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Abstract 

Background 

The thalamus and habenula integrate sensory information, adaptive task control, and reward 

processing. Their postmitotic differentiation is not fully understood, information which is essential 

for elucidating the aetiology of thalamic and habenular dysfunctions seen in multiple 

neuropsychiatric disorders. Here, we have used mouse models to investigate the function of the 

thalamo-habenular-specific transcription factor TCF7L2 in the development and maintaining of 

this region.  

Results 

In Tcf7l2 knockout embryos, the later developmental expression of the pan-thalamic and pan-

habenular selectors Gbx2 and Pou4f1, respectively, was down-regulated, as were subregional 

transcription factor, cell adhesion and axon guidance genes. Neurons in the thalamo-habenular 

region did not segregate to form separate nuclei, did not grow axons toward their targets, and their 

afferent connections were disorganised. Post-developmental knockout of Tcf7l2 mildly affected 

thalamic patterning. Although generic glutamatergic neurotransmitter identity of the thalamo-

habenular domain was properly established and maintained in both mutant mice, numerous 

region-specific synaptic transmission genes that shape neuronal excitability were down-regulated. 

Conclusion 

TCF7L2 functions as a vertebrate terminal selector, orchestrating a network of transcription factor 

genes to regulate thalamo-habenular postmitotic molecular differentiation and maintaining 

terminal differentiation programs. 
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Background 

In the vertebrate forebrain the thalamus and habenula are derived from the alar plate of 

prosomere 2 in the diencephalon [1, 2]. The thalamus is a sensory relay centre, and part of the 

cortico-subcortical neural loops that process sensorimotor information and produce goal-directed 

behaviours [3-5]. The habenula controls reward- and aversion-driven behaviours by connecting 

the prefrontal cortex, limbic system, and basal ganglia with the monoamine system in the 

brainstem [6, 7]. Anatomical abnormalities and disconnectivity of the thalamus and habenula are 

implicated in schizophrenia, autism spectrum disorder, Tourette syndrome, obsessive-compulsive 

disorder, and depression [8-10]. Knowledge of thalamic and habenular development is required to 

fully understand the aetiology of these psychiatric conditions, but such information is currently 

limited.  

TCF7L2 is a member of the LEF1/TCF family of transcription factors that cooperates with 

β-catenin in the canonical Wnt signalling pathway [11]. TCF7L2 polymorphisms have been 

associated with bipolar disorder, schizophrenia and autism [12-16], and TCF7L2-deficient mice 

and zebrafish exhibited altered behavioural responses [17, 18]. TCF7L2 is highly and specifically 

expressed in the thalamus, habenula, pretectum, and some mesencephalic regions [19-21]. 

Expression of Tcf7l2 is induced in progenitors of prosomere 2, and high levels of TCF7L2 protein 

is observed in postmitotic neurons [22, 23]. The majority of regions that are derived from 

prosomere 2 express Tcf7l2 throughout life. Tcf7l2 expression is down-regulated later in 

development only in the most rostral part of the thalamus (rTh) [19, 24], a small region that give 

rise to a small population of γ-aminobutyric acid (GABA)-ergic interneurons [25-27]. Wnt/β-

catenin signalling and its effectors regulate neuronal fate specification and neurogenesis in 

different parts of the brain [28-34]. In the diencephalic region of the neural tube, the canonical 
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Wnt pathway plays a role in the formation of the zona limitans intrathalamica (ZLI) [35-39], an 

important forebrain signalling centre, that function as a local organiser of thalamic development. 

[38, 40-42]. However, this early functions of Wnt signalling are not mediated by TCF7L2, 

because the knockout of Tcf7l2 had no effect on proliferation or specification of prosomere 2 

progenitors in mice and zebrafish [23, 43], consistent with the induction of Tcf7l2 expression only 

during neurogenesis.  

During postmitotic differentiation, thalamic and habenular neurons extend axons toward 

their targets [44-46], segregate into discrete nuclei, and develop specific molecular identities [24, 

47-51]. These processes are presumably regulated by prosomere 2-specific postmitotic 

transcription factors. Tcf7l2 is the only shared marker of both the thalamus and habenula. Gbx2 is 

an early specific marker of the thalamic mantle zone, except of the rTh, whereas the expression of 

Pou4f1 marks postmitotic habenula neurons [52]. In addition to Gbx2, Pou4f1, and Tcf7l2, newly 

generated prosomere 2 neurons in different subregions induce the expression of several dozen 

transcription factor genes, such as Rora, Foxp2, Prox1, Etv1, Nr4a2, Hopx, and Lef1 [24, 28, 48, 

52-55]. 

Among thalamus-specific transcription factors, only GBX2 has been thoroughly 

investigated during postmitotic differentiation of the thalamus. GBX2 represses habenular identity 

in the developing thalamus [56] and promotes the survival of neurons in a subset of thalamic 

nuclei [57]. GBX2 is involved in the establishment of thalamic axon trajectories [58-60] and plays 

a role in anatomical boundary formation within the diencephalon [61]. The habenula-specific 

marker POU4F1 is required for the establishment and maintenance of habenular identity, survival 

of neurons, and growth of the fasciculus retroflexus [52, 62]. Few studies have investigated the 

role of postmitotic transcription factor markers expressed in subregions of the thalamus and 
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habenula during development: RORA [63], FOXP2 [64], and NR4A2 [52]. Rora, Foxp2 and 

Nr4a2 mutations have mainly local, less severe effects. The function of TCF7L2 in the 

postmitotic development of thalamic and habenular regions has only begun to be elucidated. 

Postmitotic precursors of the ventral habenula in tcf7l2 mutant zebrafish did not migrate properly 

[65], and neurons of the dorsal habenula did not adopt asymmetrical identities [43]. In Tcf7l2-/- 

mice, some postmitotic markers were mis-expressed in the prospective thalamus and habenula 

during neurogenesis and the formation of habenulo-interpeduncular tract was disrupted [23]. The 

role of TCF7L2 during the later clustering of neurons and terminal differentiation has not been 

investigated. 

Here, we have used complete and conditional knockouts in mice to investigate the role of 

Tcf7l2 during neurogenesis and in the adult brain. We show that TCF7L2 maintains Gbx2 and 

Pou4f1 expression, coordinates the expression of a network of subregion-specific transcription 

factors, and controls nucleogenesis in prosomere 2. TCF7L2 also regulates morphological and 

functional connectivity of the thalamus and habenula. In addition to the establishment of axonal 

connections, TCF7L2 is required for the acquisition and maintenance in adults of 

electrophysiological identities in the thalamo-habenular domain.  
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Results 

Normal neurogenesis and disrupted regional anatomy in prosomere 2 in Tcf7l2-/- embryos  

 To investigate the role of TCF7L2 in thalamic development, we used Tcf7l2tm1a mice, 

which were generated by an insertion of the tm1a(KOMP)Wtsi allele upstream of the critical 6th 

exon of the Tcf7l2 gene (Additional file 1: Fig. S1A). The Tcf7l2tm1a allele led to the production of 

truncated Tcf7l2 mRNA and the lack of TCF7L2 protein, confirmed by immunostaining 

(Additional file 1: Fig. S1B). The 6th exon is located downstream of the alternative promoter of 

the Tcf7l2 gene; therefore, both full-length TCF7L2 and truncated TCF7L2 isoforms [66] were 

expected to be knocked out. This was further confirmed by Western blot (Additional file 1: Fig. 

S1C). 

To verify whether proliferation and neurogenesis occurred normally within prosomere 2 in 

Tcf7l2-/- mice, we stained brain sections from embryonic day 12.5 mice (E12.5) with antibodies 

specific for the KI-67 antigen and TUJ1, markers of proliferating progenitors and young 

postmitotic neurons, respectively. The knockout of Tcf7l2 did not cause any apparent defects in 

neurogenesis or morphological impairment in prosomere 2 at this developmental stage (Additional 

file 1: Fig. S2), consistent with previous results [23]. 

To determine whether Tcf7l2 knockout affected anatomical regionalisation in the 

postmitotic alar plate of prosomere 2 at later developmental stages, we analysed the 

cytoarchitecture and morphology of this region by Nissl staining of E18.5 brain sections. We 

identified severe anatomical alterations in habenular and thalamic areas in Tcf7l2 knockout brains, 

with knockout thalami appearing underdeveloped and reduced in the radial dimension, with an 

oval-like shape (Fig. 1A, B). Clear morphological boundaries between the regions of different cell 

density within the thalamus and habenula were not observed, indicating impairments in 
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nucleogenesis. Also, the major habenular efferent tract (habenulo-interpeduncular tract alias 

fasciculus retroflexus [8]) was absent. The boundaries between the thalamus and neighbouring 

structures (i.e., prethalamus, habenula, and pretectum), which were evident at this age in wild-type 

(WT) embryos, were not morphologically detected in knockout mice. 

 

Disruption of axonal connections in the thalamus and habenula in Tcf7l2-/- embryos 

To observe the formation of axonal connections in the forebrain in E18.5 Tcf7l2-/- 

embryos, we immunostained brain sections with an anti-L1CAM antibody (Fig. 2). This staining 

revealed several impairments in connectivity in the diencephalon. The bundles of stria medullaris 

(sm), which include afferent fibers from the basal forebrain and lateral hypothalamus to the 

habenula, were disorganised and less compact (Fig. 2A’). Although clearly visible, they were hard 

to distinguish from nearby fascicles, and they lacked the typical arborisation in the habenula. 

Retinal ganglion cell axons that ran in the optic chiasm followed their normal trajectory along the 

ventral and superficial boundaries of the thalamus, but their fasciculation and arborisation in the 

lateral geniculate nucleus (DLG) and pregeniculate nucleus (PG) were severely disturbed (Fig. 

2A’’). Finally, the nerve fascicles that passed through the striatum, which include thalamocortical 

axons (TCAs) were thinner and appeared fewer in number (Fig. 1, 2A). Axonal staining was also 

reduced in the cortical plate of the cerebral cortex (Fig. 2B). To test whether the impairment in 

fasciculation in the striatum resulted from the lack of TCAs, we traced these axons with 

the lipophilic tracer DiI. In WT animals, TCAs were well-developed and had already started to 

invade the cortical subplate (Fig. 2C). In contrast, none of the mutant embryos developed 

thalamocortical axons that would cross the striatum and reach the cortex. In summary, the 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


8 
 

phenotype of Tcf7l2-/- embryos suggest that TCF7L2 regulates thalamo-habenular circuit 

topography. 

 

Perturbances in outer and inner prosomere 2 boundaries in Tcf7l2-/- embryos 

To investigate the blurring of boundaries between structures within prosomere 2, we 

analysed the spatial expression of markers that normally delineate prosomere 2 and its subregions 

in the E18.5 mouse brain. We examined the rostral border of the prosomere 2 region by staining 

brain sections with an antibody that was specific for TCF7L2 or LacZ, to identify prosomere 2, 

and co-staining with antibodies that were specific for SIX3 and PAX6, which mark different 

subdomains in the prethalamus (i.e., the SIX3-positive reticular thalamic nucleus and PAX6-

positive zona incerta and pregeniculate nucleus) [67, 68]). In the control condition, the thalamic 

area was separated from the SIX3-positive region of the prethalamus by a narrow strip of PAX6-

expressing cells (Fig. 3A and B). In Tcf7l2-/- embryos, the border between the LacZ-stained area 

of the thalamus and PAX6-positive area was devoid of its characteristic sharpness. Moreover, 

PAX6-positive cells invaded the thalamus in Tcf7l2-/- embryos and the strip of PAX6-positive 

cells was encroached upon by the SIX3-positive region, which spread into the area of the 

thalamus. 

We analysed the border between the caudal thalamus (TCF7L2-high region) and rTh. In 

WT embryos, NKX2-2-positive cells created a sharp boundary with the caudal thalamus, 

distinguished by a high TCF7L2 signal, without mixing between these subdomains (Fig. 3C). In 

Tcf7l2-/- embryos, we observed some intermingling of NKX2-2-positive cells into the caudal 

thalamus area. We also inspected the boundary between the habenula and the thalamus. In WT 

embryos, the habenula was easily identified by POU4F1 staining [52], and the differences in cell 
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densities allowed discernment of the lateral and medial parts sections. In knockout embryos, 

despite severely reduced number of stained cells in these areas, we observed a clear intermingling 

of POU4F1-positive cells into the neighbouring thalamic territories (Fig. 3D). 

Collectively, our data suggest that TCF7L2 regulates the establishment of anatomical 

borders between different diencephalic subregions.  

 

Loss of postmitotic subregional patterning in the thalamus and habenula in Tcf7l2-/- embryos 

 The blurring of anatomical borders suggested that molecular regionalisation within 

postmitotic prosomere 2 was disrupted. To investigate this phenomenon, we examined the 

expression of prosomere 2-specific transcription factor genes at two developmental stages: 

neurogenesis (E12.5) and postmitotic maturation (E18.5). Gbx2 and Pou4f1 are the earliest 

markers of postmitotic neurons in the thalamus and habenula, respectively [52, 69]. To verify 

whether TCF7L2 is required for the initial acquisition of postmitotic thalamic and habenular 

identities, we examined the expression of the Gbx2 gene and POU4F1 protein during 

neurogenesis (E12.5). Both Gbx2 mRNA and POU4F1 were detected in the expected areas in both 

WT and Tcf7l2-/- embryos (Fig. 4), demonstrating that TCF7L2 is not involved in the induction of 

their expression. We also found that Gbx2-positive and POU4F1-positive areas expanded 

extensively into each other’s territory, suggesting an early defect in thalamo-habenular boundary 

formation. 

To examine the effect of TCF7L2 deficiency on the thalamic and habenular molecular 

landscapes at the stage of postmitotic maturation, we analysed the spatial pattern of marker gene 

expression on E18.5 in different subregions of the thalamus and habenula [24]. Transcription from 

the Tcf7l2 locus was not abolished by Tcf7l2 knockout, as shown by LacZ staining (Fig. 3A, C) 
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and in situ hybridisation (Additional file 1: Fig. S3). However, Tcf7l2-/- embryos exhibited a 

severe reduction of Gbx2 expression in the thalamus (Fig. 5A). Gbx2 staining was still present in 

some periventricular cells but absent in the intermediate and superficial portions of the thalamus. 

The expression of Lef1, Foxp2, Prox1, and Rora was observed in many thalamic nuclei in WT 

embryos at this age but was virtually absent in the thalamic area in Tcf7l2 knockouts (Fig. 5A). In 

the habenula, Tcf7l2 knockout significantly reduced the number of POU4F1-positive cells on 

E18.5 (Fig. 3D) and abolished the expression of Etv1, Hopx (Fig. 5C), and Lef1 (Fig. 5A) in 

different habenular subregions, without affecting their expression in the pallium (Etv1 in the 

cortex and Hopx and Lef1 in the dentate gyrus of the hippocampus). In contrast, in GABAergic 

regions in the thalamus, where TCF7L2 is not present or low in the control condition, the 

expression of regional markers Nkx2-2 and Sox14 was preserved in Tcf7l2 knockouts (Fig. 5B).  

Thus, TCF7L2 plays a role in maintaining the expression of thalamic and habenular 

markers during embryogenesis, even though the induction of at least some of them does not 

depend on TCF7L2.  

 

Normal acquisition of glutamatergic identity in prosomere 2 in Tcf7l2-/- embryos 

 The loss of postmitotic subregional patterning in prosomere 2 could impair the acquisition 

of neurotransmitter identity in this region. Habenular and thalamic neurons in rodents, with the 

exception of GABAergic interneurons that derive from the rTh [25], are glutamatergic and 

express high levels of a vesicular glutamate transporter, VGLUT2 [70, 71]. To determine whether 

the thalamus and habenula in Tcf7l2 knockout embryos adopted proper neurotransmitter fate, we 

examined the expression patterns of Vglut2 (Slc17a6) and Gad67, a marker of GABAergic 

neurons, in the diencephalon in WT and Tcf7l2-/- embryos. Tcf7l2-/- embryos exhibited a pattern of 
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GABAergic (Fig. 6A) and glutamatergic (Fig. 6B) cell distribution that was similar to the WT 

condition, with predominant Vglut2 expression in prosomere 2. Thus, TCF7L2 does not appear to 

be involved in the specification of generic neurotransmitter identity in prosomere 2. 

 

Reduced embryonic thalamus- and habenula-specific gene expression in Tcf7l2-/- mice 

 We sought to determine how the loss of TCF7L2 affected the postmitotic differentiation 

program of neurons in prosomere 2.  Functional properties of neuron subtypes are not limited to 

neurotransmitter identities but are shaped by a battery of molecules that regulate cell excitability, 

morphology and connectivity. We therefore compared the transcriptome of the thalamo-habenular 

domain between WT and Tcf7l2-/- mice by RNA-seq on E18.5. With an absolute log2 fold-change 

cutoff of 0.5 and p value for significance of 0.05 we identified 562 differentially expressed genes 

(DEGs). Among them, 366 were down-regulated, and 196 were up-regulated (Additional file 1: 

Fig. S4, Additional file 3: Table S1). We analyse the enrichment of gene ontology terms in the 

affected genes to determine which molecular and cellular functions are regulated by TCF7L2 at 

this stage.  

GO term analysis revealed an overrepresentation of a number of term groups, including 

(Additional file 2: Table S2; Additional file 4: Table S3): (i) development, including neuron 

differentiation and axon guidance, (ii) cell migration/movement, including cell adhesion, (iii) cell 

signalling/signal transducing activity, (iv) transcription regulation, (iv) calcium 

homeostasis/binding, and (iv) ion transport. Among cell adhesion and axon guidance genes, we 

identified genes that were specifically expressed in the thalamus and are potentially involved in 

the segregation of neurons and axon outgrowth in the diencephalon area (Table 1, 2), such as 

Epha4, Epha8, Cdh6, Cdh7, Cdh8, and Cntn6 [72]. Within the calcium homeostasis and ion 
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transport groups we found an abundance of genes that encode neurotransmitter receptors and 

transporters, and ion channels that shape the neuron’s electrophysiological properties, e.g., Grik3 

(ionotropic glutamate receptor), Slc6a4 (serotonine transporter), Kcng4 (potassium voltage-gated 

channel), and Chrnb4 (cholinergic receptor).  

To determine whether gene expression from the above groups are specifically thalamic or 

habenular, we examined their spatial expression profiles in the WT brain in the Allen Brain Atlas 

(ABA) [73]. We found in situ hybridisation images for 92 of 140 genes (Additional file 5: Table 

S4). Among the down-regulated genes that were represented in the ABA, ~80% were specific for 

prosomere 2 (thalamic - 50%, habenular - 15% thalamic and habenular – 15% (Table 1). In 

contrast, among the up-regulated genes, less than 20% were prosomere 2-specific (Table 2). The 

only thalamus-specific transcription factor genes that were up-regulated, Nkx2-2 and Sox14, were 

specific for the rTh, a region with low and transient Tcf7l2 expression in postmitotic cells. These 

results demonstrate that during development TCF7L2 regulates both thalamic and habenular 

differentiation programs.  

 

Disruption of the prosomere 2-specific network of transcription factors in Tcf7l2-/- mice 

 Prosomere 2-specific and development-associated transcription factor genes were down-

regulated in Tcf7l2 knockout embryos. We carried out an in silico analysis to test the hypothesis 

that TCF7L2 is a part of a transcription factor network that regulates development-associated 

genes in the thalamo-habenular region (Additional file 6: Table S5). In evolutionarily conserved 

non-coding regions (CNRs) within ±10 Kb of the transcription start site, a total of 275 motifs were 

over-represented in down-regulated genes (cluster 1), and 178 motifs were over-represented in up-

regulated genes (cluster 2). Such high numbers of over-represented motifs are characteristic of 
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developmental and neural genes, which are regulated in a complex manner [74, 75]. The TCF7L2 

motif was over-represented in down-regulated genes (cluster 1) but not in up-regulated genes 

(cluster 2), suggesting that this factor is directly involved in the positive regulation of gene 

expression in prosomere 2. RORA, NR4A2, and LEF1 motifs were also over-represented in 

cluster 1 but not in cluster 2, whereas GBX2 and POU4F1 motifs were over-represented in both 

clusters. This, together with the loss of postmitotic subregional transcription factor expression in 

prosomere 2 (Fig. 5) suggests that TCF7L2 positively controls the expression of caudal thalamic 

and habenular genes during postmitotic development directly and by maintaining a network of 

development-related transcription factors. 

 

Normal anatomy and mildly impaired thalamo-habenular patterning in postnatal Tcf7l2-/- mice 

Having shown that TCF7L2 is involved in the regionalisation and expression of 

postmitotic differentiation genes in prosomere 2 during embryogenesis, we sought to determine 

whether the continuous presence of TCF7L2 is required to maintain post-developmental 

molecular anatomy of the thalamo-habenular domain. We generated a mouse model in which 

Tcf7l2 was knocked out postnatally, starting from the age of ~2 weeks. This was achieved by 

sequential crossings of Tcf7l2tm1a mice with transgenic animals that expressed flippase 

(Gt[ROSA]26Sortm1[FLP1]Dym) and then with mice that expressed CRE recombinase from the Cck 

promoter. The resulting CckCre:Tcf7l2tm1c/tm1c mice had the 6th Tcf7l2 exon removed conditionally, 

which starts perinatally in the thalamus. TCF7L2 was absent in adult CckCre:Tcf7l2tm1c/tm1c animals 

in most thalamic nuclei (Fig. 7A), but was maintained in the habenula (Fig. 7B). 

The gross anatomy of the thalamus was not visibly altered by the postnatal knockout of 

Tcf7l2, and Vglut2 was expressed normally on P60 (Fig. 8A), confirming that TCF7L2 does not 
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regulate the generic glutamatergic identity of prosomere 2. We then analysed the spatial 

expression of thalamic subregional markers in adult mice (Fig. 8B). In WT mice, Gbx2 was 

expressed mainly in the medial part of the thalamus, Rora was expressed throughout the thalamus, 

including its lateral part, and Prox1 was expressed in the anterior part of the thalamus. The 

expression of Gbx2 and Lef1 was not visibly altered in CckCre:Tcf7l2tm1c/tm1c mice. The signals 

from Rora mRNAs was clearly weaker in the medial part of the thalamus. The expression of 

Prox1 was also markedly decreased in the thalamus, while it remained high in the hippocampus. 

Thus, TCF7L2 is continuously required in adults to maintain proper regional patterning in the 

thalamus. We also analysed the expression of the habenular markers Hopx and POU4F1, and 

observed that both were maintained in CckCre:Tcf7l2tm1c/tm1c mice, as well as TCF7L2 (Fig. 8C). 

 

Impaired expression of synaptic genes in adult CckCre:Tcf7l2tm1c/tm1c mice 

To investigate whether TCF7L2 influences stability of the transcriptional program that 

operates in differentiated neurons in the thalamus and habenula in adults we compared global 

gene expression profiles in the thalamo-habenular region between CckCre:Tcf7l2tm1c/tm1c and WT 

mice on P60, using RNA-seq. To identify differentially expressed genes, we set the same cutoffs 

used in our analysis of E18.5 mice, and identified a total of 552 genes. Of these differentially 

expressed genes, 298 were down-regulated, and 254 were up-regulated (Additional file 1: Fig. S4, 

Additional file 7: Table S6). We performed GO analysis to uncover molecular or cellular 

functions that might be affected by TCF7L2 deficiency in the prosomere 2 region in adults. 

The differentially expressed genes in CckCre:Tcf7l2tm1c/tm1c mice on P60 were significantly 

enriched mainly with terms that clustered into a group of synaptic genes (Additional file 2: Table 

S7, Additional file 8: Table S8): (i) signal transduction, including G-protein-coupled signalling, 
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(ii) synapse organisation, including proteins that are involved in vesicle regulation, and (iii) ion 

homeostasis and transport, including voltage-gated channels. Among these genes were several 

sodium, potassium and calcium channel genes (e.g., Scn4b, Kcnip2, Kcnc2, Trpv6, Cacna1g, and 

Cacna2d4) and several neurotransmitter receptor genes (e.g., Glra1, Glra2, and Htr1b) (Table 3, 

4). We then examined spatial expression profiles of the identified genes in this cluster on in situ 

hybridisation images of P56 mouse brain sections in the ABA to determine whether these genes 

are specific for thalamic regions (Additional file 9: Table S9). We found in situ hybridisation 

images for 61 of 65 genes. ~45% of the down-regulated genes that were represented in the ABA 

were expressed specifically in the thalamus or thalamus and habenula, and 14% were expressed 

exclusively in parts of the brain other that the thalamus (Table 3). Conversely, only 8% of the up-

regulated synaptic genes were thalamus-specific, whereas 46% of them were expressed 

specifically in other parts of the brain (Table 4). Thus, TCF7L2 maintains the expression of 

region-specific synaptic genes in the thalamo-habenular region in the mature brain. 
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Discussion 

 The involvement of Wnt signalling and individual Wnt pathway effectors, such as the 

LEF1/TCF transcription factors, in brain development has rarely been addressed beyond neural 

tube patterning and neurogenesis. The transcription factor TCF7L2 is highly expressed during the 

maturation, and in the adult neurons of the thalamo-habenular region. We have shown that 

TCF7L2 is involved in nucleogenesis and molecular regionalisation both in the thalamus and 

habenula, as well as proper innervation of prosomere 2 structures. We have also demonstrated that 

TCF7L2 is required for the induction and adult maintenance of the expression of thalamus- and 

habenula-specific genes that encode proteins involved in synaptic transmission regulation.  

 

TCF7L2 regulates a transcription factor network during postmitotic development of prosomere 2 

TCF7L2 is the only developmentally regulated transcription factor known to be 

expressed throughout prosomere 2. Gbx2 is expressed in newborn neurons in the thalamus, and 

Pou4f1 is expressed in the habenula. Tcf7l2 knockout has much more severe impact on the 

development of the prosomere 2 region than knockout of either the pan-thalamic marker Gbx2 or 

the pan-habenular Pou4f1, or knockouts of subregional transcription factor genes Foxp2, Rora, 

and Nr4a2. Knockout of Gbx2 revealed it was also critical for the establishment of thalamic 

identity, but the lateral and medial geniculate nuclei appeared to develop normally, and 

habenular identity was unaffected in this mutant [76]. In Pou4f1 knockout mice, the thalamus 

developed normally, and only the identity of the habenula was affected [52]. Mice with either 

Foxp2 or Rora knockouts exhibited defects restricted to subregions of the thalamus. Nr4a2 

knockout affected the expression of Etv1 and several other POU4F1-dependent genes, but did 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


17 
 

not result in any anatomical abnormalities in the habenula. In contrast, the identities of 

prosomere 2 neurons were completely disrupted in Tcf7l2-/- mice.  

Expression of Gbx2 and Pou4f1 was observed in Tcf7l2-/- mice on E12.5, indicating that 

TCF7L2 is not required for the induction of these genes in young postmitotic cells. The signals 

that instruct cells to express these markers are only partly understood. The expression of Gbx2 in 

the thalamic primordium is induced by Shh signal molecules that are secreted by ZLI [76, 77], 

and by canonical Wnt signalling [38], but this effect of Wnt pathway activity is apparently not 

mediated by TCF7L2. However, on E18.5, Gbx2 and Pou4f1 expression was very substantially 

reduced in the thalamus or habenula in Tcf7l2-/- mice, respectively, and was detected only in the 

periventricular region, where the youngest thalamic and habenular neurons are present. Thus, 

although the induction of these early prosomere 2 markers occurs independently of TCF7L2, 

thalamic Gbx2 and habenular Pou4f1 expression does depend on TCF7L2 at later stages.  

The expression of other thalamic or habenular-specific transcription factors - Rora, 

Prox1, Foxp2, Nr4a2, Etv1, and Hopx - were also observed to be dependent on TCF7L2, both 

during development and in adults. This is consistent with our previous results showing that 

TCF7L2 regulated the promoters of Rora, Foxp2, Nr4a2 and Etv1, as well as Gbx2 and Pou4f1 

[24]. On the other hand, Foxp2 and Rora were also down-regulated in Gbx2-/- embryos, and 

Nr4a2 and Etv1 expression decreased in Pou4f1-/- embryos. Taken together, these results imply 

the existence of a hierarchy of regional transcription factors involved in postmitotic 

differentiation in prosomere 2. We further postulate that these transcription factors together 

create a network that coordinates subregion-specific maturation, by regulating the expression of 

cell adhesion/guidance and neural excitability genes. This is corroborated by over-representation 

of GBX2, POU4F1, RORA, PROX1, FOXP2, and NR4A2 binding motifs, as well as the 
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TCF7L2 motif, within putative regulatory regions of genes that were differentially expressed in 

prosomere 2 in Tcf7l2-/- mice. Cooperation between TCF7L2 and subregional transcription 

factors could explain why TCF7L2 regulates both common and subregion-specific genes in 

prosomere 2. Such hierarchical and combinatorial regulation of neuron subtype selection has also 

been described in Caenorhabditis elegans [78] and in regulation of the specification and 

maintenance of serotonergic neurons by the transcription factor PET-1 in mice [79]. 

 

TCF7L2 coordinates the development of prosomere 2 boundaries and connections  

On E18.5, the diencephalon is parcelled into discrete nuclei: In Tcf7l2-/- mice we observed 

a lack of well-defined inter-prosomeric and intra-thalamic boundaries. These morphological 

aberrations were present not only in the caudal thalamus, but also in the rTh, habenula, and 

prethalamus, and cells from these domains invaded the putative caudal thalamic region. A similar 

lack of clearly defined borders within prosomere 2 and between the thalamus and prethalamus has 

been observed in Gbx2 knockout mice induced on E10.5 [80]. The thalamo-habenular region also 

had a similar elongated shape, as seen in Tcf7l2-/- mice. A decrease in the expression of prosomere 

2-specific adhesion genes, such as Cdh6, Cdh8, and Cntn6, may be the direct cause of the partial 

loss of anatomical boundaries in Tcf7l2-/- embryos as, for example, Cdh6 transcripts are localised 

in the thalamus and at the borders with the rTh, habenula, and pretectum. These genes were down-

regulated in our mutant mice, as assessed by RNA-seq on E18.5. The dorsal border of Cdh6 

expression was shown to be disrupted in the thalamus in Gbx2 mutant embryos on E14.5 [61], 

therefore it is likely the changes that occur in Tcf7l2-/- mice were at least partially mediated by 

GBX2. The partial loss of interprosomeric borders was also seen in Pax6Sey/Sey mice [67]. As 
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revealed in the present study, this could be explained by the loss of Tcf7l2 expression, observed in 

the diencephalon of Pax6Sey/Sey mice [81].  

In Tcf7l2-/- mice, thalamocortical axons do not grow toward the cortex, and some do not 

cross the internal capsule. Decreases in the expression of cell adhesion genes and genes that 

encode axon-navigating ROBO3 and Ephrins, which we observed in this study, may underlie 

these defects. Recent research has shown that thalamic cells in Tcf7l2-/- mice do not respond to 

Slit2-repelling cues from the hypothalamus because of disturbances in the expression of ROBO1 

and ROBO2 guidance receptors [23]. This phenotype also resembles the phenotype in Gbx2 

knockout mice, which exhibited abnormal expression of the same guidance receptors [59]. Others 

have argued [23] that TCF7L2 regulates the pathfinding of thalamocortical axons in a GBX2-

independent manner, because essentially normal Gbx2 expression was observed in Tcf7l2-/- mice 

on E12.5 [23]. Here, we have found that Gbx2 expression was not maintained in the thalamus in 

Tcf7l2-/- mice at later developmental stages, therefore GBX2 could, in fact, contribute to this 

phenotype. Less severe impairments in the establishment of thalamocortical connections were 

reported in Foxp2 knockout mice [64] and Rora knockout mice [63], and these genes were down-

regulated in both Tcf7l2 knockout and Gbx2 knockout mice. Therefore, the FOXP2 and RORA 

transcription factors could also partially mediate the effects of TCF7L2 and GBX2 on the growth 

of thalamic axons. Apart from thalamocortical axons, Tcf7l2-/- mice lack habenulo-interpeduncular 

tracts. This phenotype is unlikely to be mediated by the habenular transcription factors POU4F1 

and NR4A2 because these axon bundles are present in Pou4f1 and Nr4a2 knockout embryos [52, 

62].  
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TCF7L2 maintains phenotypic electrophysiological identities in the thalamus and habenula 

 Excitability and synaptic transmission parameters are specific to different classes of 

neurons and together ensure the proper functioning of neural circuits in the brain. Many genes that 

were down-regulated in mice with the complete or post-developmental knockout of Tcf7l2 encode 

either thalamus- or habenula-specific neurotransmitter receptors or transporters, voltage-gated ion 

channels, and other proteins that are involved in neural signal transmission, which is in agreement 

with our previous in silico predictions [82]. For example, habenular-expressed Chrnb4 and 

Slc5a7, which encode components of cholinergic signalling and are involved in depressive 

behaviour [83], and the Kcng4 gene, which encodes a modulatory subunit of KV2 channels [84], 

were down-regulated in Tcf7l2-/- embryos. A thalamus-specific synaptic gene, Slc6a4, was down-

regulated in Tcf7l2-/- embryos. Slc6a4 encodes the serotonin transporter, which is transiently 

expressed during development [85] and is involved in the development of thalamocortical 

connectivity [86, 87]. Variants of SLC6A4 are associated with autism spectrum disorder [88], and 

the transient pharmacological inhibition of Slc6a4 during early development produced abnormal 

emotional behaviours in adult mice [89]. Prkcd and Prkch gene expression was affected by the 

knockout of Tcf7l2 in both embryonic and adult thalamus. These genes encode kinases from the 

protein kinase C family that might regulate GABAA receptor function [90]. Cacna1g, which is 

expressed both in the thalamus and habenula, was down-regulated in adult knockout mice. 

Cacna1g encodes a subunit of T-type calcium channels that mediate the specific bimodal firing of 

thalamic neurons [91]. Our group previously showed that Cacna1g is a direct target of LEF1/TCF 

and β-catenin in the adult thalamus [20]. Altogether, these results demonstrate that TCF7L2 

regulates multiple regional electrophysiological features in prosomere 2 derivatives and implies a 
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crucial role for TCF7L2 in shaping and maintaining the electrophysiological properties of neurons 

in the thalamus and habenula. 

 

TCF7L2 is a terminal selector of prosomere 2 fates  

Tcf7l2 is induced in prosomere 2 during neurogenesis, is expressed throughout the life of 

postmitotic neurons, controls the morphological and electrophysiological maturation of neurons, 

and maintains molecular identities in this area. This implies that TCF7L2 fulfils the criteria of a 

terminal selector. Terminal selectors were described and characterised in C. elegans [92]. There 

are a limited number of examples of such regulators operating both during development and in 

mature cells in vertebrate brains. Most of these selectors are specific to different classes of 

aminergic neurons: NR4A2 and PITX in midbrain dopaminergic neurons [93], ETV1 in 

dopaminergic neurons in the olfactory bulbs [94], ISL1 and LHX7 in forebrain cholinergic 

neurons [95], and PET1 in serotonergic neurons [79]. POU4F1 was recently identified as a 

selector of glutamatergic neurons in the medial habenula, where it maintains the expression of the 

glutamate transporter gene Vglut1 (Slc17a7) [62]. Unlike the aforementioned terminal selectors, 

TCF7L2 does not control region-specific neurotransmitter identity, which is defined in prosomere 

2 by the expression of Vglut2, as this generic neurotransmitter identity was maintained in both 

Tcf7l2-/- embryos and CckCre:Tcf7l2tm1c/tm1c adult mice. Therefore, the glutamatergic fate of 

prosomere 2 neurons is likely already determined in progenitors or early postmitotic cells.  
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Conclusion 

Here, we reveal that the transcription factor TCF7L2 is involved in subregional patterning 

and the adult maintenance of terminal identities in the thalamus and habenula of the vertebrate 

forebrain, in addition to cell segregation and axon guidance during development. TCF7L2 is one 

of a few examples of a terminal selector in the vertebrate brain. TCF7L2, unlike other vertebrate 

selectors, does not regulate generic thalamo-habenular neurotransmitter identity, rather, our results 

suggest that its continuous expression in adults is involved in maintaining multiple distinct 

electrophysiological properties of neurons in this area. TCF7L2 regulates the expression of a 

number of subregional transcription factors that may cooperate with it to regulate gene expression 

differentially in discrete regions of prosomere 2. Deciphering the precise regulatory codes for 

specific electrophysiological identities in prosomere 2 subregions will require further 

investigation. 
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Materials and Methods 

Animals. The study used C57BL/6NTac-Tcf7l2tm1a(EUCOMM)Wtsi/WtsiIeg (Tcf7l2tm1a) mouse 

(Mus musculus) strain, in which a trap cassette with the LacZ and neoR elements, each with the 

SV40 termination/polyadenylation sequences, was inserted upstream of the critical exon 6 of the 

Tcf7l2 gene. The mice were obtained from the European Mouse Mutant Archive (EMMA) 

repository and provided by the Wellcome Trust Sanger Institute (WTSI) [96]. The homozygous 

Tcf7l2tm1a/tm1a allele is lethal perinatally; thus, the mice were kept as Tcf7l2+/tm1a heterozygotes that 

were crossed with C57BL/6J mice. For the experimental procedures, Tcf7l2+/tm1a mice were 

mated, and their offspring were collected on E12.5, E18.5 or P0. Homozygous Tcf7l2tm1a/tm1a and 

WT Tcf7l2+/+ mice were selected by polymerase chain reaction-based (PCR) genotyping with 

specific primers (Additional file 2: Table S10). To remove the trap cassette from the Tcf7l2-tm1a 

allele, Tcf7l2tm1a/+ mice were crossed with flippase-expressing B6.129S4-

Gt(ROSA)26Sortm1(FLP1)Dym/RainJ mice (JAX stock #009086; [97]). In the resulting Tcf7l2-tm1c 

allele, exon 6 of the Tcf7l2 gene was flanked by loxP sites. Tcf7l2tm1c/tm1c mice were then crossed 

with Ccktm1.1(cre)Zjh/J (CckCre:Tcf7l2+/+, JAX stock #012706; [98]), which express Cre recombinase 

from the Cck promoter, to conditionally delete exon 6. In CckCre:Tcf7l2tm1c/tm1c mice, the knockout 

of Tcf7l2 is induced in the thalamic area between E18.5 and P14 [99]. Genotyping was performed 

using PCR with allele-specific primers (Additional file 2: Table S10). The mice were maintained 

on a 12 h/12 h light/dark cycle with ad libitum access to food and water. All of the experimental 

procedures were conducted in compliance with the current normative standards of the European 

Community (86/609/EEC) and Polish Government (Dz.U. 2015 poz. 266). 
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Brain fixation. Tcf7l2tm1a/tm1a and Tcf7l2+/+ mice were collected on E12.5, E18.5 or P0. Noon on 

the day of appearance of the vaginal plug was considered E0.5. Timed-pregnant dams were 

sacrificed by cervical dislocation. The embryos were immediately removed by caesarean section 

and decapitated. E18.5 and P0 brains were immediately dissected out and immersion-fixed 

overnight in freshly made 4% paraformaldehyde (PFA; catalog no. P6148, Sigma-Aldrich) in 0.1 

M phosphate-buffered saline (PBS; pH 7.4; catalog no. PBS404, BioShop) at 4oC. E12.5 heads 

were fixed whole. CckCre:Tcf7l2tm1c/tm1c and CckCre:Tcf7l2+/+ mice were sacrificed on P55-P75 by 

pentobarbital sedation and perfusion with ice-cold PBS and 4% PFA solutions. The brains were 

dissected out and immersion-fixed overnight in 4% PFA. For cryostat sections, the brains were 

washed 6 times with fresh 0.1 M PBS over the course of 48 h at 4oC and then transferred to 15% 

sucrose in 0.1 M PBS for 24 h at 4oC and into 30% sucrose in 0.1 M PBS at 4oC until they sank. 

E12.5 and E18.5 brains were then placed for 1 h in 10% gelatine/10% sucrose solution in 0.1 M 

PBS at 37°C, transferred to freezing molds, fully covered with 10% gelatine/10% sucrose 

solution, and kept at 4oC until they solidified [100, 101]. Postnatal brains were transferred from 

sucrose solution to O.C.T (catalog no. 4583, Sakura Tissue-Tek) for 15 min with gentle mixing. 

Then, the gelatine blocks and O.C.T-covered tissue were frozen for 1 min in isopentane that was 

cooled to -60oC in dry ice and stored at -80oC until cryosectioning. For E12.5 embryos, whole 

heads were fixed and further processed and frozen the same way as E18.5 embryos. Sections (20 

μm thick for embryos, 50 μm thick for postnatal brains) were obtained in either the coronal or 

sagittal planes using a Leica CM1860 cryostat. Embryonic tissue was mounted as six parallel 

series on Superfrost-plus slides (catalog no. J1800AMNZ, Menzel-Gläser). These sections were 

stored at -80oC until they were further processed for in situ hybridisation or immunostaining. 

Postnatal tissue was collected as free-floating sections into an anti-freeze solution (30% 
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sucrose/30% glycerol in 1x PBS) and stored at -20oC. Free floating sections were used in 

immunohistochemistry, and the sections were mounted onto Superfrost-plus slides for in situ 

hybridisation. For DiI axon tracing, E18.5 immersion-fixed brains were kept in 4% PFA in 0.1 M 

PBS at 4oC. 

 

In situ hybridisation. The hybridisation was performed using digoxigenin-UTP-labelled antisense 

riboprobes. Sense and antisense digoxigenin-labelled RNA probes for mouse were synthesized 

with the DIG RNA labelling Kit (catalog no. 11175025910, Roche) according to the 

manufacturer's instructions. Plasmids for synthesis of Foxp2, Gad67, Gbx2, Lef1, Prox1, Rora 

Tcf7l2, Tfap2b and Slc17a6 probes come from the collection of José Luis Ferran (Additional file 

2: Table S10). Hopx plasmid was a gift from Peter Mombaerts from the Max Planck Research 

Unit for Neurogenetics (Addgene plasmid #74347, [102]). Etv1 plasmid was a gift from James Li 

from the Department of Genetics and Developmental Biology, University of Connecticut Health 

Center, Farmington, CT, USA [103]. Nkx2-2 and Sox14 plasmids were a gift from Seth 

Blackshaw from the Johns Hopkins University School of Medicine, Baltimore, MD, USA [104]. 

Pax6 plasmid was a gift from David Price from the Centre for Integrative Physiology, University 

of Edinburgh, UK [105]. The in situ hybridisation of cryosections was performed as described 

elsewhere [100, 106]. In short, frozen brain sections were washed in 0.1 M PBS, fixed with 4% 

PFA in 0.1 M PBS, acetylated, permeabilized in 1% Triton X-100 in 0.1 M PBS, blocked for 2 h 

with prehybridisation buffer, and then incubated overnight at 68oC with 1.0 μg/ml labelled probe. 

The sections were then washed, blocked in 10% normal sheep serum with 10% lysine in 

appropriate pH 7.5 buffer, and incubated overnight at room temperature in a solution that 

contained anti-digoxigenin alkaline phosphatase-coupled Fab fragments of antibodies (1:3500; 
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catalog no. 11093274910, Roche). Nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate 

(NBT/BCIP; catalog no. 11383213001 and 11383221001, respectively, Roche) solution was then 

used as the chromogenic substrate for the final alkaline phosphatase reaction that was performed 

in pH 9.5 buffer. After stopping the chromogenic reaction, the sections were dried, washed twice 

for 5 min in xylene, and immediately mounted using EuKitt (catalog no. 03989, Sigma-Aldrich). 

The sections were visualized under a Nikon Eclipse Ni-U (Image-Pro Plus 7.0 software) 

fluorescent microscope (brightfield). No specific signal was obtained with sense probes (data not 

shown). The images were prepared using GIMP 2.8.14, Fiji v1.52 and CorelDraw X7. 

 

Fluorescent immunohistochemistry. Frozen coronal and sagittal brain sections were washed three 

times in 0.1 M PBS with 0.2% Triton X-100 (PBST) and blocked with 5% normal donkey serum 

with 0.3 M glycine in 0.1 M PBS for 1 h. The slides were then incubated with primary antibodies 

mixed in 1% normal donkey serum in 0.1 M PBS overnight at 4°C. Antibodies against TCF7L2 

(1:500; catalog no. 2569, Cell Signaling), LacZ (1:100; catalog no. AB986, Merck Millipore), 

L1CAM (1:500; catalog no. MAB5272, Merck Millipore), PAX6 (1:100; catalog no. PRB-278P, 

Biolegend), SIX3 (1:100; catalog no. 200-201-A26S, Rockland), KI-67 (1:100; catalog no. 

AB9260, Merck Millipore), TUJ1 (1:65; catalog no. MAB1637, Merck Millipore), NKX2-2 

(1:50; catalog no. 74.5A5, DSHB), POU4F1 (1:300; [107]) were used. The sections were then 

washed three times with PBST and incubated for 1 h with appropriate secondary antibody 

conjugated with Alexa Fluor 488 or 594 (1:500; catalog no. A-21202, A-21207, and A-11076, 

ThermoFisher Scientific). The slides were then additionally stained with Hoechst 33342 (1:10000; 

catalog no. 62249, ThermoFisher Scientific), washed three times, and mounted with Vectashield 

Antifade Mounting Medium (catalog no. H1000, Vector Laboratories). Specimens were analysed 
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under a Nikon Eclipse Ni-U (Image-Pro Plus 7.0 software) microscope. The images were prepared 

using GIMP 2.8.14, Fiji v1.52 and CorelDraw X7. 

 

DAB immunohistochemistry. Free floating sections were washed three times in PBST, incubated 

in 0.3% H2O2 in PBST for 10 min and blocked with 3% normal goat serum in PBST for 1 h. The 

sections were then incubated with primary antibodies against TCF7L2 (1:1000; catalog no. 2569, 

Cell Signaling) or POU4F1 (1:600; [107]) in 1% normal goat serum in PBST overnight at 4oC. 

The sections were then incubated for 1 h with biotynylated goat anti-rabbit antibody in 1% normal 

goat serum in PBST (catalog no. BA-1000, Vector Laboratories), then incubated in Vectastain 

ABC reagent for 1 h (catalog no. PK-6100, Vector Laboratories). Staining was developed using 

0,05% 3,3’-diaminobenzidine in PBST (DAB, catalog no. D12384, Sigma-Aldrich) as a 

chromogen substrate and H2O2 to the final concentration of 0.01%. The reaction was stopped as 

soon as a brown precipitate appeared. The sections were washed, mounted onto Superfrost plus 

slides, dried, washed twice for 5 min in xylene, and immediately mounted using EuKitt (catalog 

no. 03989, Sigma-Aldrich). The sections were visualized under a Nikon Eclipse Ni-U (Image-Pro 

Plus 7.0 software) fluorescent microscope (brightfield). The images were prepared using GIMP 

2.8.14, Fiji v1.52 and CorelDraw X7. 

 

DiI axon tracing. To label thalamocortical axon tracts, the paraformaldehyde-fixed brains were 

separated into hemispheres by cutting along the midline. Small DiI (1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate) crystals (catalog no. D-3911, ThermoFisher Scientific) 

were placed in the thalamic hemispheres, roughly 1 mm below the centre of their exposed 

surfaces. The tissue was then incubated in 4% PFA at 37oC for 18-21 days to allow diffusion of 
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the lipophilic tracers along the axons. The hemispheres were then embedded in 5% low-melting-

point agarose (catalog no. AGA101, BioShop) and cut into 100 μm thick sections in a vibratome 

in the coronal plane. Free-floating sections were counterstained with Hoechst (1:10000; catalog 

no. 62249, ThermoFisher Scientific), mounted onto poly-L-lysine-coated glass slides (catalog no. 

J2800AMNZ, Menzel-Gläser), and secured under a coverslip with Vectashield Antifade Mounting 

Medium (catalog no. H-1000, Vector Laboratories). The sections were visualized under a Nikon 

Eclipse Ni-U (Image-Pro Plus 7.0 software) fluorescent microscope on the same day the tissue 

was cut and mounted. The images were prepared using GIMP 2.8.14, Fiji v1.52 and CorelDraw 

X7. 

 

Nissl staining. Brain sections from the control and experimental groups were fixed in 4% PFA in 

0.1 M PBS for 20 min and washed for 5 min in 0.1 M PBS alone. The slices were dehydrated by 

immersing in a series of ethanol (3 min each at 50%, 70%, 95%, and 99.8%). The slices were then 

cleared in xylene for 5 min, washed in 100% ethanol, and rehydrated in a series of ethanol (3 min 

each at 95%, 70%, and 50%). Brain sections were rinsed in 0.01 M PBS and stained with 0.13% 

(w/v) Cresyl violet solution (catalog no. CS202101, Millipore) for 4 min, rinsed with distilled 

water, and dehydrated as described above. The slices were again cleared in xylene for 5 min and 

mounted on glass coverslips with DPX (catalog no. 1019790500, Merck). Images were captured 

under a Nikon Eclipse Ni-U (Image-Pro Plus 7.0 software) microscope. The images were prepared 

using GIMP 2.8.14, Fiji v1.52 and CorelDraw X7. 

 

Western blot analysis. Protein extracts from the thalamus were homogenized in ice-cold RIPA 

buffer that contained 50 mM Tris, pH 7.5 (catalog no. T1503, Sigma-Aldrich), 150 mM NaCl 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


29 
 

(catalog no. SOD001, BioShop), 1 mM ethylenediaminetetraacetic acid (catalog no. EDT001, 

BioShop), 1% NP40 (catalog no. I8896, Sigma-Aldrich), 0.1% sodium dodecyl sulfate (SDS; 

catalog no. 75746, Sigma-Aldrich), 0.5% sodium deoxycholate (catalog no. 30970, Sigma-

Aldrich), 1 mM NaF (catalog no. S7920, Sigma-Aldrich), inhibitor of phosphatases PhosSTOP 

(catalog no. 04906845001, Roche), and inhibitor of proteinases complete ULTRA Tablets 

(catalog no. 05892791001, Roche). The protein concentrations were determined using the Bio-

Rad protein assay (catalog no. 5000006, Bio-Rad Laboratories) according to the manufacturer’s 

instructions. Clarified protein homogenate (50 μg) was loaded on 10% SDS-polyacrylamide gels. 

The separated proteins were transferred to Immun-Blot PVDF membranes (catalog no. 1620177, 

Bio-Rad Laboratories), which were then blotted using appropriate antibodies: anti-TCF7L2 

(catalog no. 2569, Cell Signaling) and anti-β-actin (catalog no. A3854, Sigma-Aldrich). The 

proteins were visualized with peroxidase substrate for enhanced chemiluminescence (100 mM 

Tris [pH 8.5], 1.25 mM 3-aminophthalhydrazide [catalog no. 123072, Sigma-Aldrich], and 200 

μM coumaric acid [catalog no. C9008, Sigma-Aldrich]). Images were captured using Amersham 

Imager 600 RGB (General Electric). 

 

RNA isolation. Tcf7l2tm1a/tm1a and WT littermate mice were collected on E18.5. Embryos were 

removed by caesarean section and decapitated. CckCre:Tcf7l2tm1c/tm1c and CckCre:Tcf7l2+/+ were 

collected on P60. Adults were sacrificed by cervical dislocation and decapitated. The thalami 

together with the habenula (prosomere 2) were immediately dissected-out from the brains and 

frozen in liquid nitrogen. RNA was extracted using QIAzol (catalog no. 79306, Qiagen) and the 

RNeasyMini Kit (catalog no. 74106, Qiagen) according to the manufacturer’s instructions.  
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RNA-seq analysis. The quality of RNA was verified in Bioanalyzer (Aligent). RNA samples were 

sequenced on the same run of Illumina HiSeq2500 (average of ∼22-33 million 50-nucleotide 

single-end reads). The reads were aligned to the mouse genome mm10 using TopHat [108]. The 

transcripts were assembled, and counts of sequencing reads were generated using HTSeq [109]. 

Normalized counts in reads per kilobase million (RPKM) were calculated with DESeq2 [110]. 

The genes with expression measurements of RPKM = 0 in at least one sample were considered 

not-expressed in prosomere 2. For the rest of the genes, fold-changes between mean values for 

WT and knockout were calculated, and two-tailed Student’s t-test was performed to assess the 

significance of the difference. Genes with an average fold-change ≥ 1.5 in Tcf7l2-/- embryos 

compared with WT and with a value of p < 0.05 for the difference were considered differentially 

expressed genes (DEGs) [111]. 

 

Functional enrichment analysis. Gene ontology (GO) enrichment for the DEGs was performed 

using the GOrilla open-access online tool (http://cbl-gorilla.cs.technion.ac.il) [112]. Two 

unranked lists of genes (one target list [111] and one universal list [111]) were used for this 

analysis, assuming a hypergeometric distribution of the unranked genes. As the universal set, we 

used all of the genes with expression measurements of RPKM > 0 in all of the samples. GO-Term 

enrichments were tested using Fisher’s exact test, and Bonferroni corrected values < 0.05 were 

considered significant. To obtain a clear view of the enriched groups of genes, we then removed 

redundant terms and too-general terms (e.g., multicellular organismal process), and the remaining 

terms were grouped hierarchically. 
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Spatial expression of GO enriched genes. We assessed the spatial localisation of transcription 

factor and guidance/adhesion molecule DEGs by visually inspecting the in situ hybridisation 

signals in the Developing Mouse Brain (E18.5) from the Allen Developing Mouse Brain Atlas 

(ABA) (http://developingmouse.brain-map.org/; accessed September 2018) [113]. The genes were 

then clustered into the following groups: thalamic; habenular, thalamo-habenular; extra-

prosomeric (i.e., expressed in other parts of the brain than prosomere 2); and nonspecific (i.e., 

their expression was ubiquitous in the brain or no expression signal was observed in the atlas). A 

gene was considered thalamic or habenular when its expression level was apparently higher in this 

part of the brain than generally in the brain. The resulting list was manually curated to reject the 

data that originated from staining artefacts or very low expression levels. 

 

Motif enrichment analysis in putative regulatory elements in ±10 Kb regions that flank 

transcription start sites. We used Nencki Genomics Database (NGD) v. 79_1 [114] to map genes 

to their putative regulatory regions within ±10 Kb of the genomic DNA sequence that flanked the 

transcription start site. We chose human-mouse CNRs [115] as the putative regulatory regions. In 

these regions, we considered instances of all transcription factor binding sites (position weight 

matrices [PWMs]) that were available in NGD v79_1, representing 684 distinct transcription 

factors [116], as potential binding sites. As the universal set, we used all genes with both 

expression measurements of RPKM > 0 and at least one CNR. For Fisher’s exact test, each 

instance of a motif was labelled with the names of its associated transcription factors. Fisher’s test 

p values were Bonferroni corrected (i.e., multiplied by a factor of 684 [the number of hypotheses 

tested]). 
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Data availability 

The RNA-seq raw FASTQ files are in the process of uploading at the EMBL-EBI data repository 

- ArrayExpress. The EMAT number will be provided as soon as the datasets are accepted. 
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Figures  

 

Fig. 1. Histological analysis of brain anatomy. (A) Nissl staining of sagittal brain sections on 

E18.5. (B) Nissl staining of coronal brain sections on P0 in the region of the diencephalon. In 

specimens from Tcf7l2-/- mice, the shape of the thalamic region is changed. The anatomical 

boundaries between the thalamus, prethalamus, habenula, and pretectum are not clearly visible. 

Cells do not cluster to form characteristic nuclei in the thalamus and habenula. The internal 

capsule is retained, but the stria medullaris cannot be easily identified, and the fasciculus 

retroflexus is not visible. Approximate planes of observation are marked by a black line on the 
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brain outlines. fr, fasciculus retroflexus; Hb, habenula; ic, internal capsule; Th, thalamus; Pt, 

pretectum; PTh, prethalamus; sm, stria medullaris; St, striatum. Scale bars represent 1 mm.  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


41 
 

 

Fig. 2. Staining of axon fascicles in the diencephalon on E18.5. (A) Immunofluorescent 

staining of L1CAM in coronal brain sections. In specimens from Tcf7l2-/- mice, axons in thalamic 

and habenular areas are thinner and disorganised and there are fewer fascicles in the striatum. (A’) 

and (A’’) Zoomed-in views of the habenular region that show aberrant organisation of the stria 

medullaris in Tcf7l2-/- embryos. (B) Zoomed-in views of the cerebral cortex that show fewer 

axons that invade the cortical plate in Tcf7l2-/- embryos. (C) DiI tracing of thalamocortical tracts 

reveals little to no thalamocortical axon growth in Tcf7l2-/- embryos. Cx, cerebral cortex; CP, 

cortical plate; DLG, lateral geniculate nucleus; IZ, intermediate zone of the cortex; PG, 

pregeniculate nucleus; sm, stria medullaris; St, striatum; TCA thalamocortical axons; VZ/SVZ, 

ventricular zone and subventricular zone of the cortex. Scale bars represent 1 mm (A, C); 0.5 mm 

(A’, A’’); 0.25 mm (B).   
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Fig. 3. Analysis of anatomical borders of prosomere 2 on E18.5. (A) Immunofluorescent 

staining of TCF7L2 (in wildtype) or LacZ (in Tcf7l2-/-) and PAX6 in coronal brain sections. In 

specimens from Tcf7l2-/- mice, thalamo-prethalamic borders are not sharp and prethalamic cells 

(marked with white triangles) intermingle into the thalamic area. (B) Immunofluorescent staining 

of the prethalamic markers PAX6 and SIX3. PAX6-positive cells (marked with white triangles) 

invade the thalamus and the SIX3-positive area spreads into the thalamic region in Tcf7l2-/- 

embryos. (C) Immunofluorescent staining of TCF7L2/LacZ and the marker of the rTh NKX2-2. 

The borders between the caudal thalamus and rTh are not clear in Tcf7l2-/- embryos and an NKX2-
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2-positive cells (marked with white arrows) intermingle into the caudal thalamus. (D) 

Immunofluorescent staining of the habenular marker POU4F1 and axonal marker L1CAM. The 

number of POU4F1-positive cells is reduced in the habenular region in Tcf7l2-/- embryos. The 

remaining POU4F1-positive cells either accumulate in the subventricular region of the habenula 

or spread into the thalamic area (marked with white arrows), which is not separated from the 

habenula by axon fascicles. Approximate fields of observation in the sagittal and coronal planes 

are marked by black boxes on the brain outlines above the photographs. Hb, habenula; lHb, lateral 

Hb; mHb, medial Hb; PTh, prethalamus; rTh, rostral thalamus, Th, thalamus. Scale bars represent 

0.25 mm.  
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Fig. 4. Analysis of thalamic and habenular molecular identities on E12.5. (A) In situ 

hybridisation staining with a Gbx2 probe (early marker of the thalamus) and (A’) 

immunofluorescent staining of POU4F1 (early marker of the habenula) in coronal brain sections. 

In specimens from Tcf7l2-/- mice, both markers are normally expressed, but the Gbx2-positive 

region and POU4F1-positive region spread into each other’s territory (emphasised by colored 

bars). Approximate fields of observation in the sagittal and coronal planes are marked by black 

boxes on the brain outlines above the photographs. Hb, habenula; PTh, prethalamus; Th, 

thalamus. Scale bars represent 0.25 mm.  
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Fig. 5. Analysis of thalamic and habenular molecular identities on E18.5. (A) In situ 

hybridisation staining with Gbx2, Lef1, Foxp2, Prox1 and Rora probes (markers of caudal 

thalamus regions) in coronal brain sections. In specimens from Tcf7l2-/- embryos, the expression 

of these markers is either abolished, or drastically reduced in area. (B) In situ hybridisation 

staining with Nkx2-2 and Sox14 probes (rTh markers). The expression of these markers is retained 

in Tcf7l2-/- embryos, although Nkx2-2- and Sox14-positive areas spread along the lateral wall of 
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the thalamic region. (C) In situ hybridisation staining with Etv1 and Hopx probes (markers of the 

habenula). The expression of these markers is abolished in Tcf7l2-/- embryos. Approximate fields 

of observation in the sagittal and coronal planes are marked by black boxes on the brain outlines 

above the photographs. Hb, habenula; PTh, prethalamus; rTh, rostral thalamus; Th, thalamus. 

Scale bars represent 0.5 mm.  
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Fig. 6. Analysis of neurotransmitter identity of neurons in the thalamo-habenular region on 

E18.5. (A) In situ hybridisation staining with a Gad67 probe (marker of GABAergic neurons) in 

coronal brain sections. (B) In situ hybridisation staining with a Vglut2 probe (marker of 

glutamatergic neurons in prosomere 2). In specimens from Tcf7l2-/- mice, the thalamic area retains 

its predominant glutamatergic identity. Scale bars represent 1 mm.   

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


48 
 

 

Fig. 7. Characterisation of CckCre:Tcf7l2tm1c/tm1c mice. (A) DAB immunohistochemical staining 

of TCF7L2 in coronal brain sections on P75. (A') Zoomed-in view on the thalamic area marked by 

black boxes on left panels. TCF7L2 is absent in most thalamic nuclei in adult CckCre:Tcf7l2tm1c/tm1c 

mice. (B) Zoomed-in view of the adult habenula, where TCF7L2 retains its presence in adult 

CckCre:Tcf7l2tm1c/tm1c mice. Approximate fields of observation are marked by black boxes on the 

brain outline above the photographs. Scale bars represent 0.5 mm (A); 0.25 mm (B).  
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Fig. 8. Analysis of thalamic and habenular molecular identities on ~P60. (A) In situ 

hybridisation staining with a Gad67 probe (marker of GABAergic neurons) and a Vglut2 probe 

(marker of glutamatergic neurons). In specimens from CckCre:Tcf7l2tm1c/tm1c mice, the thalamic 

area retains its glutamatergic identity. (B) In situ hybridisation staining with Gbx2, Lef1, Rora and 

Prox1 probes (markers of thalamic subregions) in coronal brain sections. In specimens from 

CckCre:Tcf7l2tm1c/tm1c, the expression of Gbx2 and Lef1 shows little change. The expression of Rora 

is significantly lower in medial part of thalamus. The level of Prox1 mRNA is also decreased. (C) 

In situ hybridisation staining with Lef1 and Hopx probes (markers of habenular subregions), and 

(C’) DAB immunohistochemical staining of the habenular marker POU4F1. The expression of 

these markers is retained in CckCre:Tcf7l2tm1c/tm1c mice. Scale bars represent 0.5 mm.  
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Tables 

 

Table 1. Spatial expression profiles of down-regulated genes from selected GO clusters on 

E18.5. 

 Prosomere 2 Not in 
prosomere 

2 

Ubiquitous 
or low NA  Th Hb Th and Hb 

T
ra

ns
cr

ip
tio

n 
fa

ct
or

s 

Hlf Dbx1 Etv1 Esrrb Esr2 Aire 
Foxp1 Ebf1 Lef1  Grhl2 Dmrta1 
Foxp2 Nr4a2 Neurog2  Msx3 Glis1 
Gbx2* Pou4f1* Tcf7L2  Nr0b1 Mecom 
Mef2a    Pparg Myocd 
Mef2c     Scrt1 
Prox1     Scrt2 
Rora     Tbx5 
Rorb      
Sox13      
Sox5      
Tox      
Tshz1      
Zhx2      

A
dh

es
io

n/
gu

id
in

g 
m

ol
ec

ul
es

 Cbln4 Robo3 Cdh8 Lama3 Dsc2 Cadm2 
Cd47  Epha8  Igsf5 Cntn4 
Cdh6  Kitl  Scarf2 Col4a3 
Cdh7  Rtn4rl1   Epcam 
Cdhr1     Igsf21 
Cntn6     Lmo7 
Epha1     Rgma 
Epha3     Sema3g 
Epha4     Slitrk6 
Ntng1     Tnfrsf12a 
Stxbp6     Thy1 
Tgfb2      

N
eu

ra
l e

xc
ita

bi
lit

y 

Camk4 Chrnb4 Slc17a7 Drd1 Adra2b Cacng1 
Grik3 Gpr151   Drd4 Grid2ip 
Slc6a4 Kcng4    Homer2 
     Kcnip4 
     Kcnma1 
     Kcnmb1 
     Kcnq5 
     Kcnv2 
     Kntd6 
     Shisa9 
     Slc5a7 
     Scn11a 
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The listed genes were identified as down-regulated in prosomere 2 in Tcf7l2-/- embryos (p < 0.05; 

log2 fold-change < -0.5) and annotated into selected clusters. Spatial expression was analyzed in 

the ABA. Genes that are expressed distinctively higher in discrete parts of the brain were 

categorised as expressed in the thalamus (Th), habenula (Hb), both Th and Hb, or not expressed in 

prosomere 2. *, Gbx2 and Pou4f1 were not identified as differentially expressed based on RNA-

seq but were added to the list based on in situ hybridization; NA, not available. 
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Table 2. Spatial expression profiles of up-regulated genes from selected GO clusters on 

E18.5. 

 Prosomere 2 Not in 
prosomere 

2 

Ubiquitous 
or low NA  Th Hb Th and 

Hb 

T
ra

ns
cr

ip
tio

n 
fa

ct
or

s Nkx2-2* Barhl2 Otx2** Dmbx1 E2f8 Grhl3 
Sox14* Onecut1  Ebf3 Egr1 Olig3 
   En2 Emx1  
   Maf Foxa2  
   Nkx6-2 Lhx5  
   Onecut2 Neurog1  
   Pou4f2 Onecut3  
   Rreb1 Sp5  
   Sall4 Uncx  

A
dh

es
io

n/
gu

id
in

g 
m

ol
ec

ul
es

 

  Reln** Unc5d Bmp7 Adamts2 
    Col18a1 Adamts7 
    Slit3 Cd177 
    Uncx Cyp1b1 
     Lgals3bp 
     Ly9 
     Mpz 
     Pcdh8 
     Serpinb8 
     Svep1 

N
eu

ra
l 

ex
ci

ta
bi

lit
y    Cacna2d1 Htr2a Adra1d 

   Chrnb3  Adrb3 
   Kcnip2  Kcng3 
     Kcnk9 
     Scn11a 

 

The listed genes were identified as up-regulated in prosomere 2 in Tcf7l2-/- embryos (p < 0.05; 

log2 fold-change > 0.5) and annotated into selected clusters. Spatial expression was analyzed in 

the ABA. Genes that are expressed distinctively higher in discrete parts of the brain were 

categorised as expressed in the thalamus (Th), habenula (Hb), both Th and Hb, or not expressed in 

prosomere 2. * Expressed in the rTh; **, Expressed in the rTh and habenula; NA, not available. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


53 
 

Table 3. Spatial expression profiles of down-regulated genes in selected GO clusters on P60. 

 Th Th and 
Hb 

Not in 
Th 

Ubiquitous 
or low NA 

Ion channels/ 
pumps and 
homeostasis 

Kcnc2 Cacna1g Kcnip3 Cacna1s  
 Fxyd7 Hcn4 Cacna2d4  
   Kcnf1  
   Trpv6  

Neurotransmitter 
receptors and 
transporters 

  Cnih3 Adrb1 Adra1b 

G-protein 
signalling - other 

Atp2a1 Gpr153 Atp2a3 Gpr35  
Atp2b1  Gpr4 Gpr115  
Gpr12   Gpr133  
Rims3   F2r  
   Rgs7  
   Gpr111  

Synaptic vesicle 
regulation 

 Syt9    
 Syt7    

Excitability and 
plasticity- other 

Bdnf Calb1  Orai3  
Cnksr3 Pcp4  Shank3  
Shisa6   Slc12a8  
Trpm6     

 

The listed genes were identified as down-regulated in the thalamo-habenular region in 

CckCre:Tcf7l2tm1c/tm1c  mice (p < 0.05; log2 fold-change < -0.5) and annotated into selected clusters. 

Spatial expression was analyzed in the ABA. Genes that are expressed distinctively higher in 

discrete parts of the brain were categorised as expressed in the thalamus (Th), thalamus and 

habenula (Hb), or not expressed in the thalamus. NA, not available. 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


54 
 

Table 4. Spatial expression profiles of up-regulated genes in selected GO clusters on P60. 

 Th Th and 
Hb Not in Th Ubiquitous 

or low NA 

Voltage-gated 
ion channels 

Scn4b  Hcn1 Kcnc3 Kcns1 
  Kcnh3 Kcne4 Trpv3 
  Kcnh7 Kcnk4  
  Kcns3   
  Kcnip2   
  Cacna1i   

Neurotransmitter 
receptors  

Glra1  Adra1d Glra2  
  Htr1b   
  Gsg1l   

G-protein 
signalling - other   Npy5r Gpr149  

Synaptic vesicle 
regulation 

  Cplx2 Cplx3  
   Snap25  
   Syt2  

Excitability and 
plasticity - other 

  Pln Prkg2 Efcab4b 
   Pvalb  
   Sgk1  

    Stac2  
 

The listed genes were identified as up-regulated in the thalamo-habenular region in 

CckCre:Tcf7l2tm1c/tm1c  mice (p < 0.05; log2 fold-change > 0.5). Spatial expression was analysed in 

the ABA. Genes that are expressed distinctively higher in discrete parts of the brain were 

categorised as expressed in the thalamus (Th), thalamus and habenula (Hb), or not expressed in 

the thalamus. NA, not available.  
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Additional files 

 

Additional file 1.pdf 

Supplementary figures: 

 

Fig. S1. Generation and characterisation of the homozygous Tcf7l2tm1a mouse strain 

(Tcf7l2-/-). (A) Schematic representation of Tcf7l2tm1a allele generated by EUCOMM, in which a 

trap cassette with the LacZ and neoR elements was inserted upstream of the critical exon 6 of the 

Tcf7l2 gene. Exons and introns are represented by vertical black and horizontal gray lines, 

respectively. Blue arrows indicate transcription start sites. The regions that encode the β-catenin 

binding domain and HMG-box are marked by red lines above the exons. (B) Immunofluorescent 

staining of TCF7L2 in coronal and sagittal brain sections on E18.5. The expression of TCF7L2 

protein is lost in Tcf7l2-/- mice. (C) Western blot analysis of TCF7L2 protein expression in the 

thalamus in wild-type and Tcf7l2-/- mice on E18.5. Higher TCF7L2 bands correspond to the full-

length protein, and the lower bands correspond to the truncated dominant negative isoform of 

TCF7L2 (dnTCF7L2). Scale bars represent 1 mm.  

 

Fig. S2. Neurogenesis in prosomere 2 on E12.5. Immunofluorescent staining of the proliferation 

marker KI-67 antigen and neural marker TUJ1 (neuron-specific class III β-tubulin) in coronal 

brain sections. Proliferating cells are visible along the ventricle, and young neurons are visible in 

the mantle zone, both in WT and Tcf7l2-/- embryos. 
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Fig. S3. Expression of Tcf7l2 mRNA throughout the diencephalon. In situ hybridization 

staining with a Tcf7l2 probe on E18.5. Tcf7l2 expression marks the thalamus, habenula, and 

pretectum. Specific cell densities allow the discernment of different thalamic nuclei and the 

medial and lateral habenula. Although Tcf7l2 mRNA is detected in knockout mice, the 

characteristic anatomy of all of the shown regions and cell densities of specific nuclei are not 

preserved. 

 

Fig. S4. Genome-wide analysis of gene expression (RNA-seq) in the thalamo-habenular 

region. (A) Scatter plot of log2 average expression levels of genes in WT embryos on E18.5 vs. 

log2 fold-change in the knockout condition. (B) Volcano plot of log2 fold-change of expression 

between WT and Tcf7l2-/- embryos vs. -log10 p values (Student’s t-test) of the difference. (C) 

Scatter plot of log2 average expression levels of genes in P60 CckCre:Tcf7l2+/+ vs. log2 fold-

change in the CckCre:Tcf7ltm1c/tm1c knockout condition. (D) Volcano plot of log2 fold-change of 

expression between P60 CckCre:Tcf7l2+/+ and CckCre:Tcf7ltm1c/tm1c mice vs. -log10 p values 

(Student’s t-test) of the difference. Genes that significantly increased or decreased (p < 0.05, 

absolute log2 fold-change > 0.5) are marked as red.  
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Additional file 2.pdf 

Supplementary tables: 

 

Table S2. Clusters of highly enriched gene ontology terms in differentially expressed gens on 

E18.5 Genes that were identified as significantly increased or decreased in the thalamo-habenular 

region in Tcf7l2-/- embryos were analysed with GOrilla. GO, gene ontology number; Hits, number 

of genes in a cluster; FDR, false discovery rate.  

 

Table S7. Clusters of highly enriched gene ontology terms in differentially expressed gens on 

~P60 Genes that were identified as significantly increased or decreased in the thalamo-habenular 

region in CckCre:Tcf7l2tm1c/tm1c  mice were analysed with GOrilla. GO, gene ontology number; 

Hits, number of genes in a cluster; FDR, false discovery rate.  

 

Table S10. Probes and primers used in the study 
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Additional file 3.xlsx 

Supplementary Table S1: 

 

Table S1. RNA-seq analysis of differential gene expression in prosomere 2 between WT and 

Tcf7l2-/- mice on E18.5 

The experiment was performed in three replicates for WT and Tcf7l2-/- mice. All genes that lacked 

RPKM counts for all replicates were discarded. Average RPKM, fold-change, and log2 fold-

change were calculated for WT and KO samples. Two-tailed Student’s t-tests were performed to 

determine significance of the fold-changes. Genes with log2 fold-changes > 0.5 and p < 0.05 were 

assigned as differentially expressed. 

 

Additional file 4.xlsx 

Supplementary Table S3: 

 

Table S3. GO term analysis of differentially regulated genes in prosomere 2 in Tcf7l2-/- mice 

on E18.5 

Significantly up- and down-regulated genes were fed as targets in the Gorilla tool, with unchanged 

genes as controls. The tool was used to discover enriched terms for biological processes and 

molecular function. 

 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted January 9, 2019. ; https://doi.org/10.1101/515874doi: bioRxiv preprint 

https://doi.org/10.1101/515874


59 
 

Additional file 5.xlsx 

Supplementary Table S4: 

 

Table S4. Spatial expression profiles of differentially expressed genes from selected GO 

clusters on E18.5 

Spatial expression profiles in the brain of GO-enriched genes that were differentially expressed in 

Tcf7l2-/- mice (absolute log2 fold-change > 0.5, p-value < 0.5) and analysed visually in the ABA 

on E18.5. The expression of each gene was categorised as specific for prosomere 2  (Th and/or 

Hb),  other regions beyond prosomere 2, or ubiquitous. "0" represents ubiquitous or no expression 

in the brain; "+" represents higher expression in a particular region in comparison to other regions 

in the brain; analysed visually in ABA on E18.5 

 

Additional file 6.xlsx 

Supplementary Table S5: 

 

Table S5. Motif enrichment analysis of differentially regulated genes in prosomere 2 in 

Tcf7l2-/- mice on E18.5 

The motifs were analysed in conserved non-coding regions within ± 10 Kb from transcription start 

sites. Significance was calculated using Fisher’s exact test, and p values were Bonferroni-

corrected. 
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Additional file 7.xlsx 

Supplementary Table S6: 

 

Table S6. RNA-seq analysis of differential gene expression in prosomere 2 between WT and 

CckCre:Tcf7l2tm1c/tm1c mice on P60 

The experiment was performed in three replicates for WT and CckCre:Tcf7l2tm1c/tm1c mice. All 

genes that lacked RPKM counts for all replicates were discarded. Average RPKM, fold-change, 

and log2 fold-change were calculated for WT and KO samples. Two-tailed Student’s t-tests were 

performed to determine significance of the fold-changes. Genes with absolute log2 fold-changes > 

0.5 and p < 0.05 were assigned as differentially expressed. 

 

Additional file 8.xlsx 

Supplementary Table S8: 

 

Table S8. GO term analysis of differentially regulated genes in the thalamo-habenular region 

in CckCre:Tcf7l2tm1c/tm1c mice on P60 

Significantly up- and down-regulated genes were fed as targets in the Gorilla tool, with unchanged 

genes as controls. The tool was used to discover enriched terms for biological processes and 

molecular function. 
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Additional file 9.xlsx 

Supplementary Table S9: 

 

Table S9. Spatial expression profiles of differentially expressed genes from selected GO 

clusters on P60 

Spatial expression profiles in the brain of GO-enriched genes that were differentially expressed in 

CckCre:Tcf7l2tm1c/tm1c mice on P60 (absolute log2 fold-change > 0.5, p-value < 0.5) and analysed 

visually in the ABA on P56. The expression of each gene was categorised as specific for the 

thalamus or thalamus and habenula, other regions beyond prosomere 2, or ubiquitous. "0" 

represents ubiquitous or no expression in the brain; "+" represents higher expression in a 

particular region in comparison to other regions in the brain; analysed visually in ABA on E18.5 
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