
deficiency. We found that these two factors were able to decrease
apoptosis and increase survival of Dbx1-deficient IC cells. These
observations suggest that Tcf7I2 and Ap-26 are required for Dbx1-
mediated IC survival. However, individual or combined expression
of these factors showed incomplete rescue, suggesting that the
ability of Dbx1 to promote IC survival is not likely to be mediated
entirely by the anti-apoptotic function of Tcf7/12 and Ap-26 .
Among the IC-enriched genes regulated by Dbx1, but not by
Tcf712, Meis2 has been shown to prevent neuronal apoptosis [82].
Yang et al. generated Meis2 conditional mutant mice by using
DIx5/6-Cre to inactivate Meis2 in the ventral telencephalon. Loss of
Meis2 resulted in significantly increased apoptotic cell death in
the developing striatum, and altered transcription factor networks
involved in regulating neuronal apoptosis [82]. Whether Meis2
participates in the regulation of IC survival requires further
investigation.

MATERIALS AND METHODS

Mouse lines

All animal procedures were carried out in accordance with the guidelines
and protocols approved by the Kyung Hee University Institutional Animal
Care and Use Committee. The generation of Dbx1'P/ 0% Tcfz[gloxp/loxp,
ROSA-Tomato and Ella-Cre mice obtained from The Jackson Laboratory, Bar
Harbor, ME. was described previously [44, 58, 70, 83]. All animals used for
these experiments were maintained on mixed backgrounds.

Production of transgenic mice

The Sre sequence was amplified by PCR with the primers (5-ATTAG
CGGCCGCAT TGCCATGGCAACGACTGCTC-3; 5'-ATTAGCGGCCGCGGTCCAT
TTTGAGGTA AATTACAGG), and cloned into the Notl site of an expression
vector containing a B-globin minimal promoter, the Cre gene, and an
SV40 poly(A) signal. The resulting plasmid transgene was prepared and
linearized with Sall for microinjection as previously described [69].
Transient transgenic embryos or mouse lines were generated by
pronuclear injection into fertilized eggs derived from the FVBN mouse
strain.

Immunohistochemistry

For immunohistochemistry, embryos fixed in 4% formaldehyde for 2-3 h at
4°C were immersed in 30% sucrose, and cryosectioned at 25 um. The
following primary antibodies were used: anti-Caspase3 (Cell Signaling,
9661; 1:1000), anti-phospho-Histone H3 (Upstate Biotechnology, 06-570;
1:1000), anti-GFP (Abcam ab6673, 1:500), anti-Tcf712 (Millipore, 05-511,
1:200), anti-Tdtomato (SICGEN, AB8181-200, 1:500), and anti-Nrgn (Milli-
pore, AB5620, 1:500). Following incubation with primary antibody, sections
were incubated with species-specific secondary antibodies conjugated to
Alexa Fluor (Molecular Probes, A11034, A11003, A11010, A11029, A11055,
A11056; 1:200).

Whole-mount and section in situ hybridization

Whole-mount and section in situ hybridization were performed using
digoxigenin-UTP-labeled riboprobes essentially as described previously
[54]. The pairs of PCR primer sequences to generate template DNA for
in vitro transcription by T7 RNA polymerase were obtained from the Allen
Brain Atlas or designed against unique regions of transcripts to avoid
cross-reactivity. At least three independent experiments were performed
for any given riboprobes, which showed highly reproducible gene
expression data.

Real-time RT-PCR
After IC tissues were harvested in TRIzol Reagent (Invitrogen), total RNA
was isolated using an RNeasy Mini kit (Qiagen) and used to prepare cDNA
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using a SuperScriptlll first-strand synthesis system (Invitrogen). Real-time
PCR was performed in duplicates for each RNA sample using QuantiTect
SYBR Green Supermix (Qiagen) following the manufacturers’ instructions.
Reactions were monitored using the Mx4000 multiplex quantitative PCR
system (Stratagene, La Jolla, CA). All results were normalized to the
housekeeping gene B-actin and relative quantification was calculated
using comparative threshold cycle values for three biological replicates.

RNA-seq analysis

E18.5 IC regions were dissected, and RNA was extracted using the TRIzol Plus
RNA Purification Kit (Invitrogen). Triplicates of nine IC tissues for each
genotypes were run for RNA-seq (Table S1). After adaptor sequences and
low-quality reads were filtered out, the clean reads from each sample were
aligned to the mouse genome mm10 assembly from the University of
California, Santa Cruz (UCSC), and tag counts were performed with Bowtie2
using HISAT2 (Table S1). After normalization of the read counts, transcript
levels were calculated and presented by FPKM and TPM. Genes with
log,(FC) = 0.4 and log,(FC) < —0.4 and FDR adjusted P value (g-value) < 0.05
were considered to be differentially expressed. After statistical tests, we
performed functional annotation and GO term assignment with the g:Profiler
tool (https://biit.cs.ut.ee/gprofiler/), Panther (http://www.pantherdb.org) and
KEGG database (http://www.genome.jp/kegg/). GO term enrichments were
tested with Fisher’s exact test, and FDR-adjusted P values (g-value) <0.01
were considered significant.

Primary cell culture and transfection

Brain tissues were isolated from individual embryos at E15.5 and dissected
in 3 cm sterile Petridish containing ice cold dissection medium, consisting
of Hanks’ balanced salt solution (HBSS) (Gibco), 20 mM D-glucose (Sigma),
100 units/ml Penicillin/Streptomycin (Gibco), and 200 uM ascorbic acid
(Sigma). IC tissues were collected in a 1.5 ml sterile tube and digested with
StemPro Accutase Cell Dissociation reagent (Thermo Fisher Scientific) for
10-20min at 37°C. The digestion was stopped by removing the
supernatant and washing the tissue with dissociation medium, consisting
of Neurobasal medium (Invitrogen), 200 uM L-glutamine (Thermo Fisher
Scientific), 2% B-27 supplement (Thermo Fisher Scientific) 2% B-27
supplement Plus (Thermo Fisher Scientific), 1% FBS (Gibco), and 200 pM
ascorbic acid. The tissue was resuspended in 1 ml dissociation medium and
triturated to achieve single cell suspension. After cells were spun at
200 x g, the cell pellet was resuspended in the dissociation medium. For
immunofluorescence microscopy, the cell suspension was transferred on
top of 12 mm coverslips coated with 20 pg/ml poly-L-ornithine (Sigma) and
10 ug/ml laminin (Thermo Fisher Scientific) (100,000 cells per coverslip).
After 1 h incubation in a humidified tissue culture incubator at 37 °C at 5%
CO,, the coverslips were carefully transferred into 24-well plates containing
the dissociation medium. Transient transfection was performed at 3 days
in vitro. Transfected plasmids (0.3 pg) consisted of a mixture of 0.1 ug CAG-
NLS-GFP [84] (a gift from Viviana Gradinaru; Addgene plasmid #
104061) + 0.2 ug p043-mTcf4B [85] (a gift from Ramesh Shivdasani;
Addgene plasmid # 11031); a mixture of 0.1 ug CAG-NLS-GFP+ 0.2 ug
pCMV6-Tfap2d (Origene); a mixture of 0.1 ug CAG-NLS-GFP + 0.1 ug p043-
mTcf4 + 0.1 ug pCMV6-Tfap2d. Mock transfection consisted of 0.1 ug CAG-
NLS-GFP + 0.2 ug empty vector. For individual wells in 24-well plates, a
total of 0.3 ug DNA was diluted in 25 pl Opti-MEM Reduced Serum Medium
(Gibco), and 2.5 ul Lipofectamine 2000 (Invitrogen) was diluted in 25 pl
Opti-MEM in a separate tube. The diluted DNA-lipofectamine mixture was
incubated at RT for 20 min and applied to cells.

Cell viability

The viability of cells in culture was assessed by measuring the activity of
intracellular esterase using a Live Cell Imaging kit (Invitrogen). The non-
fluorescent acetomethoxy derivative of calcein (calcein AM) is a cell
permeable dye that can be transported into live cells. In living cells, calcein
AM is converted to fluorescent calcein after hydrolysis by esterase. As dead
cells lack active esterase, only live cells are labeled. IC-derived cells were
plated on poly-L-ornithine and laminin coated coverslips in 24-well plates and
allowed to culture for 1-4 weeks. After Calcein AM was added to the cells and
incubated for 15 min, six randomly chosen fields from each coverslip were
photographed, and the number of surviving cells was computed.

Statistical analysis
All mutant phenotypes we report in Dbx 19! Dbx1%°, Tcf712% and Tcf7I2°%°
mice were completely penetrant in both embryos and postnatal animals.
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The number of independent values in each experiment was as follows:
Fig. 1, three independent biological replicates for RNA-seq. Each replicate
was prepared from nine IC tissues of E18.5 control and Dbx1%. n =3 for
E18.5 ISH; Fig. 2, n =3 for real-time RT-PCR, n =3 for E18.5 ISH, n =15 for
E12.5-E18.5 Caspase3 staining; Fig. 3, n=3 for P3 ISH, n=5 for P3
Caspase3 staining, n =5 for P20 ISH; Fig. 4, three independent biological
replicates for RNA-seq. Each replicate was prepared from nine IC tissues of
E18.5 control and Tcf712%. n = 3 for E18.5 ISH; Fig. 5, n = 3 for real-time RT-
PCR, n=3 for E18.5 ISH, n =5 for Caspase3 and PH3 immunohistochem-
istry; n=5 for P20 ISH; Fig. 6, n=3 for real-time RT-PCR, n=3 for ISH;
Fig. 7, n =5 for Caspase3 and calcein AM staining in control and Dbx1% IC
cells, n = 4 for Caspase3 and calcein AM staining in transfected Dbx71%' IC
cells. Relevant information for each experiment including statistical
tests and p values are included in the legend corresponding to each
figure. In all cases, p <0.05 is considered statistically significant and error
bars represent s.e.m.

DATA AVAILABILITY

RNA-seq raw FASTQ files of wildtype and Dbx1 mutants have been deposited into the
NCBI Sequence Read Archive under bioproject ID PRINA793387. RNA-seq raw FASTQ
files of wildtype and Tcf7/2 mutants have been deposited into the NCBI Sequence
Read Archive under bioproject ID PRINA801436.
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