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SUMMARY

Tlx3, a master regulator of the fate specification of excitatory neurons, is primarily known to function in post-
mitotic cells. Although we have previously identified TLX3 expression in the proliferating granule neuron pro-
genitors (GNPs) of cerebellum, its primary role is unknown. Here, we demonstrate that the dysfunction of Tlx3
from the GNPs significantly reduced its proliferation through regulating anti-proliferative genes. Conse-
quently, the altered generation of GNPs resulted in cerebellar hypoplasia, patterning defects, granule
neuron-Purkinje ratio imbalance, and aberrant synaptic connections in the cerebellum. This altered cere-
bellar homeostasis manifested into a typical autism-like behavior in mice with motor, and social function dis-
abilities. We also show the presence of TLX3 variants with uncharacterized mutations in human cases of
autism spectrum disorder (ASD). Altogether, our study establishes Tlx3 as a critical gene involved in devel-
oping GNPs and that its deletion from the early developmental stage culminates in autism.

INTRODUCTION

The homeobox family of transcription factors plays a significant

role in vertebrate brain development, and the Hox family of

genes, which is a subset of the homeobox family, is primarily

involved in the patterning of the hindbrain.1 Tlx (T cell leukemia)

genes belong to the Hox family of genes and are expressed in

various regions of the developing embryo, including the

spleen, spinal cord and branchial arches.2–7 Tlx1 (Hox11), Tlx2

(Hox11L1/Enx), and Tlx3 (Hox11L2/Rnx) are the three members

of the Tlx family, and each of these genes has distinctive expres-

sion pattern and function during development. Tlx1/Hox11

controls the genesis of the spleen, and its deletion leads to as-

plenia,6,8 whereas Tlx2/Hox11L1 is essential for the intact posi-

tional specification and differentiated cell fate of enteric neurons,

as noted in Tlx2-deficient mice which developed hypergan-

glionic megacolon.9 However, Tlx3 becomes quite distinct

from its family members since it is predominantly expressed in

the nervous system, and Tlx3-null mice die within one day after

birth from central respiratory failure.10 Although the distinct

expression of Tlx3 in the spinal cord, brain stem, and cerebellum

has been well characterized, its functional role in cerebellum is

still not fully understood.10–13 In the spinal cord, Tlx3 acts as a

post-mitotic selector gene that promotes glutamatergic over

GABAergic cell fates and also regulates dorsal horn pain modu-

latory peptidergic neurons of the spinal cord.11,14,15 Concur-

rently, Tlx3 expression is present in the brain stem and contrib-

utes explicitly only to the development of first-order relay

visceral sensory neurons and noradrenergic centers.12

To date, there are no reports regarding the functional role of

TLX3 in the cerebellum. We and others have shown that TLX3

is expressed explicitly in the posterior lobes of the cerebellum

between the embryonic day (E) 15 and postnatal day (PN) 20

stages.10,13,16 Although TLX3 was known to be expressed exclu-

sively in post-mitotic neurons, its expression was also evident in

the outer proliferating external granular layer (EGL) and internal

granular layer (IGL) of the posterior cerebellum.16 The EGL har-

bors the proliferating cerebellar granule neurons (cGN) and the

IGL has the differentiated GN. The cerebellum development

starts from early E9 and continues until PN21, to form a complete
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foliated structure with ten lobules (I–X) identified by its fissures.

These lobules can be subdivided into four major lobes such as

the anterior lobe (I–V), central lobe (VI–VII), posterior lobe (VIII–

IX), and flocculonodular lobe (X) based on specific gene expres-

sion patterns.17 After completing the neurogenesis, adult mouse

cerebellum contains four distinct layers, which are precisely ar-

ranged by diverse cell types generated from the embryonic

germinal centers, such as the ventricular zone and upper

rhombic lip. GABAergic cell types of the cerebellum, such as

Purkinje cells (PC), Golgi, Lugaro, stellate, basket, and glial fi-

bers, are originated from the ventricular zone and are derived

by the bHLH transcription factor Ptf1a. Simultaneously, glutama-

tergic cell types, granule cells (GC), and unipolar brush cells

(UBC) are derived from the embryonic structure upper rhombic

lip, marked by the transcription factor Atoh1.18,19 Numerous

transcription factors, cytokines, and signaling pathways regulate

the proliferation, migration, differentiation, and maturation of

these diverse cell types. Thus, it is a tightly regulated process,

and any alterations could potentially induce developmental

disorders, including autism spectrum disorder (ASD), attention

deficit hyperactivity disorder (ADHD), and developmental

dyslexia. In addition, the cerebellum is implicated in various

functions, and disruptions to it during development can have

long-lasting consequences for motor skills, learning, and cogni-

tion.20 In addition, we have also demonstrated that Pax6 can

regulate the expression of Tlx3 in the posterior cerebellum, which

in turn controls Chrna3 expression and other genes associated

with ASD.16 Hence, the restricted expression pattern of TLX3

during the critical stages of cerebellar development prompted

us to assess its significance in cerebellar neurogenesis as well

as its implications.

Here, we demonstrated the role of TLX3 in the early develop-

ment of the cerebellum and also provide evidence that its misex-

pression could manifest into autism-like behavior in mouse

model. To understand the role of Tlx3 in early cerebellum devel-

opment and its association with ASD, we have used cGN-spe-

cific Tlx3-conditional knock-out mice. Here, the expression of

Tlx3 was specifically disrupted in the proliferating cerebellar

granule neuron precursors (cGNPs) of the cerebellum. We

show that loss of TLX3 results in decreased proliferation of cere-

bellar GNPs by directly targeting the anti-proliferative genes,

leading to cerebellar hypoplasia, altered cell-type ratio, and syn-

aptic connections. The resulting altered cerebellar homeostasis

during the early embryonic stages culminated to a typical ASD-

like phenotype with observable impairments in motor, and social

functions in adult mice. It was also intriguing to find that patho-

genic variation of TLX3 is present in human populations, with re-

ported mutations in a few ASD cases and developmental

disorders.

RESULTS

TLX3 expression is crucial for the proliferation of
granule neuron progenitors and patterning of the
developing cerebellum
Tlx3 is a homeobox gene known to express from the E15 to PN20

stage in the posterior lobe of the developing cerebellum.16

Although, Tlx3 has been designated as a post-mitotic selector

gene, our previous studies showed that TLX3 expression is

also confined to the proliferating cGNPs of EGL in the mouse

posterior cerebellum other than the differentiated neurons.16

Here, we showed the co-expression of TLX3 with Pax6 and

Ki67, confirming that TLX3 is expressed in the proliferating GN

progenitors of EGL (Figures 1A and 1B). We also assessed the

expression pattern of Tlx3 in the various cell types of cerebellum

by analyzing scRNA-seq database21 and found that Tlx3 is only

present in the clusters of granule neuron progenitors (GNP) and

GN beginning from E15 to PN10 (Figure 1C). Therefore, we

further sought to determine the function of TLX3 in actively

dividing cGNPs of EGL and to understand the mechanism by

which TLX3 contributes to the development of cerebellum. To

elucidate this, we generated a cerebellar GNP-specific Tlx3 con-

ditional knockout mice with floxed exon 2. The mice harboring

floxed sites in Tlx3 alleles were crossed with Atoh1-Cre mice

(Figure 1D), having Cre recombinase active under the GNP-spe-

cific Atoh1 promoter. Atoh1marks all the early GNPs of rhombic

lip(RL),22–24 and the synchronous activation of Tlx3 and Atoh1

promoters occurs only in cerebellar GNPs and not in other brain

regions such as the spinal cord or brain stem. We first confirmed

the knockout of exon2 of Tlx3 by real-time PCR at various stages

of development (Figure 1E). Further, the effective deletion of Tlx3

only in the GNPs of the posterior cerebellum during E16 was

confirmed whereas, it remained intact in the dorsal spinal cord

and brain stem (Figures S1A–S1H and S2A–S2H). Moreover,

IGV Snapshot showed the deletion of Tlx3 exon 2 regions in

respective KOs (Figure S1I). Since Tlx3 gets knocked out

only in the cGNPs, the progeny of the Tlx3 cKO (Tlx3fl/fl; Atoh1

Cre+/�) mouse was not embryonically lethal and was fertile.

There were no observable morphological differences in Tlx3

cKO mice during the postnatal weeks. However, by the age of

three months, most of the Tlx3 cKOmice had developed skin le-

sions in the neck, and hind limbs, near the tail due to excessive

grooming (Figure S3A), and we did observe 20% mortality

among adult littermates by the age of 6–9 months (Figure S3B).

Body weight between control (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3

cKO (Tlx3fl/fl; Atoh1 Cre+/�) at three months of age showed no

significant difference (Figure S3C).

Next, we checked if TLX3 has any role in regulating the prolif-

eration of cGNPs at E16 and PN7 stages using a 12-h BrdU

pulse-chase. We chose E16 and PN7 stages since E16 repre-

sents the beginning of the proliferation or genesis of GNPs,

whereas PN7 represents the proliferation peak of cGNPs and

harbors a maximum number of GNPs in the EGL. Immunohisto-

chemical analysis showed that the number of BrdU-incorporated

Pax6+ive cGNPs was significantly downregulated at both E16

and PN7 stages (Figures 1F–1I and 1J–1K). We also analyzed

the proliferation marker Ki67 at both the stages to confirm these

results. Here, too, we found a consistently reduced proliferation

of the GNPs in the Tlx3 cKO cerebellum compared to the control

(Figures S4A–S4F). We then carried out a short duration (2-h)

BrdU pulse-chase experiment at the PN7 stage and found a

similar reduction of cGNPs (Figures S5A–S5C). Surprisingly,

we observed an overall decrease in proliferation of cGNPs in

the anterior lobes at the PN7 stage, where TLX3 was not ex-

pressed which needs further exploration (Figures S6A and

S6B). Together, these results confirmed that TLX3 depletion
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affects the proliferation of GNPs at both early and later stages of

GNP development.

Having found that the deletion of Tlx3 from GNPs affected its

proliferation rate, we next sought to evaluate other biological

consequences of reduced cGNP proliferation during cerebellum

development. We evaluated the cerebellar patterning with

DAPI nuclear staining at multiple cerebellum developmental

time points (Figures 2A–2H). Here, we observed a shift in the

primary fissure in E18 Tlx3 cKO compared to the control

(Figures 2c’and d’). A prominent cerebellar patterning defect

along the anterior-posterior axis, starting mainly in the 4/5th

lobe and continuing to the central and posterior lobes, was

observed between PN7 and PN21 stages (Figures 2E–2H).

Further, analyzing the whole brain, we observed an apparent dif-

ference in lobule arrangement toward the cerebellum’s vermis

region of Tlx3 cKO mice at PN21 stage (Figure 2I). However,

Figure 1. TLX3 regulates proliferation of

granule neuron progenitors in cerebellum

(A) Immunofluorescence staining of TLX3 and Pax6

(marker of cerebellar granule neurons) in the

sagittal section of cerebellum at PN7. Scale bar,

200mm.

(B) Immunofluorescence staining of TLX3 and Ki67

(proliferation marker) in the sagittal section of cer-

ebellum at PN7. Scale bar, 200mm.

(C) Heatmap showing the expression of Tlx3 in

various clusters of cerebellum identified from

scRNA-seq published database beginning from

E10 to PN10.

(D) Cartoon illustrating the generation of Tlx3 con-

ditional knockout mice (Tlx3fl/fl; Atoh1 Cre).

(E) Bar graph depicts real-time PCR analysis of Tlx3

confirming deletion of exon 2 at different stages of

development in Tlx3 cKO.

(F and G) Immunofluorescence staining of BrdU

(12 h BrdU pulsing) and Pax6 (marker of cerebellar

granule neurons) in the sagittal section of E16

control cerebellum (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3

conditional knockout (Tlx3fl/fl; Atoh1 Cre+/�). Scale
bar, 100mm. (f’ and g’) Enlarged image of the boxed

region from (F and G), respectively.

(H and I) Immunofluorescence staining of BrdU

(12 h BrdU pulsing) and Pax6 (marker of cerebellar

granule neurons) in the sagittal section of PN7

control cerebellum (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3

conditional knockout (Tlx3fl/fl; Atoh1 Cre+/�). Scale
bar, 200mm. (h’, h’’, i’, and i’’) Enlarged view of the

boxed region from figures H and I respectively.

(J) Quantification of the number of BrdU+ive and

Pax6+ive granule cells in the EGL layer of cerebellar

cortex at E16 (n = 9 for both genotypes).

(K) Quantification of the number of BrdU+ive and

Pax6+ive granule cells in the EGL layer of cerebellar

cortex at PN7 (n = 9 for both genotypes). Data are

represented as mean ± SD. *p < 0.05, ***p < 0.001

(Unpaired-t test). See also Figures S1–S6.

weight of the whole brain and cerebellum

did not differ among the genotypes (Fig-

ure 2J). Nevertheless, at PN21, a stage

at which cerebellar neurogenesis is

almost complete, we observed a significant reduction in the total

cerebellum area in Tlx3 cKO mice compared to controls, indi-

cating the onset of cerebellar hypoplasia (Figure 2K). Our results

thus imply that Tlx3 has a significant role in maintaining the pro-

liferation of GNPs at the early stages of cerebellum development.

The absence of TLX3 during the window of GNP
proliferation/differentiation alters the balance between
granule neurons and Purkinje neurons
Next, we were curious about the underlying molecular mecha-

nism by which Tlx3 maintains the proliferation of GNPs. To un-

derstand this, we performed RNA sequencing on the posterior

and anterior cerebellum of PN7 control and Tlx3 cKO mice.

Our data showed a total of 292 genes that are differentially ex-

pressed in the posterior cerebellum and 295 in the anterior cer-

ebellum (false discovery rate [FDR]-adjusted p < 0.05) of the
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Tlx3 cKO mice compared to controls (Figures S7A and S7C;

Tables S1, S2, S3, and S4). Among the 292 differentially ex-

pressed genes (DEGs) in the posterior cerebellum, we found a

down regulation of 206 genes and upregulation of 86 genes.

Gene set enrichment analysis (GSEA) signature analysis of cell

types in the posterior cerebellum shows a significant down regu-

lation for ‘‘cerebellar granule neuron’’ genes including Grin2a,

Kcna1, Grik2, Bmp5, and Ntf3. The gene ontology (GO) enrich-

ment results revealed a significant reduction of ‘‘DNA replication

checkpoint signaling’’ including Cdc6 and Orc1,’’negative regu-

lation of WNT signaling pathway’’ and ‘‘collagen containing

extracellular matrix’’ (Figures S7B and S8A–S8D).

Similarly, we performed GO and GSEA analysis for cell type

and GO in the anterior cerebellum which showed that consistent

with the posterior cerebellum, therewas a significant reduction in

the ‘‘cGN’’ in the anterior cerebellum too that included genes

Grin2a, Grik2, Bmp5, Pcsk9, and Kcna1 (Figure S7D). Hence,

our data indicated that absence of Tlx3 caused an overall reduc-

tion of the GN in both anterior and posterior cerebellum, and

genes such as Grin2a, Grik2, Bmp5, and Kcna1 are differentially

expressed in both regions. Interestingly, GSEA analysis on the

anterior cerebellum did not show enriched downregulation of

DNA replication checkpoint signaling but showed an increase

in the enrichment of genes in ‘‘cytoplasmic translation’’ and

downregulation of genes in ‘‘voltage gated channel activity’’

including Cacna2d1, and Lrrc26 (Figures S8E–S8F). These find-

ings indicated that Tlx3 can regulate DNA replication checkpoint

signaling genes in the posterior lobes where it is expressed. In

conclusion, the findings from RNA sequencing shows that Tlx3

deletion from early cerebellar GNPs specifically resulted in

the significant downregulation of DNA-replication checkpoint

genes, which resulted in the reduced proliferation of GN in the

posterior cerebellum.

Next, to understand themolecular mechanism of GNPprolifer-

ation mediated by Tlx3 explicitly in the cGN, we carried out sin-

gle-cell RNA sequencing of the PN4 posterior cerebellum using

the 103 Genomics platform. We chose the PN4 stage to get

the representation of two populations of GN in the cerebellum,

including proliferating GNPs and differentiated GN. Single-cell

sequencing was carried out with genotype confirmed control

(Tlx3 fl/fl; Atoh1 Cre�/�) and Tlx3 cKO (Tlx3 fl/fl; Atoh1 Cre+/�) cer-
ebellum. After clustering using distinct transcriptional profiles,

we identified a total of ten clusters among the genotypes,

including GNP (GNP), GN, GABAergic interneuron, PC, Berg-

mann Glia, oligodendrocytes, endothelial precursor cells, eryth-

rocytes, and endothelial cells (Figure 3A). As expected, we iden-

tified two clusters for GN, designated as GNP and GN, due to

modest variability in the marker genes, with early progenitor

markers in GNP and mature markers in GN (Figures 3B and

S9–S12). Upon identifying the clusters, we first confirmed the

synchronous expression of Atoh1 and Cre recombinase expres-

sion among the clusters. Cre expression was only present in the

GNP and GN clusters of Tlx3 cKO samples and was absent in

these specific clusters of control. The Tlx3 expression remained

Figure 2. TLX3 is a crucial determinant for

patterning along the anterior-posterior axis

of developing cerebellum

(A–H) DAPI staining of sagittal sections of the

cerebellum including the vermis of control (Tlx3fl/fl;

Atoh1Cre�/�) andTlx3conditional knockout (Tlx3fl/fl;

Atoh1 Cre+/�) from various developmental time

points such as E16, E18, PN7, and PN21. Scale

bar, 100mm. (c’and d’) Enlarged images of E18.

(C and D) DAPI staining from the primary fissure.

Arrow and arrowheads indicate changes in the

cerebellar lobe pattern.

(I) Appearance of the dorsal view of brain isolated

from control (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3 con-

ditional knockout mice (Tlx3fl/fl; Atoh1 Cre+/�) at
PN21 stage. Arrows indicate the changes in the

cerebellar lobule arrangement.

(J) Weight of the whole brain without olfactory bulb

and cerebellum from control (Tlx3fl/fl;Atoh1 Cre�/�)
and Tlx3 conditional knockout mice (Tlx3fl/fl; Atoh1

Cre+/�) at PN21 stage (n = 3 for both genotypes).

(K) Quantitative measurement of cerebellar cross-

sectional area of control (Tlx3fl/fl; Atoh1 Cre�/�) and
Tlx3 conditional knockout mice (Tlx3fl/fl; Atoh1

Cre+/�) at E16, E18, PN7 and PN21 stages (n = 9 for

both genotypes). Images (A–H) were generated

through stitching multiple images using Photoshop

software. Nuclei were stained with DAPI. Data are

represented as mean ± SD. ***p < 0.001 (Unpaired-

t test).
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unaffected in the GNP and GN clusters of the control and Tlx3

cKO samples since we only deleted exon 2 of the Tlx3 gene,

which contains the homeobox binding domain (Figure 3B;

Figures S9A–S9D).

Next, we examined whether the deletion of Tlx3 from the

early cerebellum induced any changes in the cell type propor-

tion in these clusters. The GN proportion in the Tlx3 cKO were

significantly decreased compared to the control (Figure 3C).

Figure 3. scRNA Sequencing profiling of

PN4 cerebellum reveals cell type proportion

changes in Tlx3 cKOs

(A) UMAP representation of the scRNA-seq of PN4

posterior cerebellum from control (Tlx3fl/fl; Atoh1

Cre�/�) and Tlx3 conditional knockouts (Tlx3fl/fl;

Atoh1 Cre+/�). Dots represents the individual cells

and colors indicate the cell clusters.

(B) Expression of Tlx3, Atoh1, Cre and specific

marker genes for each cluster identification from

control (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3 conditional

knockout (Tlx3fl/fl; Atoh1 Cre+/�). Dot sizes repre-

sent the percentage of cells expressing a gene of

interest. Colors show cell clusters, cell cycle phase

and genotype of control and cKO.

(C) Cell type proportion analysis of each clusters of

control (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3 conditional

knockout (Tlx3fl/fl; Atoh1 Cre+/�). *p < 0.05,

***p < 0.001(FisherTest).

(D and E) Immunofluorescence staining of Pax6

(marker of cerebellar granule neurons) in the

sagittal section of cerebellum at PN7 stage. Scale

bar, 100mm.

(F andG) Immunofluorescence staining of calbindin

(marker of Purkinje neurons) in the sagittal section

of cerebellum at PN7. Scale bar,100mm.

(H) Quantification of the number of Pax6+ive granule

cells in the EGL layer of cerebellar (n = 9 for both

genotypes, Unpaired T-Test).

(I) Quantification of the number of calbindin+ive

Purkinje cells in the cerebellar cortex (n = 9 for both

genotypes, Unpaired T-Test).

(J and K) Volcano plots showing the differential

gene expression (DGE) between control (Tlx3fl/fl;

Atoh1 Cre�/�) and cKO (Tlx3fl/fl; Atoh1 Cre+/�) in
clusters of granule neuron progenitors (GNP) and

granule neurons (GN). Dots represent the genes.

Dashed lines depicts the adjusted p-value down to

***p < 0.0001.

(L) Gene Ontology overrepresentation analysis of

up regulated (Control (Tlx3fl/fl; Atoh1 Cre�/�) vs.
cKO (Tlx3fl/fl; Atoh1 Cre+/�) genes in GNP and GN

clusters. Dot size represents the fold enrichment of

genes referring to respective GO-term.

(H and I) Data are represented as mean ± SD.

**p < 0.01, ***p < 0.001(Un-paired t test). The

number of animals is represented by ‘‘n’’. See also

Figures S7–S13.

This result is consistent with RNA-seq

analysis of the posterior cerebellum, as

cell type enrichment showed a significant

reduction of GN. Apart from that, we also

found a drastic increase in Purkinje cell

clusters in the Tlx3 cKO (Figure 3C). To further evaluate this

change in the cell type ratio, we quantified the granule neuron

number at PN7 (Pax6+ive) and at PN21 (NeuN+ive) using immu-

nohistochemical analysis. Consistent with scRNA-seq findings,

our immunofluorescence analysis showed a significant reduc-

tion in the number of GN in the Tlx3 cKO at both the stages

compared to their respective controls (Figures 3D, 3E, and

3H; Figures S13A–S13E).
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Similarly, we also examined the Purkinje neurons of the cere-

bellum using the specific marker calbindin at PN7 and PN21

stages. Consistently, we found a drastic increase in the number

of Purkinje neurons at both the stages in the Tlx3 cKO compared

to controls (Figures 3F, 3G, and 3I; Figures S13F–S13J). Our data

indicated that loss of proliferation of cGNPs due to the absence

of Tlx3 indirectly contributes to the increased generation of Pur-

kinje neurons, which needs to be addressed further.

Following cell type proportion analysis, we next performed

pseudo-bulk differential gene expression in GNP and GN

clusters between control and Tlx3 cKO to identify the DEGs in

posterior cerebellum. A total of 38 genes were differentially ex-

pressed in the GNP cluster, where 28 were upregulated and 10

were down regulated (false discovery rate [FDR]-adjusted

p < 0.05) (Tables S5 and S6). In GN cluster, 123 genes were

differentially expressed, including 120 upregulated and 3 down-

Figure 4. TLX3 directly regulates the expres-

sion of anti-proliferative genes and its

dysfunction leads to the decreased differen-

tiation of granule neurons

(A) Venn diagram showing the overlap of genes

between TLX3 direct targets (2173 genes) and

differentially expressed genes from control (Tlx3fl/fl;

Atoh1 Cre�/�) and cKO (Tlx3fl/fl; Atoh1 Cre+/�) in
clusters GNP (37) and GN (123).

(B) Violin plot representing the expression of anti-

proliferative (Cadm1, Cdk2ap1, Tgfb2) and micro-

tubule stabilizing genes (Bbip1 and Insc) in

each clusters identified from scRNA seq of control

(Tlx3fl/fl; Atoh1 Cre�/�) and cKO (Tlx3fl/fl; Atoh1

Cre+/�).
(C) UMAP plot representing the anti-proliferative

genes (Cadm1, Cdk2ap1, Tgfb2) obtained from

overlap analyses.

(D and E) Immunofluorescence staining of BrdU+ive

and Pax6+ive granule cells in the migrating EGL

layer of cerebellar cortex at PN14 after 7 days of

BrdU pulsing. Scale bar, 50mm.

(F and G) Immunofluorescence staining of BrdU+ive

and NeuN+ive granule cells in the differentiated IGL

layer of cerebellar cortex at PN14 after 7 days of

BrdU pulsing. Scale bar, 50mm.

(H) Quantification of the number of BrdU+ive and

Pax6+ive granule cells in the migrating EGL layer of

cerebellar cortex at PN14 corresponding to D and E.

(I) Quantification of the number of BrdU+ive and

NeuN+ive granule cells in the differentiated IGL layer

of cerebellar cortex at PN14 corresponding to F and

G. (n = 9 for both genotypes). (H and I) Data are

representedasmean±SD.**p<0.01, ns=0.198(Un-

paired t test). The number of animals is represented

by ‘‘n’’. See also Figures S14 and 15.

regulated genes (false discovery rate

[FDR]-adjusted p < 0.05) (Figures 3J and

3K; Tables S7 and S8). We chose up regu-

lated genes from the GNP and GN cluster

and conducted GO analysis to identify the

processes affected by Tlx3 deletion (Fig-

ure 3L). Results demonstrated that GO

terms significantly enriched for ‘‘cell prolif-

eration’’, ‘‘axon’’, ‘‘synapse’’, and ‘‘negative regulation of Wnt

signaling pathway’’ for GNP clusters, including genes Tgfb2

(TGF b2), Ccnd2 (Cyclin D2), Mab21L2, Ctnnb1(beta catenin1),

and Insm1. Together, findings from RNA and scRNA-seq anal-

ysis indicated that Tlx3 deletion from early cGNPs leads to the

alteration in GN to Purkinje cell ratio by reducing the number

of GN.

TLX3 directly regulates the expression of anti-
proliferative genes to maintain the homeostasis of
granule neuron progenitors
Next, to gain insights into the direct binding targets and molec-

ular mechanism through which TLX3 regulates the proliferation

of the cGNPs, we analyzed the DEGs of GNP and GN with bind-

ing targets of TLX3. The data regarding the binding sites of TLX3

generated using a structure-based computational algorithm
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(TF2DNA) was already available.25 Using this information, we ob-

tained 2173 direct target genes of TLX3 and overlapped these

genes with DEGs of GNP (37) and GN (123). Among the DEGs,

we identified 5 upregulated genes in GNP and 13 upregulated

genes in GNs identified as direct targets of TLX3 (Figure 4A).

Here, we found an interesting observation that anti-proliferative

genes Tgfb2 (TGF b2) and Cdk2ap1 were significantly upregu-

lated in the GNP and GN clusters (Figures 4B and 4C). In addi-

tion, we also found a significant upregulation of a few genes

that are anti-proliferative and also involved in microtubule stabil-

ity, includingCadm1, Insc, and Bbip1 as direct targets of TLX3 in

the cKO (Figures 4B and 4C; Figures S14A and S14B). We further

assessed the expression of these genes including Cadm1,

Cdk2ap1, Tgfb2, Bbip1, and Insc using real-time PCR analysis

in PN4 control and Tlx3 cKO posterior cerebellum. The results

recapitulated the scRNA-seq analysis except for the gene

Cdk2ap1 where the fold change was negligible (Figure S13C).

This could be due to the ubiquitous expression of Cdk2ap1 in

all clusters of cerebellar cell types (Figure 4B). For qPCR we

have isolated RNA from the whole cerebellum and therefore

the differential expression of Cdk2ap1 in the GN clusters will

be compensated due to its ubiquitous expression in other cell

types (Figure S14C). Together, these results imply that TLX3 pro-

moted the proliferation of GNPs by negatively regulating anti-

proliferative genes at the transcriptional level during the early

development window.

Given that TLX3 regulated the genes involved in anti-prolifera-

tion thereby promoting the proliferation of cGNPs, we next eval-

uated the role of TLX3 on the migration and differentiation poten-

tial of cGNPs using BrdU pulse-chase experiment. We labeled

highly proliferating GN at PN7 with BrdU and analyzed the

migrating GN in the molecular layer of control and Tlx3 cKO at

the PN14 stage. We did not find any difference in the number

of migrating GN in the molecular layer among the genotypes in

any of the lobes (Figures 4D, 4E, and 4H). Further, we assessed

the differentiation of GN labeled from the PN7 stage, using a

granule neuron differentiation marker, NeuN, and analyzed the

number of BrdU-incorporated NeuN+ive cells in the IGL layer at

the PN14 stage. Here, we observed fragmented and unfrag-

mented BrdU+ive cells in the IGL layer, which indicated the mul-

tiple rounds of divisions undergone by the granule neuron after

incorporating BrdU from the PN7 stage. We included frag-

mented and unfragmented cells to calculate the differentiation

rate and assessed the number of BrdU+ive/NeuN+ive cells in the

IGL. We noticed that BrdU+ive/NeuN+ive cells in the Tlx3 cKO

were significantly reduced in all the lobes at PN14 stage as

compared to the control (Figures 4F, 4G, and 4I). Consistent

with the rate of proliferation, deletion of Tlx3 affected the differ-

entiation of GN in all the lobes of the cerebellum (Figure S15).

Overall, our results suggested that deletion of Tlx3 from the early

window of cerebellar granule progenitor development affected

the proliferation of cGNP by directly regulating anti-proliferation

genes. This subsequently led to reduced differentiation of GN in

the whole cerebellum. Thus the loss of Tlx3 from the early win-

dow of cerebellar development would disrupt the homeostasis

of granule neuron development, and can further lead to other

consequent dysfunctions in the Tlx3 cKO. Although the direct

link of TLX3 in regulating the proliferation and differentiation of

cGNP is evident in the posterior lobes, its influence on the ante-

rior lobes which lack TLX3 expression, is still unclear.

Dynamic homeostasis of GNPs maintained through
TLX3 is crucial for the formation of proper synaptic
connections between granule and Purkinje neurons
Since we now know that absence of TLX3 can alter the ratio of

GN to PC in the cerebellum, we next assessed the primary syn-

aptic connections in the cerebellum. PC are innervated and syn-

aptically connected by climbing fibers (CF) and granule neuron

extension parallel fibers (PF). Compared to the control, PN7

Tlx3 cKO had significantly more parallel fiber puncti marked by

vesicular glutamate transporter 1(VGLUT1) onto the Purkinje

cell body, as evidenced by the parvalbumin expression

(Figures 5A, 5B, and 5G). We also evaluated the synaptic con-

nections during PN21; the results corroborated our prior findings

that VGLUT1 puncti on the Purkinje cell body were significantly

increased in the Tlx3 cKO (Figures 5C–5F, e’, f’ and 5G). Simi-

larly, we evaluated climbing fiber innervations marked by vesic-

ular glutamate transporter 2 (VGLUT2) connecting to Purkinje

and observed that VGLUT2 puncta on to Purkinje cell was

elevated in Tlx3 cKO mice at PN7 and PN21 stages

(Figures 5H–5M, h’, i’, 5N, and 5O). These findings indicated

that synaptic connections PC-PF and PC-CF were increased

and that each Purkinje cell was highly innervated and connected

with enhanced parallel fiber and climbing fiber puncta following

Tlx3 deletion. However, we did not find any synapse-related

genes which are direct target for TLX3 in single-cell sequencing

analysis except Snca, and cadm1 which was found to be upre-

gulated. Thus, the altered synaptic connections could be an in-

direct, compensatory mechanism due to the fewer GN in the

Tlx3 cKOs. There are enough reports to prove the interactions

between GN and Purkinje, and these interactions are critical

for the synaptic connections.26,27 In addition, reports have also

shown that the final phase of supernumerary elimination of CF

from PC was influenced by GC and their parallel fiber projec-

tions. Partial elimination of parallel fiber inputs into Purkinje by

disrupting postsynaptic glutamate receptors also results in

the multi-innervation of climbing fiber extensions into Pur-

kinje.26,28,29 Hence, the excess-connectivity of synaptic connec-

tions between PC and CF could be due to impaired signaling

from Tlx3-deficient GN. To eliminate the possibility of cell death

within the Tlx3 cKO cerebellum at different stages of develop-

ment, we carried out a TUNEL assay. We did not find any signif-

icant difference in the number of TUNEL+ive cells in the cere-

bellum at any developmental stages between the genotypes,

indicating negligible cell death in the Tlx3 cKO cerebellum

(Figures S16A–S16Q).

Tlx3 deficient mice exhibit behavioral deficits in motor,
and social interaction similar to ASD
Having established that the deletion of Tlx3 from the GNPs

caused significant structural and molecular changes in the cere-

bellum, we next sought to evaluate the various behavioral defi-

cits in Tlx3 cKO. The cerebellum is associated with discrete

behavioral activities, such as fine motor coordination, cognitive

abilities, and social functions. Furthermore, the posterior cere-

bellum is implicated in cognition and social development,
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Figure 5. TLX3 is crucial for forming the cor-

rect synaptic connection architecture of the

cerebellum

(A–F) Immunofluorescence staining of parvalbumin

(marker for Purkinje neurons) and VGLUT1 (marker

of parallel fiber extension of granule neurons) in the

sagittal section of cerebellum at PN7 and PN21 in

control (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3 conditional

knockouts (Tlx3fl/fl; Atoh1 Cre+/�). Scale bar, 20mm

(A and B), 50 mm (C–F).

(G) Quantification of the number of VGLUT1 puncta

on to each Purkinje cell body of images A–F. (n = 9

for both genotypes).

(H–M) Immunofluorescence staining of parvalbu-

min (marker for Purkinje neurons) and VGLUT2

(marker of climbing fiber) in the sagittal section of

cerebellum at PN7 and PN21 in control (Tlx3fl/fl;

Atoh1 Cre�/�) and Tlx3 conditional knockouts

(Tlx3fl/fl; Atoh1 Cre+/�). Scale bar, 20mm (H and I),

50 mm (J-M). (a’,b’, e’ f’, h’, and i’) Enlarged images

of A, B, E, F, H, and I, respectively.

(N) Quantification of the number of VGLUT2 puncti

on to each Purkinje cell body of images H–M. (n = 9

for both genotypes).

(O) Violin plot showing the percentage of climbing

fiber extensions into each Purkinje neurons at

PN21 in control (Tlx3fl/fl; Atoh1 Cre�/�) and Tlx3

conditional knockout (Tlx3fl/fl; Atoh1 Cre+/�). (n = 9

for both genotypes). (G, N, and O) Data are

represented as mean ± SD. **p < 0.01,

***p < 0.001(Un-paired t test). The number of an-

imals is represented by ‘‘n’’. Arrow indicate puncti.

See also Figure S16.
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whereas the anterior cerebellum contributed to finemotor devel-

opment.30–34 Hence, we assessed motor, cognitive, and social

behavioral functions in Tlx3 cKO. The results showing the latency

to fall from wire hang and rotarod tests revealed a significant

reduction in the time, where Tlx3 cKO mice were unable to

hang in the wire or on the accelerating rotarod, which signifies

a substantial loss of motor coordination in Tlx3 cKO

compared to control (Figures 6A–6C). However, the total dis-

tance traveled in the open-field test did not differ between con-

trol and Tlx3 cKO, indicating that normal movement is not

impaired (Figure 6D).

Further, to test anxiety-like behavior, openmaze, and elevated

plus maze tests were performed. We observed that the Tlx3 cKO

mice spent comparatively more time in the central zone and

open arms when compared to the control. These observations

indicated that the animals were less anxious than the control

(Figures 6E and 6F). Next, we evaluated the cognitive skill of

Tlx3 cKO using a novel object recognition test. We found that,

unlike controls, Tlx3 cKO mice could not distinguish between

familiar and novel objects, suggesting a cognitive impairment

(Figure 6G). Tlx3 cKO mice have spent nearly equal time with

familiar and novel objects and did not prefer novel object-like

controls.

Next, we conducted three other behavioral tests, such as

marble burying, three-chamber, and resident intruder tests, fol-

lowed by the recording of ultrasonic vocalizations, to investigate

the social function in Tlx3 cKO mice. Tlx3 cKO mice buried sub-

stantially more marbles than control mice in the marble burying

test, demonstrating their repetitive digging activity (Figures 6H

and S17). In the three-chamber social preference test, control

mice tend to prefer social stimuli over empty apparatus, whereas

Tlx3 cKO mice failed to exhibit a preference for social stimuli or

instead spent nearly equal amounts of timewith both stimuli (Fig-

ure 6I). However, both genotypes significantly preferred novel

social stimuli in the social novelty test (Figure 6J). These obser-

vations indicated that the deletion of Tlx3 from the window of

early cerebellar development influenced social preference func-

tion and has no significant effect on social memory. Even though,

we observed a significant cognitive impairment in the novel ob-

ject recognition test of Tlx3 cKOmice, social memory was found

to be intact. Thus, it indicates a mild cognitive impairment in the

Tlx3 cKOs.

Further, ultrasonic vocalizations were recorded and analyzed

with a resident-intruder interaction for quantitative and qualita-

tive alterations in vocal call types in the control and Tlx3 cKO.

Quantitative analyses revealed that the call rate and peak fre-

quency of calls emitted did not differ significantly between con-

trol and Tlx3 cKO mice (Figures 6K and 6L). Nevertheless, we

found that the Tlx3 cKO mice have a longer latency to emit their

first call or vocalization. In contrast, the control mice began

emitting calls when an intruder was detected (Figure 6M).

Following this, we examined the qualitative profile of call types

emitted and observed that flat calls are significantly increased

in the Tlx3 cKO (Figures S18A and S18B). Flat calls are often

referred to as aversive calls,35 indicating that Tlx3 cKO mice

experience irritability in the presence of a stranger mouse. In

conclusion, the resident intruder test demonstrated that Tlx3

cKO mice display a delay in initiating the first call and variations

in the call types emitted, confirming the impaired social func-

tion of these mice. Finally, we carried out a clasping test to

assess for any severe neurodegenerative symptoms. We found

no significant difference in clasping scores between the geno-

types. We also conducted a clasping test on the 7-9 month-old

mice to identify any neurological signs at the later stages; how-

ever, we did not observe a significant difference in the clasping

score between genotypes (Figures S19A and S19B). In conclu-

sion, results from the behavior tests demonstrates that Tlx3

cKO mice exhibits a severe loss in both motor and social func-

tion, which in turn resembles a typical behavioral dysfunction

associated with ASD. This indicated that loss of Tlx3 in the win-

dow of early development reduces proliferation through direct

regulation of anti-proliferative genes that leads to reduced

cGN generation and defects in synaptic connections, leading

to developmental disorders including ASD-like behavior.

Figure 6. TLX3 deficient mice exhibit defects in motor and social function

(A) Latency to fall in the two limb wire hang test for control (Tlx3fl/fl; Atoh1 Cre�/�, n = 12) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 9).

(B) Latency to fall in the four limb wire hang test for control (Tlx3fl/fl; Atoh1 Cre�/�, n = 12) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 14).

(C) Latency to fall in the rotarod test for control (Tlx3fl/fl; Atoh1 Cre�/�, n = 8) and Tlx3 conditional knockout (Tlx3fl/fl; Atoh1 Cre+/�, n = 8).

(D) Total distance traveled by control (Tlx3fl/fl; Atoh1 Cre�/�, n = 11) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 9) in the open maze chamber.

(E) Time spent in the open maze central zone by control (Tlx3fl/fl; Atoh1 Cre�/�, n = 12) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 10).

(F) Time spent in the open arm of elevated plus maze by control (Tlx3fl/fl; Atoh1 Cre�/�, n = 13) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 13).

(G) Interaction time of control (Tlx3fl/fl; Atoh1 Cre�/�, n = 6) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 6) with familiar and novel object in the Novel

object recognition test.

(H) Number of marbles buried by control (Tlx3fl/fl; Atoh1 Cre�/�, n = 13) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 15) in the marble burying test.

(I) Social preference test results of control (Tlx3fl/fl; Atoh1 Cre�/�, n = 8) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 7) which shows the interaction

time of each mouse with social stimuli and empty cup.

(J) Social novelty test results of control (Tlx3fl/fl; Atoh1 Cre�/�, n = 8) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 7) that shows the interaction time

taken by each mouse with familiar social stimuli and novel social stimuli.

(K) Rate of calling of control (Tlx3fl/fl; Atoh1 Cre�/�, n = 6) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 5) upon introduction of intruder mice in the

resident –intruder test and ultra-sonic vocalization recording.

(L) Peak frequency of the calls produced by control (Tlx3fl/fl; Atoh1 Cre�/�, n = 6) and Tlx3 conditional knockouts (Tlx3fl/fl; Atoh1 Cre+/�, n = 5) during resident –

intruder test and ultra-sonic vocalization recording.

(M) Latency for initiating the first ultrasonic call when intruder is introduced with the control (Tlx3fl/fl; Atoh1 Cre�/�, n = 6) and Tlx3 conditional knockouts (Tlx3fl/fl;

Atoh1 Cre+/�, n = 5). (A–M) Data are represented as mean ± SD. (A–F, H, and M) Data are represented as box and whiskers plot (Mann-Whitney test Unpaired(U)-

Tests in A–F and H, Mann-Whitney test U-Tests and Ordinary one-way ANOVA for group analysis in H–J and Unpaired-t test in K–M). *p < 0.05, **p < 0.01,

***p < 0.001). The number of animals is represented by ‘‘n’’. See also Figures S17–S19.
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Mutation and structural variations of the TLX3 in human
population indicate a possible link to ASD and other
neurodevelopmental disorders
The findings of our comprehensive behavioral assessment un-

veiled the compromised motor, and social functions of Tlx3

cKO mice resembling ASD. Therefore, we next evaluated the

expression profile of ASD candidate genes in the Tlx3 cKO cer-

ebellum. To assess the expression of ASD candidate genes in

Tlx3 cKO, we overlapped the DEGs from granule neuron clusters

(GNP and GN) of scRNA-seq with genes from the ASD Simons

Foundation Autism Research Initiative (SFARI) database. The

syndromic and non-syndromic genes from the database over-

lapped with the DEGs of GN clusters, and we found ten genes

that overlapped with high confidence along with a strong candi-

date gene score (Figure 7A). These genes include Ctnnb1, Rora,

Atp1a3, Dip2a, Cadm1, Snap25, Ptbp2, Zswim6, Dvl3, and

Rheb. We also assessed the expression of these ten genes in

the remaining clusters and found a differential expression among

the clusters. All of these genes were differentially expressed in

many of the clusters of Tlx3 cKO (Figure 7B). Interestingly, we

found that Cadm1 was a direct target of TLX3, as shown in

(Figures 4B and 4C), and the remaining genes were indirect tar-

gets of TLX3.

Having established the potential link of TLX3 in association

with ASD, we next evaluated for anymutation/structural variation

in TLX3 allele in the human population. For this, we initially exam-

Figure 7. Deletion of Tlx3 shows altered

expression of the ASD Candidate genes in

GNPs of Cerebellum

(A) Dot plot visualizing the genes obtained from

overlap analysis of differentially expressed genes

from scRNA Seq of GNP and GN clusters with

SFARI ASD database. Size of the dot is determined

by the gene score.

(B) Violin plot representing the expression of over-

lapping genes obtained from overlap analysis of

differentially expressed genes from scRNA Seq of

GNP and GN clusters of control (Tlx3fl/fl; Atoh1

Cre�/�) and Tlx3 conditional knockouts (Tlx3fl/fl;

Atoh1 Cre+/�) with SFARI ASD database. Colors

show genotype of control and KO.

(C) Dot plot depicting the distribution of missense

and structural variations of the TLX3 gene in the

global population, determined by the analysis of

minor allele frequencies.

(D) Pie diagram showing the percentage of TLX3

variations in association with various pathological

conditions curated from published literature and

ClinVar database.

ined the possibility for mutation and path-

ogenic variations in the TLX3 allele of the

global population. Here, we found that

the minor allele frequency of TLX3 in

distinct populations has 29 genetic varia-

tions associated with the TLX3 gene, con-

sisting of 10 missense variants and 19

structural variants (SVs, Figure 7C). Addi-

tionally, we identified 18 potential patho-

genic variations, and based on the ACMG (American College

of Medical Genetics and Genomics) and AMP (Association for

Molecular Pathology) criteria, 4 were confirmed as pathogenic,

while 26 others were classified as variants of uncertain signifi-

cance (VUS). Thus, after confirming the existence of pathogenic

TLX3 allele in the global population, we next assessed the TLX3

variations in the ClinVar database and published literature. The

results demonstrate that TLX3 variants were associated with 9

cases of ASD, and the others were associated with develop-

mental disability and other NDDs (Figure 7D).

DISCUSSION

Our study utilizing cKOmousemodel has demonstrated that TLX3

is crucial for the proliferation of GNPs of the outer EGL and its

dysfunction can cause Autism. Here, TLX3 is essential for main-

taining the homeostasis of GNs in the posterior lobes of the cere-

bellum. Ablation of Tlx3 in the window of early cerebellum devel-

opment (E15-PN20) severely affects the proliferation of the

GNPs and affects the number of GNs generated within this win-

dow. Genesis of a definite number of GNs during this window is

essential to form proper downstream connections with the Pur-

kinje neurons.26 TLX3 controls the genesis of a particular number

of GNs during this window by regulating anti-proliferative genes

such as Cadm1, Cdk2ap1, and Tgfb2. We have observed the

downstream consequence of the reduced proliferation of GNPs
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having a cascading effect on the structural development of the

cerebellum and also on its downstream cellular connections.

The Purkinje neurons collect all the complex inputs from the cere-

bellar cortex majorly through PF- extensions of GN as well as CF

from the inferior olive, integrate the signal and serve as the sole

output of the cerebellum. Therefore, any altered connection to

the Purkinje neurons will affect the complete functionality of the

cerebellum and, in turn, affect the cortico-cerebellar connectivity.

The deletion of Tlx3 from the GN has led to the increased Purkinje

cell number as well as excess-connectivity of parallel fiber and

climbing fiber extensions into the PC. This demonstrates the

altered synaptic connections originating from the PC of the Tlx3

knockout cerebellum.

Meanwhile, interestingly, we observed that GABAergic Purkinje

marker gene Calb1 (calbindin) is misexpressed and are upregu-

lated in the granule neuron clusters in Tlx3 cKOs (Figures 3J and

3K). Calbindin is exclusively expressed in the PC of the cere-

bellum, and it is a calcium-binding protein that helps in the buff-

ering of intracellular free calcium.36–39 Tlx3 is implicated and

well-reported for its function as a glutamatergic selector

gene, and its downregulation can lead to the upregulation of

GABAergic cell fate.11,14,40,41 The upregulation of the GABAergic

Calb1 gene in the clusters of GN after Tlx3 deletion demonstrates

a possible analogous function of Tlx3 in regulating the glutamater-

gic fate of GN in the cerebellum. The intrinsic molecular mecha-

nism or downstream genes that govern glutamatergic cell type

specification would have switched upon Tlx3 deletion, and this

could have resulted in a shift from glutamatergic to GABAergic

marker gene expression in the GN. Molecular analysis from RNA

sequencing of the posterior cerebellum has also revealed that

glutamate transporter genes such as Grik2 and Kcnd2 were

downregulated in the Tlx3 cKO. However, we have not evaluated

the functional output or connectivity of Tlx3-depleted GN to deter-

mine the possibility of trans-differentiation into Purkinje neurons or

a shift in the fate of GN. Several studies have reported a change in

the expression of marker genes related to glutamatergic and

GABAergic signaling after the deletion or overexpression of

various fate-specifying genes, subsequently leading to a shift in

the specification of cell types.42–44 Therefore, all our observation

leads to the conclusion that GN starts expressing a Purkinje

marker and may not function as an excitatory neuron. Further

investigation is required to evaluate the possibility of trans-differ-

entiation or fate change of GN in Tlx3 cKOs.

Another intriguing observation that remains unanswered is the

reduction of GNs in the anterior lobes of the cerebellum, similar

to that of the posterior lobes where Tlx3 is knocked out. This

could be due to the early deletion of Tlx3 from cGNPs and this

synergetic effect is quite exciting and needs to be explored

further. Alike Tlx3, other genes, such as Otx2 and Lmx1a are

exclusively expressed in the posterior lobes of the cere-

bellum.45,46 Nevertheless, deleting these genes, particularly

from the posterior lobe, had distinct consequences on both the

anterior and posterior cerebellum. Meanwhile, we also found a

20% mortality of Tlx3 cKO at the age of 6–9 months and

observed severe skin lesions in the neck and near the tail in

the deceased. However, the precise cause of death and the

persistent possibility for the prevalence of mortality among the

Tlx3 cKO needs to be explored further.

Finally, we found that all these structural abnormalities, cell

type imbalance and altered synaptic connectivity have culmi-

nated into autistic-like phenotype in Tlx3 cKOmouse. It is known

that altered development of the cerebellum is associated with

neurodevelopmental disorders (NDDs), such as ASD, ADHD,

developmental dyslexia(DD), intellectual disability (ID), commu-

nication disorders, and childhood motor disorders.30,47,48 Apart

from other NDDs, ASD is characterized by structural and func-

tional abnormalities in the cerebellum, eventually resulting in

altered cerebello-cortical connectivity.48,49 Furthermore, ASD

are intricate neurodevelopmental disorders characterized by

a range of neuropsychiatric symptoms, such as repetitive

behavior, linguistic impairments, social dysfunction, and cogni-

tive challenges, including difficulty with motor function in severe

cases.50–52 Many reports have shown that the genes involved in

the early development of the cerebellum, such as Engrailed ho-

meobox 2, Rora, Foxp2, Reln, Pten, Cadps2, and Gabrb3 if

misexpressed at the early developmental stages, can lead to

ASD.34,53–63 Therefore, there exists a clear link between cere-

bellar development and ASD. We have observed a similar link

in the case of the homeobox gene Tlx3. This information is rela-

tively new since, to date, pathological involvement of Tlx3 has

only been limited to T cell leukemia due to a recurrent interchro-

mosomal translocation in T cell acute lymphoblastic leukemia

cells.64,65 Previous studies on Tlx3 in the spinal cord and brain-

stem did not show association with any pathological condition.

The cerebellar structural and connectivity abnormalities found

in ASD majorly include hypoplasia in the posterior vermis

(lobules VI–VII) and excitatory/inhibitory imbalance due to the al-

terations in Purkinje outputs concerning cortico-cerebellar con-

nectivity.66 Structural imaging analysis of ASD patients, particu-

larly in early age, i.e., under 10, showed a decreased volume of

the posterior vermis region of the cerebellum.67–69 These abnor-

malities are similar to that we observed in Tlx3 cKO mouse.

Together with these, many studies have also showed that the

number and morphology of PC are reduced in the cerebellum

of individuals with ASD.66,70 However, here, we found that

Tlx3 dysfunction has led to an increased number of Purkinje

neurons. The subsequent increase of Purkinje neurons could

have occurred as a compensatory response to the depletion

of GN in the Tlx3 cKO cerebellum. This needs further investiga-

tion. In addition, global human genome data analysis has shown

potential pathogenic variation in the TLX3 allele with missense

and structural mutations. We could identify nine ASD cases

involving TLX3 mutations, however, the mutated DNA region

of TLX3 remained uncharacterized and was merely classified

as a structural mutation. There are also no reports regarding

how these variations could lead to ASD. Hence, it warrants

further investigation.

In conclusion, we emphasize that all the defects in proper dif-

ferentiation of the cerebellum during embryonic development

due to the loss of Tlx3manifest into ASD-like behaviors in adults.

The most prominent behavioral deficits were losing motor func-

tions, social interactions, and repetitive behavior. Cerebellar

dysfunction or any abnormality during sensitive periods of devel-

opment, specifically in postnatal weeks, results in ASD-like out-

comes.67 Recent finding has also shown that pre-term birth of

babies will lead to atypical connectivity in the brain (Cortex)
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and is associated with impaired social, sensory, and repetitive

behaviors in toddlers at 18 months of age.66 Therefore, it is

evident that premature birth disrupts the pattern of functional

brain dynamics, and an early insult during this critical time of

development might result in the manifestation of symptoms

like autism in the early stages of toddlerhood. These observa-

tions point toward the fact that most of the developmental disor-

ders including ASDs have their origin during early embryonic

development involving an array of genes required for proper

development of cerebral cortex and cerebellum. Our findings

establish the role of Tlx3 in the development of the cerebellum

and its absence could be considered as one of the causative fac-

tors for ASD pathogenesis and manifestation.

Limitations of the study
Our study demonstrates that TLX3 is a crucial component

involved in the proliferation of cGNPs, and the altered homeosta-

sis of GN due to dysfunction of TLX3 results into typical autism

phenotype in mice. We have shown the reason behind the

reduced proliferation of cGNPs and it occurs through anti-prolifer-

ative genes. Following that, we assessed the consequences of

altered granule neuron generation in terms of cerebellar structure,

cell type proportion, primary synaptic connections, and finally, the

behavioral function of the mice. However, we have not unveiled

other pathways by which TLX3 affects the generation of other

cell types and synaptic connections in the cerebellum, as the pri-

mary focus of this current study aimed to evaluate how TLX3 is

involved in cGNP proliferation. Setting that aside, Tlx3 expression

is absent in other cell types, and our scRNA sequencing analysis

showed that DEGs are present majorly in the granule neuron clus-

ters. Therefore, the alteration in the primary synaptic connections

and cell type proportion change could be due to the disturbed

generation of cGNPs. However, more data is required to delineate

the same. In addition, we could not find the exact mechanism by

which TLX3 affects the granule neuron reduction in the anterior

lobe of the cerebellum, where TLX3 is absent during cerebellar

neurogenesis and warrants further investigation. Finally, we as-

sessed the potential possibility of TLX3 mutation in ASD human

subjects and found the presence of TLX3 mutation associated

with ASD patients. Here, we only evaluated the potential possibil-

ity of TLX3mutation in ASD human subjects and identified that it is

not restricted exclusively to mice but also appears in humans.

However, a genome-wide global cohort study is required to eval-

uate the frequency of TLX3 mutation and how the variation is

associated with distinct populations, as ASD is a typical NDD

known to have significant variation within and among different so-

cio-demographic groups.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig anti –Tlx3 Gift from Dr. Carmen Birchmeier, Germany N/A

Rabbit polyclonal anti-Pax6 Millipore Cat# AB2237; RRID:AB_1587367

Rat monoclonal anti-BrdU Abcam Cat# ab6326; RRID:AB_305426

Mouse monoclonal anti-Ki67 BD Biosciences Cat# 550609; RRID:AB_393778

Rabbit polyclonal anti-NeuN Abcam Cat# ab104225; RRID:AB_10711153

Rabbit polyclonal anti-Parvalbumin Abcam Cat# ab11427; RRID:AB_298032

Mouse monoclonal anti-Calbindin Sigma Cat# C9848; RRID:AB_476894

Mouse monoclonal anti-vGlut1 Millipore Cat# MAB5502; RRID:AB_262185

Mouse monoclonal anti-vGlut2 Millipore Cat# MAB5504; RRID:AB_2187552

Goat Anti-Guinea Pig IgG Cy3 Jackson Immuno Research RRID: AB_2337423

Goat Anti-Mouse IgG Cy3 Jackson Immuno Research RRID: AB_2338680

Goat Anti-Rabbit IgG Cy3 Jackson Immuno Research RRID: AB_2338007

Goat Anti-Rat IgG Cy3 Jackson Immuno Research RRID: AB_2338254

Goat anti-mouse Alexa Flour 488 Molecular probes Cat# A11001; RRID:AB_2534069

Goat anti-rabbit Alexa Fluor 488 Molecular probes Cat# A11008; RRID:AB_143165

Chemicals, peptides, and recombinant proteins

HCL Thermofisher Scientific Cat #Q29145

NaCl Merck Life science Private.Ltd Cat #MG2M720652

KCl SRL Cat #1644133

Na2HPO4 SRL Cat #1949146

KH2PO4 Merck Life science Private.Ltd Cat #DH8D682240

Tris Merck Life science Private.Ltd Cat #DJ8D682223

EDTA Merck Life science Private.Ltd Cat #DG8D681653

SDS SRL Cat #1948101

Paraformaldehyde Sigma-Aldrich Cat #P6148

Sucrose Merck Life science Private.Ltd Cat #DF8D681300

OCT TissueTek Cat # 4583

Normal goat serum Jackson Immuno Research Cat # 005000121

Triton X-100 Sigma-Aldrich Cat # 8787

DAPI Sigma-Aldrich Cat #D9564

Fluoromount G Electron Microscopy Sciences Cat #17984-25

BrdU Sigma-Aldrich Cat #B5002

Boric acid Sigma-Aldrich Cat #B6768

Ovomucoid Sigma-Aldrich Cat #T9253

Papain Sigma-Aldrich Cat #P4762

L-Cysteine Millipore Cat #C-7352

DNaseI Sigma-Aldrich Cat #D4513

Neurobasal medium Thermofisher Scientific Cat # 21103049

Phenol Sigma-Aldrich Cat #P4557

Chloroform Merck Life science Private.Ltd Cat #DI1P711147

Isoamyl alcohol Merck Life science Private.Ltd Cat #SH8S680463

Diluent for DNA Extraction Himedia Cat #MB228

Proteinase K Sigma-Aldrich Cat #49936

RNaseA Merck Life science Private.Ltd Cat # 10109142001
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Hank’s Balanced Salt Solution Thermofisher Scientific Cat #14170112

Tri sodium citrate dihydrate Merck Life science Private.Ltd Cat #DEOD701038

Tween 20 Sigma-Aldrich Cat #P9416

Taq DNA Polymerase, Buffer,Mgcl2 Sigma-Aldrich Cat #D4545

dNTPs Sigma-Aldrich Cat #A4036,T1875,G6264,C4654

TRI reagent Sigma-Aldrich Cat# T9424

DNaseI Ambion Cat# 8169G2

DNaseI Inactivation reagent Ambion Cat# 8174G

Random Hexamer Promega Cat#C118A

Reverse Transcriptase Superscript III Invitrogen Cat#P/N100004295

DTT Invitrogen Cat#P/NY00147

Rnasin Promega Cat#N2611

Critical commercial assays

RNA Extraction, RNeasy kit Qiagen Cat # 11684795910

Chromium Next GEM Single Cell 30 LT
Reagent Kits v3.1(Dual index)

103 Genomics Cat # PN-1000325

In Situ Cell Death Detection Kit, Fluorescein Roche Cat # 11684795910

Experimental models: Organisms/strains

Mouse: Tlx3fl/fl Gift from Dr Zijing Liu, Beijing Institute

of Biotechnology, Beijing, China

Lopes et al.71

N/A

Mouse: Atoh1 Cre The Jackson Laboratory, USA RRID:IMSR_JAX:011104 (B6.Cg-Tg(Atoh1-

Cre)1Bfri/J)

Mouse: C57BL/6J Animal facility, RGCB NA

Oligonucleotides

Tlx3 floxed genotyping primer

F-TGTTTCGCCTCCTTTGCTCG

R-GTTGGATGGAAGCAAAGATAG

Lopes et al.71 N/A

Atoh1 Cre genotyping primer (Transgene)

F-CCGGCAGAGTTTACAGAAGC

R-ATGTTTAGCTGGCCCAAATG

The Jackson Laboratory, USA N/A

Atoh1 Cre genotyping primer (Internal

positive control)

F-CTAGGCCACAGAATTGAAAGATCT

R-GTAGGTGGAAATTCTAGCATCATCC

The Jackson Laboratory, USA N/A

Mouse Tlx3 qPCR primer

F-GCGCATCGGCCACCCCTACCAGA

R- CCGCTCCGCCTCCCGCTCCTC

Divya et al.16 N/A

Mouse Cdk2ap1 qPCR primer

F- ACCCAGGGAACTGGAAATAG

R- AATGATGCCTCGTTTTAGCC

This paper N/A

Mouse Cadm1 qPCR primer

F- CACCATCCTTACCATCATCAC

R- ATAGCATGGCAAACACCAC

This paper N/A

Mouse Tgfb2 qPCR primer

F- TCTACAACAGTACCAGGGAC

R- TGTTGAGACATCAAAGCGG

This paper N/A

Mouse Bbip1 qPCR primer

F- TGAAGTCGATGTTCCGAGAAG

R- TGTATCCTGTGCTGCTTGC

This paper N/A

Mouse Insc qPCR primer

F- GACATCATTCAGGAGAACGG

R- CAATCAGGCGAGACATACAG

This paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of Tlx3fl/fl; Atoh1 Cre conditional knockout mice
The generation of Tlx3fl/fl mice was described previously.71 The mouse was a generous gift from Dr Zijing Liu, Beijing Institute of

Biotechnology, Beijing, China. The loxP sites were inserted within Intron 1 and Intron 2 of the Tlx3 gene to target the conditional

deletion of Exon 2 (contains the homeobox DNA binding domain) using Cre recombinase. All experiments were conducted

as per the ethical guidelines approved by the Institutional Animal Ethics Committee (IAEC) of Rajiv Gandhi Center for Biotech-

nology (IAEC/792/JAC/2020). All the animals were maintained in pathogen free condition in individually ventilated cages (IVC),

with 12h light/dark cycle, standard temperature, humidity and were fed with standard feed and water ad libitum. Tlx3fl/fl mice

were bred with Atoh1-Cre (Jackson Laboratory, USA)72 heterozygous mice to produce heterozygous mutants. Homozygous

male mutants generated after the second round of breeding were bred with Tlx3fl/fl female to produce mixed genotypes of ho-

mozygous Tlx3 cKO (Tlx3fl/fl; Atoh1 Cre+/�) mice and Cre negative control (Tlx3fl/fl; Atoh1 Cre�/�) mice from the same litter (Fig-

ure 1D). For further experiments, pregnant Tlx3fl/fl mouse were sacrificed at embryonic days, E15-16 and E17-18, and embryos

were collected for qRT PCR and immunohistochemistry analysis. Male and female mice at PN7, PN14, and PN21 were also

collected for BrdU pulse-chase experiments and immunohistochemical analysis. The comprehensive list of the total number

of mice used in each immunohistochemistry image and behavior study is included in Tables S10 and S11. Cerebellum from

PN4 and PN7 pups were used for single-cell transcriptomics and for RNA-Seq respectively. Male/female control and cKO

mice were allowed to grow till 3 months of age and were used for all behavior analysis. Genotyping PCR was carried out

with tail tips to confirm the genotypes of the mice and also knocking out of Tlx3.

METHOD DETAILS

Tail DNA extraction and genotyping PCR
We used amodified version of Jackson Laboratory’s protocol to isolate DNA from the tail tips and perform genotyping PCR. Briefly, a

small 0.5mm tail tip was cut and treated with 500 mL lysis buffer containing proteinase K and incubated overnight at 50�C. Further, an

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R 4.2.0 https://www.r-project.org/

Cell Sens Olympus FV3000 https://www.olympus-lifescience.com/en/

software/cellsens/

ImageJ ImageJ 1.53t

NIH,USA

ImageJ.net

EthoVision XT 8.5.614 Noldus Information Technology by

Netherlands

https://www.noldus.com/ethovision-xt

GraphPad Prism Version 8 GraphPad https://www.graphpad.com/

scientificsoftware/prism/

Deposited data

RNA-Seq raw data: PN7 Anterior

cerebellum control

NCBI Sequence Read Archive (SRA) NCBI SRA: SRR30996787; NCBI SRA:

SRR30996793 (Biological replicates)

RNA-Seq raw data: PN7 Anterior

cerebellum Tlx3 cKO

NCBI Sequence Read Archive (SRA) NCBI SRA: SRR30996785; NCBI SRA:

SRR30996786 (Biological replicates)

RNA-Seq raw data: PN7 Posterior

cerebellum control

NCBI Sequence Read Archive (SRA) NCBI SRA: SRR30996799; NCBI SRA:

SRR30996797 (Biological replicates)

RNA-Seq raw data: PN7 Posterior

cerebellum Tlx3 cKO

NCBI Sequence Read Archive (SRA) NCBI SRA: SRR30996788; NCBI SRA:

SRR30996789 (Biological replicates)

Single-cell RNA-Seq raw data: PN4

Posterior cerebellum control

NCBI Sequence Read Archive (SRA) NCBI SRA: SRR30996796; NCBI SRA:

SRR30996798; NCBI SRA:

SRR30996794; NCBI SRA:

SRR30996784 (Technical replicates)

Single-cell RNA-Seq raw data: PN4

Posterior cerebellum Tlx3 cKO

NCBI Sequence Read Archive (SRA) NCBI SRA: SRR30996790; NCBI SRA:

SRR30996791; NCBI SRA:

SRR30996792; NCBI SRA:

SRR30996795 (Technical replicates)

Complete dataset NCBI BioProject database NCBI BioProject: PRJNA1173099

Code: Zenodo https://doi.org/10.5281/zenodo.13934594
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equal volume (500 mL) of phenol/chloroform/iso-amyl alcohol in a ratio of 25:24:1 was added to the samples. The upper aqueous

phase containing DNA was collected after centrifugation, and the resultant DNA was precipitated using 100% ethanol and subse-

quent centrifugation. The pellet was purified using 70% ethanol wash, air dried at room temperature, and dissolved in 20 mL sterile

water. The resultant purified DNA was then used as the template for genotyping PCR. Specific strains, control and Tlx3 cKO were

identified using respective genotyping primers as listed in the key resources table.

Survivorship curves
Mice were monitored starting from birth, allowed to grow until 9 months old, and euthanized after this time point. Survivorship curves

were generated from this period based on survival, plotted using GraphPad Prism 8.0.1, and plotted as percentage survival.

Histology and immunohistochemical analysis
Mouse brains from respective stageswere collected and fixed in 4%paraformaldehydemade in phosphate-buffered saline overnight

and then dehydrated using 30% sucrose as described previously.16 Fixed, dehydrated whole brains were embedded in OCT, and

14 mm cryosections were collected for immunohistochemistry. Frozen sections were washed in 1X PBS, and then blocked with

5% Normal Goat Serum (NGS) containing 0.1%/0.2%/0.4% Triton X-100 (based on nuclear/cytoplasmic localization of the target

protein) for 45 min at room temperature before incubating with primary antibodies (Listed in key resources table) overnight at 4�C.
Immune complexes were detected using secondary antibodies conjugated to Cy3/Alexa Fluor 488. Finally, sections were counter-

stained with DAPI andmounted using Fluromount G. Images were captured and analyzed using Confocal laser scanningmicroscope

with a high-sensitivity spectral detector (Olympus FV3000) and CellSens software or using Olympus BX61 upright fluorescence mi-

croscope with a cooled CCD camera (Andor 885). The total number of mice used per genotypes of control and Tlx3 cKO for Immu-

nohistochemical analysis was listed in Table S10.

BrdU labeling
BrdU pulse labeling were performed by injecting BrdU (100mg/kg) intomice at the E15-E16 and PN7 stage for 2 h (short-term) and 12

h. Long-term tracking of BrdU was carried out by injecting at the PN7 stage and subsequent collection at PN14. Tissues were pro-

cessed as mentioned earlier. Briefly, after washing with 13 PBS, sections were treated with IN HCL for 45 min at 37�C. Tissue sec-

tions were then neutralized using boric acid in IX PBS, pH 8.5, for 10 min. BrdU was detected using an anti-rat BrdU antibody. Fluo-

rescence was analyzed and captured using Confocal laser scanning microscope with a high-sensitivity spectral detector (Olympus

FV3000) and CellSens software. The total number of mice used per genotypes of control and Tlx3 cKO for BrdU-pulse chase analysis

was listed in Table S10.

TUNEL assay
Cell death was assessed using themanufacturer’s protocol as described (In SituCell Death Detection Kit, Fluorescein). Frozen tissue

samples were permeabilized using 10 mM sodium citrate buffer at pH 6 for 5–15 min based on the developmental stages. Briefly,

permeabilized sections were washed in 13 PBS, and incubated with 50 mL TUNEL analysis solution for 60min at 37�C in a humidified

chamber in the dark. Positive (DNase digested) and negative control (only label solution) for the experiment were also processed with

all the samples. Fluorescence was analyzed and captured using a Confocal laser scanning microscope with a high-sensitivity spec-

tral detector (Olympus FV3000) and CellSens software.

Measurement of cerebellar area and cell count
The total area of the cerebellum for each developmental stage (E16, E18, PN7, PN21) were measured from sagittal cerebellar sec-

tions after DAPI staining using ImageJ software (version 1.53t). Each section was subdivided into equal bins (constituting the same

area) using Photoshop, and the cell count was obtained using the counting tool. Genotype-blind quantifications were performed for

all the analyses. The cell count obtained from respective replicates of each stage and each marker was then evaluated for statistical

significance, and the results were plotted using GraphPad Prism 8.0.1.

Meta-analysis of cerebellar single-cell transcriptome data across developmental points
The data was obtained from R. A. Carter et al., 201821 (European Nucleotide Archive: PRJEB23051). The output files from 103 Ge-

nomics CellRanger pipeline (obtained fromGSE224466) were analyzed using Seurat73 and R. The cells were filtered based on quality,

normalized, and clustered using principal components (PCs). The number of PCs to be used was determined using Elbow plot. The

cluster identities were determined using the DEGs identified in Carter et al.,21 except Tlx3. The non-cerebellar cell types were elim-

inated in further analysis. The aggregate expression of genes was calculated for different cell types across developmental points and

was plotted as a heatmap using R.

RNA sequencing
RNA Sequencing was carried out between control and Tlx3 cKO posterior and anterior cerebellum at PN7 stage and total RNA was

isolated using RNeasy kit (Qiagen) following manufacturer’s protocol. A minimum of 100 ng of isolated mRNA was used to prepare

sequencing libraries with the TruSeq strandedmRNA reagent (Illumina), and sequencing was performed on a HiSeq Illumina Genome
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Analyzer. The RNA-Seq paired-end reads were trimmed using Trim-galore version 0.6.4 (https://github.com/FelixKrueger/

TrimGalore). Trimmed reads were then aligned on both the mouse genome and transcriptome assembly GRCm39/mm39) with

STAR version 2.5.0.74 Transcript quantification was done using rsem version 1.3.0.75 The resulting counts matrix was used for further

analysis. Analysis was conducted in R. Genes were filtered based on the rule of 1 count per million (cpm) in at least 1 sample. Library

sizes were scaled using TMM normalization. edgeR, a Bioconductor package for differential expression analysis of digital gene

expression data, were utilized and log-transformed with limma voom function.76,77 Normalized data was corrected for batch effect

using remove Batch Effect function (limma). Also, unwanted variation was removed using RUVr78 (RUVseq package version 1.24.0).

Differential expression was computed directly on the lRUVr batch-corrected values using limma by fitting a linear model on the

selected samples. Statistically significant DEGs were identified from log-transformed, TMM-scaled values using lmFit of the Limma

package through fitting a linear model on the selected samples. Further, gene set enrichment analysis (GSEA) was performed on the

gene list ranked based on a custommetric score, where score = {-log10(P-value) * sign(log2(FoldChange)} using fgsea package. The

ontology gene set and cell type signature gene set were downloaded from the Molecular Signature Database (MSigDB) using

msigdbr package. The plots were made using ‘ggplot2’ and ‘enrichplot’ packages.

Single-cell RNA sequencing
Single-cell RNA-Sequencing was carried out between PN4 control and Tlx3 cKO posterior cerebellum. Posterior cerebellar tissue

was freshly dissociated using Papain solution in HBSS containing L-Cysteine, and papain was inactivated using ovomucoid solution.

Following this, samples were centrifuged at 1800 rpm for 5 min. Supernatant were carefully removed and cells was resuspended in

1mL of 10 mg/mL BSA. After another round of centrifugation at 1800 rpm for 5 min, cells were resuspended in 1mL 13 PBS. Cell

death was analyzed using trypan blue and cells were counted using a hemocytometer. Approximately 1000–2000 cells of control

and Tlx3 cKO single-cell suspensions were loaded onto a 103 chromium platform for generating single-cell Gel Bead-In-

EMulsion (GEMs). Libraries were generated with Chromium Next GEM Single Cell 30 LT Reagent Kits v3.1 (Dual index) as per 103

genomics protocol and were sequenced.

The sequencing of libraries was performed on an Illumina Novaseq platform. The software 103 Genomics Cell Ranger (version

3.1.0) was used to align to a custom referencemouse genomemm39with Cre gene added. Post alignment a countmatrix was gener-

ated. Next, the percentage ofmitochondrial RNA per cell was calculated, filtered and the cells with higher quality (mitochondrial reads

<7.5%, 200 < genes <7000) were used. We found the female sex specific Xist expression in the KO sample. After removing low-qual-

ity cells, we performed the global-scaling normalization ‘‘LogNormalize’’, which normalizes gene expression measurements for each

cell concerning the total expression,multiplied by a scale factor (10,000 by default), and log-transforms the outcomes.We next calcu-

lated 2000 most variable genes using Seurat function ‘FindVariableFeature’ with the default variance stabilizing process. Further we

performed integration of control and KO samples based on integration anchors using Seurat function ‘IntegrateData’. Next, we iden-

tified clusters of cells in each sample using Seurat, which aggregated all samples using canonical correlation analysis and mutual

adjacent neighbor analysis.79 The optimal number of principal components was then determined by utilizing the ElbowPlot and

DimHeatmap functions. Dimensionality reduction was performed using the RunUMAP function and cluster resolution of 0.4 was visu-

alized. Cell clusters were annotated utilizing canonical markers of known cell types along with the identified distinct marker signa-

tures. We identified DEGs between two groups of all the clusters using the FindMarkers function in Seurat (Wilcoxon rank-sum

test). Genes with an adjusted p value less than 0.05 and a log2(fold change) greater than 0.25 were considered differentially ex-

pressed. Following this, enrichment analysis was carried out in identified clusters. The cell cycle scoring was measured based on

expression of G2/M and S phase markers. The gene ontology (GO) enrichment analysis, and Kyoto encyclopaedia of genes and ge-

nomes (KEGG) enrichment analyses were performed to annotate the clusters. The identified clusters were also confirmed with the

gene set enrichment analysis (GSEA) using fgsea package. The gene sets used for fgsea were downloaded from MSigDB using

msigdbr package (v7.5.1). GO analysis were conducted specifically on up regulated genes of granule neuron and granule neuron

progenitor clusters using DAVID and the results were plotted using R.

Data visualization
Basic data analysis was performed using ‘dplyr’ and ‘tidyr’ packages. Base plots were made using R 4.1.0. Venn diagram was made

using ‘VennDiagram’ package. Data visualization of single-cell transcriptomic analysis was performed using Seurat: v4.3.0. (https://

github.com/satijalab/seurat), SCP: v0.4.7 (https://github.com/zhanghao-njmu/SCP), scCustomize: v1.1.3 (https://github.com/

samuel-marsh/scCustomize), fgsea: v1.20.0 (https://github.com/ctlab/fgsea), ggplot2: v3.4.4 (https://github.com/tidyverse/

ggplot2), and ComplexHeatmap: v2.15.4 (https://github.com/jokergoo/ComplexHeatmap).

RNA isolation and real-time PCR analysis
The deletion of Tlx3 and anti-proliferative genes obtained from scRNA-seq was confirmed using real-time PCR analysis as described

previously.16 Briefly, RNAwas isolated from the posterior cerebellar tissue of control and Tlx3 cKO at the PN4 stage using Tri reagent

(Sigma-Aldrich). The isolated RNA then underwent DNAse treatment, and the quality of isolated RNA was quantified and assessed

using a Nanodrop 2000 UV Visible Spectrophotometer (Thermo Scientific). After quantification, an equal amount of RNA from control

and Tlx3 cKO was taken and reverse transcribed into cDNA using superscript RT-II on ProFlex PCR System (Applied Biosystems by

Life technologies). Real-time PCR analysis of selected genes was conducted using SYBR green mix (Bio-Rad) on QuantStudio 3
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(Applied Biosystems by Thermo Fisher Scientific). The expression levels of selected genes were analyzed using the 2�DDCt method

and used b -actin as an internal control. The list of reagents, enzymes, and oligonucleotides used for isolating RNA, cDNA synthesis,

and q-PCR analysis were listed in the key resources table.

General protocol for behavior tests
Tlx3 cKO mice and littermate control mice were housed in the same cages after weaning at the PN21 stage, except for the ultra-

sonic vocalization, where each mouse was individually housed for 21 days prior to the test. As described previously, each group

followed a 12-h dark and 12-h light cycle. All behavior tests were conducted using mature adult male and female mice of 3 months

age between 9a.m. and 6p.m. Before each test and between each trial, all apparatus used for each experiment was cleaned with

hypochlorite solution and 90%alcohol to avoid any olfactory cues to remove any bias caused by them. In addition, micewere given

a 1-h acclimatization period before each test to adjust to the experimental area. Between each experiment and each trial, video

recordings of each mouse was carried out. Detailed information of the total number of mice that have undergone each behavior

test is listed in Table S11.

Motor function tests
As described previously, 3 month old male/female control and Tlx3 cKO mouse were used for the experiments.80 The two-limb wire

hang test was conducted to assess the grip strength, coordination, and individual balance for the forelimb. Furthermore, forelimb and

hindlimb strength and coordination were evaluated using the four-limb wire hang test.

Two-limb hanging test

The two-limb wire hang test was performed using a 55 cm wide, 2 mm thick metallic cloth hanger fixed on a wooden rod attached to

the wall and kept 37 cm above a layer of bedding. Each mouse was individually placed on the wire and allowed to hang with its fore-

paws for amaximum of 600 s, whichwasmanually monitored and recorded using a timer. Mice that fall off before this timewere given

twomore attempts, and the third fall was considered themaximumhanging time.Mice that do not fall within this timewere returned to

the cage after 600 s.

Four-limb hanging test

A rat cage lid was used for the four-limb hanging test. The grid was positioned 25 cm above the bedding layer and tightly secured to a

supporting wall. As previously described, each mouse was tested separately by placing it on the grid, allowing it to grab with all four

paws, in an upside position. Similar to the two-limb test, each mouse was given a maximum of 600 s and mice that had fallen before

this time were given two more chances and were scored for the maximum hanging time. In both the two- and four-limb tests, each

mouse is given three consecutive sessions separated by one week gap, and the average hanging time from these three sessions was

used for further analysis.

Rotarod test

The rotarod test was conducted as described previously.80,81 Rotarod tests determine the mouse’s muscular strength, coordination,

balance, and motor condition. The apparatus consists of three compartments with 3 cm-diameter rotating rods positioned 50 cm

above the ground (Rotarod 3 Compartment; Diwakar Instruments Company, India). Each mouse was placed on a rotating rod

with a minimum speed of 3–6 rpm and the rpm was increased slowly to a maximum of 24 rpm within 100 s. The maximum hanging

time for one trial was 300 s, andmice that fall off before this timewere scored. They underwent three consecutive trials in a single day.

Similarly, two sessions were conducted with a gap of one week, and the average of six trials were scored and used for further

analysis.

Anxiety assessment tests
Open-maze test

The apparatus consists of one chamber measuring 50 cm (length) x 50 cm (width) x 38 cm (height) and was painted white as

described earlier.82 After a 1-h acclimatization period in the experimental area, the mouse was transferred into the chamber and re-

corded for 10 min. Total distance traveled and time spent in the central zone was measured using Noldus EthoVision XT software

(Noldus Information Technology, Wageningen, The Netherlands) using the recorded video files.

Elevated plus-maze test

As previously described,83 the device has a Plus layout and consists of two open arms (25 3 5 3 0.5 cm), two closed arms

(25 3 16 cm), and a central platform (5 3 5 3 0.5 cm). The closed-arm walls were transparent and made from transparent

plexiglass. The whole apparatus was supported by a wooden log and elevated 50 cm from the floor. Similar to the open

maze test, individual mice were transferred to the central platform of the apparatus and recorded for 10 min. Video files

were analyzed using the Noldus EthoVision XT software. Time spent in open arms was measured to assess open-space-

induced anxiety.

Cognition test
Novel object recognition test

The novel object recognition test was done as described previously.84,85 Here, the mouse was exposed to two similar objects in the

first session, and in the second session, one of the two objects was replaced with a new one. The total time spent exploring the new
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object is a measure of recognition memory. We used the open maze chamber, which was used in the open maze test, and each

mouse had a short habituation period in the empty open field prior to the test. A falcon tissue culture flask filled with sand and a tower

of Lego bricks were taken as two typical objects. During the first familiarization session, the mouse was presented with two identical

objects and allowed it to explore the objects for 10min. After a short 1-h gap period, themouse was tested for recognition memory in

the test session, where one of the familiar objects was replaced by a novel object. The session was recorded for 10 min. The video

recordings were analyzed using The Noldus EthoVision XT software, and the total time spent exploring the novel object was calcu-

lated and used for further analysis.

Repetitive behavior test
Marble burying test

Themarble burying test was carried out to assess the repetitive behaviors inmice as described previously.86 Standard polycarbonate

rat cages (26 cm3 48 cm3 20 cm) with fitted filter-top covers were used for the test. Fresh, odorless bedding was added to the cage

to a depth of 5 cm, and the surface was leveled to create parallel lines for keeping the marbles. Five rows of four standard glass toy

marbles of 15 mm diameter, and 5.2 g weight, in varied styles and colors, were gently placed on the surface of the bedding. Each

mouse was given 20 marbles and permitted to stay in the cage undisturbed for 30 min. Following the test period, the mouse was

returned to its home cagewithout disturbing or dislodging themarbles. The number of buriedmarbles was then counted (Figure S17).

Amarble is considered buried if two-thirds of its surface is covered by the bedding. Total scores for eachmousewere taken and used

for further analysis.

Social interaction tests
Three chamber test (Social preference and social novelty test)

The three-chamber apparatus consists of three chambers each chamber had a dimension of 193 45 cm, and the dividing walls were

made from clear Plexiglas, with an open middle section. This allows free access to each chamber as described previously.87 The

three-chamber test evaluates the social affiliation and social memory in mice with two consecutive sessions. The mice will get

free choice to spend time with a subject mouse/social stimuli/novel social stimuli and empty space in any of the three chambers

in two consecutive sessions. In the first session, the mouse was tested for social preference using the S-E social preference protocol

as described previously.88 To score this, the mouse was given social stimuli in one chamber and an empty cup in the other chamber,

and after an acclimatization period of 5 min, the mouse was free to interact with any of these subjects. The session was recorded for

10 min. The unfamiliar mouse used for this test was age, sex, and background matched BL6J strain, it was placed in a small wire

containment cup that allowed nose contact between the mouse and prevented them from fighting and freely moving around. The

test mouse was placed in the center chamber and given a habituation period of 5 min. Subsequently, after the habituation, dividing

walls were removed and mouse were allowed to interact with the social stimuli in one chamber and empty cup in another chamber.

This session was recorded for 10 min. Immediately after this, the empty cup was replaced by a novel social stimulus/novel mouse.

Similar to the first session, the mouse was allowed to interact with both stimuli for 10 min. The two recorded sessions of each mouse

were then analyzed for total time spent between social stimuli vs. empty cup and familiar social stimuli vs. novel social stimuli using

The Noldus EthoVision XT software.

Resident-Intruder test followed by Ultrasonic vocalization recording

Emission of USVs is a consistent and a robust behavior during social interactions between adult mice, and it is regarded as a

sign of social interest and motivation.89 As mentioned previously, each mouse was individually housed for 21 days prior to the

test to increase social motivation. Similar to the three chamber test, we have used age, sex, and background-matched BL6J

mouse as an intruder.90,91 The test mouse was placed in a test cage made of Plexiglass with a dimension of 36 cm 3

25 cm 3 30 cm, in a soundproof chamber and the microphone was placed 20 cm above the cage. The test mouse had a habit-

uation period of 20 min in the test cage, and after that, the intruder mouse was introduced and allowed to interact for 4 min.

During this whole session, ultrasonic vocalizations were recorded using ultrasound microphone CM16/CMPA, the interface Ul-

trasound Gate 416H, and the software Avisoft SASLab Pro Recorder from Avisoft Bioacoustics (sampling frequency: 300 kHz;

fast Fourier transform length: 1024 points; 16-bit format). The adult mouse call types were identified and analyzed qualitatively

and quantitatively.92

Neurodegeneration test
Clasping test (hindlimb)

This test is amarker for neurodegeneration, andwas carried out as described previously.93,94 Hindlimb clasping is tested by lifting the

animal with the tail in an inverted position for 10 s. Hindlimb positions were observed, and the sessions were video recorded and

scored. If the hind limbs are consistently splayed outward, away from the abdomen, it is assigned a score of 0. If one hindlimb is

retracted toward the abdomen for more than 50% of the time suspended, it receives a score of 1. If both hind limbs are partially re-

tracted toward the abdomen for more than 50% of the time suspended, it receives a score of 2. If its hind limbs are entirely retracted

and touching the abdomen for more than 50% of the time suspended, it receives a score of 3.
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Enrichment of SFARI ASD associated genes

The combined DEGs in cKO among the granule neuron, granule neuron progenitor and Purkinje clusters were compared with the

SFARI ASD associated genes using package ‘geneLists’. Hypergeometric test was performed for enrichment of ASD associated

genes using ‘hyperTest’ function of geneLists package. p value <0.05 was considered significant enrichment in the differentially ex-

pressed gene list. Results were analyzed and plotted using R.

TLX3 variant curation and ACMG classification

TLX3 variants were curated from public domain, ClinVar and scientific literature published in English language. The variants have

been curated and validated using variants validator tools. Thereafter annotation of TLX3 gene variant were performed according

to standard guidelines of ACMG. We conducted a thorough assessment of minor allele frequencies (MAF) of variants across the ma-

jor global populations, including Africans, Americans, Europeans (of Finnish and non-Finnish origin), Middle Eastern individuals, the

Amish community, East Asians and South Asians, utilizing data from the gnomAD resource. The plot was prepared on ggplot pack-

age using R program.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance between the two groups was calculated using an unpaired Student’s t test and aMann-Whitney test based on

the data distribution. Fisher test was conducted for analyzing the statistical significance for scRNA Seq. An outlier test was also con-

ducted for all behavior experiment data and after the outliers were removed, a p-value<0.05 was considered statistically significant.

The multiple-group comparison was conducted using an ordinary one-way ANOVA. The results obtained were presented as mean ±

SD. All the statistical tests except that for RNA and scRNA sequencingwere conducted, and the graphswere plotted usingGraphPad

Prism 8.0.1. In the Figures,* indicates p < 0.05, **p < 0.01, ***p < 0.001.

iScience 27, 111260, December 20, 2024 e8

iScience
Article

ll
OPEN ACCESS


	ISCI111260_proof_v27i12.pdf
	TLX3 regulates CGN progenitor proliferation during cerebellum development and its dysfunction can lead to autism
	Introduction
	Results
	TLX3 expression is crucial for the proliferation of granule neuron progenitors and patterning of the developing cerebellum
	The absence of TLX3 during the window of GNP proliferation/differentiation alters the balance between granule neurons and P ...
	TLX3 directly regulates the expression of anti-proliferative genes to maintain the homeostasis of granule neuron progenitors
	Dynamic homeostasis of GNPs maintained through TLX3 is crucial for the formation of proper synaptic connections between gra ...
	Tlx3 deficient mice exhibit behavioral deficits in motor, and social interaction similar to ASD
	Mutation and structural variations of the TLX3 in human population indicate a possible link to ASD and other neurodevelopme ...

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Generation of Tlx3fl/fl; Atoh1 Cre conditional knockout mice

	Method details
	Tail DNA extraction and genotyping PCR
	Survivorship curves
	Histology and immunohistochemical analysis
	BrdU labeling
	TUNEL assay
	Measurement of cerebellar area and cell count
	Meta-analysis of cerebellar single-cell transcriptome data across developmental points
	RNA sequencing
	Single-cell RNA sequencing
	Data visualization
	RNA isolation and real-time PCR analysis
	General protocol for behavior tests
	Motor function tests
	Two-limb hanging test
	Four-limb hanging test
	Rotarod test

	Anxiety assessment tests
	Open-maze test
	Elevated plus-maze test

	Cognition test
	Novel object recognition test

	Repetitive behavior test
	Marble burying test

	Social interaction tests
	Three chamber test (Social preference and social novelty test)
	Resident-Intruder test followed by Ultrasonic vocalization recording

	Neurodegeneration test
	Clasping test (hindlimb)
	Enrichment of SFARI ASD associated genes
	TLX3 variant curation and ACMG classification


	Quantification and statistical analysis




