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SUMMARY

Identities of distinct neuron subtypes are specified during embryonic development, then 

maintained during post-natal maturation. In cerebral cortex, mechanisms controlling early 

acquisition of neuron-subtype identities have become increasingly understood. However, 

mechanisms controlling neuron-subtype identity stability during post-natal maturation are 

largely unexplored. We identify that Tle4 is required for both early acquisition and post-natal 

stability of corticothalamic neuron-subtype identity. Embryonically, Tle4 promotes acquisition of 

corticothalamic identity and blocks emergence of core characteristics of subcerebral/corticospinal 

projection neuron identity, including gene expression and connectivity. During the first post-natal 

week, when corticothalamic innervation is ongoing, Tle4 is required to stabilize corticothalamic 

neuron identity, limiting interference from differentiation programs of developmentally related 

neuron classes. We identify a deacetylation-based epigenetic mechanism by which TLE4 controls 

Fezf2 expression level by corticothalamic neurons. This contributes to distinction of cortical 

output subtypes and ensures identity stability for appropriate maturation of corticothalamic 

neurons.
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Corticothalamic neurons and subcerebral projection neurons are distinct neuron subtypes that 

constitute the output of the cerebral cortex. Galazo et al. show that Tle4 promotes acquisition 

of corticothalamic identity, suppresses subcerebral projection neuron identity in early-born 

corticofugal neurons during embryonic development, and stabilizes corticothalamic identity during 

early post-natal maturation.

Graphical abstract

INTRODUCTION

During embryonic development, genetic programs regulate acquisition and progressive 

refinement of distinct characteristics that constitute neuron identities, including gene 

expression, afferent and efferent connectivity, electrophysiological properties, molecular 

signaling, etc.1–3 In cerebral cortex, neuron-subtype identity has been identified to be 

controlled both at the progenitor stage and post-mitotically soon after terminal division,4,5 

although multiple studies report that aspects of identity remain malleable through at 

least early postmitotic development.6 After initial differentiation, identity appears actively 

maintained to preserve neuron-subtype characteristics.7 In cortical neurons, aspects of 

identity can be altered post-natally by genetic manipulation8,9 or cortical input activity 

changes.10 Some core features of neuron-subtype identity, including gene expression and 

electrophysiological properties, have been reprogrammed in embryonic and post-natal 

cortical neurons, resulting in adoption of features of other neuron subtypes.8,9 This raises 
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important questions about how neuron subtypes maintain identities in the dynamic context 

of developing and mature cortex.

Maintenance of neuronal subtype identity is important beyond early development of 

the nervous system. Failure of neuron identity maintenance is implicated in later 

neurodegenerative and psychiatric disorders.7,11 Investigating how distinct cortical neurons 

acquire, stabilize, and maintain identities during post-natal maturation is critical to 

understanding cortical development and dysgenesis and to revealing intrinsic vulnerabilities 

of specific neurons to disorders. Understanding mechanisms controlling identity acquisition 

and stability in vivo could be instrumental to improving in vitro differentiation of clinically 

relevant neuron subtypes for disease modeling. Manipulation of identity stability might 

provide regulation of cellular plasticity toward neuronal subtype regeneration, repopulation, 

and/or functional reconstitution in settings of neuronal circuit damage.

Here, we investigate function of Tle4 in neuron-subtype-specific identity acquisition 

and stability by corticothalamic projection neurons (CThPN) during murine cortical 

development and early post-natal maturation. CThPN belong to the broader class of 

corticofugal projection neurons, including CThPN and subcerebral projection neurons 

(SCPN). CThPN are born early during corticogenesis, at embryonic day (E) 11.5 to E12.5 

in mice, most reside in cortical layer VI (LVI), and they project to thalamus. SCPN are 

born during mid-corticogenesis (peak at E13.5), reside in layer V (LV), and project to the 

brainstem and spinal cord.

Tle4 is a non-DNA-binding transcriptional co-repressor important for differentiation in 

multiple cell types.12–14 In developing cortex, Tle4 is frequently used as a corticothalamic 

marker,15 and recently, it is identified as a regulator of CThPN development.16 Previously, 

we identified Tle4 as a “CThPN identity gene” because it is highly and specifically 

expressed by CThPN, both during embryonic development and throughout early post-natal 

differentiation.3 Because of its specific and temporally extended expression by CThPN, we 

hypothesized that Tle4 might function combinatorially with other regulators of corticofugal 

and CThPN differentiation to regulate acquisition and stability of CThPN identity during 

development, circuit formation, and early post-natal maturation.

Our work identifies that Tle4 is necessary for both acquisition of CThPN identity 

during embryonic corticogenesis and stability of CThPN identity during early post-natal 

circuit maturation in the first post-natal week. Without Tle4, CThPN do not develop 

normal molecular, morphological, or projection identity, and instead they acquire hallmark 

characteristics of SCPN. Importantly, Tle4 is also necessary during early post-natal 

maturation to maintain stable CThPN identity. Loss of Tle4 function during the first 

postnatal week, when CThPN are establishing connections and circuitry is maturing, 

results in upregulation of genes characteristic of SCPN, with extension of aberrant axonal 

projections to subcerebral targets. We identify a deacetylation-based epigenetic mechanism 

mediated by TLE4 regulating Fezf2 expression level during acquisition and early post-

natal maturation of CThPN identity. This mechanism first blocks emergence of SCPN 

identity during CThPN specification, then stabilizes distinct identity of CThPN during 
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circuit establishment and maturation. Thus, Tle4 actively limits plasticity between these 

developmentally related classes of cortical projection neurons.

RESULTS

Tle4 is expressed by developing and mature CThPN

Tle4 is expressed in the embryonic cortex and post-natally in LVI,14,17 where it is 

specifically expressed by CThPN.3,15,16 Tle4 specificity to LVI-CThPN has been determined 

during early post-natal development. However, whether Tle4 neuron-subtype-specific 

expression varies over time and to what extent Tle4 is expressed by distinct subsets of 

CThPN have not been investigated.

Using in situ hybridization (ISH), we find that Tle4 is first expressed in the cortical plate 

at E12.5 by the earliest-born cortical neurons (developing CThPN) (Figure 1B). Expression 

by progenitors is not detected. Embryonically, Tle4 is strongly expressed in the subplate 

and deep cortical plate, where developing CThPN are located (Figure 1C). In previous work 

comparing gene-expression profiles of cortical projection neurons at embryonic and early 

post-natal stages,3 we already determined that Tle4-expressing cells in the cortical plate at 

E18 and LVI at post-natal day (P) 3 and P6 are CThPN (Figure 1A).

During the first post-natal week, most Tle4-expressing neurons reside in LVI and subplate, 

whereas fewer reside in LV (Figures 1C and 1D). Tle4 expression in LV increases during 

post-natal development and persists in adults (Figures 1D–1F, cf. P3, P28, and adult). Tle4 
is also expressed in other structures, including claustrum, striatum, and hippocampus. Tle4 
remains highly expressed in LVI and remnants of subplate throughout post-natal maturation 

and adulthood.

To determine the subtype identity of TLE4+ neurons in LVI, subplate, and LV, we 

retrogradely labeled three major projection neuron subtypes−CThPN, SCPN, and callosal 

projection neurons (CPN)−and immunolabeled for TLE4. We confirmed that essentially all 

LVI-CThPN and CThPN in subplate (SP-CThPN) identified by retrograde labeling from 

the thalamus with cholera toxin-b (Ctb+) or Fast blue (FB+) and by co-labeling with an LVI-

CThPN reporter (Ntsr1-Cre;tdTomatofl18) express TLE4 (Figures 1H–1K). We confirmed 

that most TLE4+ neurons in LVI are CThPN (95% CThPN/LVI-TLE4+); however, only 

17% of TLE4+ neurons in subplate are CThPN (Figure 1I). Most TLE4+ subplate neurons 

are Ntsr1-Cre− (7.5% Ntsr1-Cre+/SP-TLE4+; Figure 1K), consistent with low Ntsr1-Cre 

expression in subplate vs. high expression in LVI.19–21 Relatively few CThPN reside in 

LV.22,23 LV-CThPN are functionally different from LVI-CThPN. LVI-CThPN constitute 

most CThPN and project to all thalamic first-order and higher-order nuclei, where they 

modulate thalamic neurons and do not project to brainstem.24 In contrast, LV-CThPN project 

to the thalamus via collateral branches of main axons, which project to brainstem and spinal 

cord.22,25 In thalamus, LV-CThPN innervate exclusively high-order thalamic nuclei, where 

they provide driver inputs to thalamic relay neurons.26

To investigate whether LV-TLE4+ neurons are CThPN, we performed dual-retrograde 

labeling from thalamus (FB injected in somatosensory nuclei) and pyramidal tract (Ctb). 
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We find that 62% of TLE4+ neurons in LV have dual projections to thalamus and brainstem 

(FB+-Ctb+) (Figure 1L–1N). This likely under-represents the true number of TLE4+ neurons 

that are LV-CThPN, because dual-retrograde labeling usually captures a subtotal fraction of 

a targeted population. Only 2.5% of TLE4+ neurons in LV are SCPN without projection to 

thalamus (Ctb+-FB−; Figure 1N). We find only very few TLE4+ CPN (Figure 1Q). These 

data reveal that Tle4 is constitutively expressed in cortex, that most CThPN (including 

LV-CThPN and LVI-CThPN) express TLE4, and that most TLE4+ neurons in LV and LVI 

are CThPN, but not in subplate.

Tle4 promotes differentiation of CThPN identity and prevents acquisition of SCPN identity 
in early-born cortical neurons

Tle4 is a corepressor with important functions in development of multiple tissues.12–14 

Recently, involvement of Tle4 in CThPN differentiation was reported using a mutant 

mouse allele with a LacZ-ires-Plap cassette in the fourth intron of Tle4.16 To further 

investigate functions of Tle4 in cortical development and CThPN differentiation, we 

employed a constitutive Tle4 null mouse mutant allele (termed Tle4KO), which disrupts 

Tle4 transcription after exon 1 and produces no functional TLE4 protein.13

We investigated cortical cytoarchitecture in Tle4KO mice at P8. There is no difference in 

cortical thickness or cytoarchitecture of superficial layers between wild-type (WT) control 

and Tle4KO cortices. However, Tle4KO LV is significantly expanded at the expense of LVI 

(Figures 2A–2D). We refer to this deeper extension of LV as “extended LV” (Vex). LVI 

is significantly reduced with abnormal cytoarchitecture in which the limits between its 

upper and lower half, as well as between LVI and subplate, are not clearly discernable 

by Nissl stain (Figures 2A and 2B). These changes were observed in all areas analyzed, 

including motor and sensory areas. Further, there is a striking increase in the number of 

large pyramidal neurons (>20-μm diameter) in LVI and LVex in the Tle4KO cortex, normally 

only abundant in LV (18% in LVI of WT vs. 42% in LVI–LVex of Tle4KO; p < 0.01; 

Figure 2E). This aberrant presence of large-diameter neurons in LVI is not due to incomplete 

migration of LV neurons at P8, because it persists in adult Tle4KO (Figures S1A and 

S1B). This LVI reduction with LV expansion in Tle4KO hypothetically might be a result of 

abnormal production, migration, and/or differentiation of neurons. To distinguish between 

these possibilities, we performed bromodeoxyuridine (BrdU) birth-dating at E11.5, E12.5, 

E13.5, and E14.5 (peaks of subplate, CThPN, SCPN, and superficial layer-CPN generation, 

respectively) and analyzed the number and distribution of BrdU+ neurons across layers at 

P6. There is no significant difference in number or distribution of BrdU+ neurons at these 

stages (Figure S1C), indicating that neuronal generation and migration are unaffected in 

Tle4KO. These results are consistent with the report of normal neuron migration in Tle4Laz 

mutants.16

Because neuron generation and migration are normal in Tle4KO cortices, the presence 

of large-diameter pyramidal neurons in LVI indicates that early-born neurons, which 

normally become smaller pyramidal LVI-CThPN, do not differentiate normally without 

Tle4 and acquire at least a cardinal size of SCPN. Thus, we investigated whether additional 
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characteristics of SCPN identity emerge in early-born neurons positioned in LVI in the 

Tle4KO cortex.

Long apical dendrites with tufts reaching LII–III and LI are characteristic of SCPN, whereas 

CThPN usually have shorter apical dendrites extending only to LIV. Using the CThPN-

specific reporter Ntsr1-Cre:tdTomatofl, we visualized dendrites of neurons that normally 

become CThPN in the somatosensory cortex of Tle4KO and Tle4+/− mice. In controls, 

dendritic apical tufts from Ntsr1-Cre:tdTomato+ neurons do not extend beyond IV. However, 

in Tle4KO, there are significantly increased tdTomato+ apical dendrites aberrantly extending 

into superficial LII/III and reaching LI (Figures S1E–S1K).

We investigated whether CThPN molecular identity is altered in Tle4KO. Using ISH and 

immunolabeling, we investigated expression of genes known to be expressed by CThPN in 

LVI and subplate.3 Across cortical areas, there is a strong downregulation of corticothalamic 

markers Fog2, FOXP2, DARPP32, and Shb in LVI and subplate of Tle4KO mice (Figures 2F 

and 2G). Also, there is moderate downregulation of TBR1 and Cxxc5 in LVI and subplate 

(Figures S1L–S1M). We investigated potential changes in molecular identity in subplate 

by analyzing expression of subplate markers Ctgf and NURR127; both are also strongly 

downregulated in the Tle4KO cortex.

Consistent with expression reported in Tle4Laz mutant mice, we find strong upregulation of 

SCPN genes (Fezf2, CTIP2, Clim1, Crymu, Bhlhb5, Id2, Pcp4, S100a10) by aberrant LVI 

and subplate neurons in the Tle4KO cortex (Figures 2H, 2I, S1N, and S1O). Importantly, 

there is especially strong upregulation across LVI and subplate of Fezf2 (SCPN “selector” 

gene) (Figures 2H and 2I). Together, these results indicate that early-born neurons in LVI 

and subplate do not develop appropriate CThPN molecular identity or morphology in the 

Tle4KO cortex and instead acquire central SCPN identity characteristics, suggesting either 

improper identity refinement between these subtypes or a fate switch between them.

To investigate whether abnormally developing CThPN in Tle4KO mutants switch fate to 

become SCPN, we examined whether they extend subcerebral axonal projections. We 

labeled SCPN by injecting Ctb into the pyramidal tract at P3 and determined their location 

in cortex at P6. In controls, Ctb+ SCPN are restricted to LV. In Tle4KO mice, we find 

significantly more Ctb+ SCPN; these are located in LV, LVI, and subplate. Many of the 

additional Ctb+ SCPN are located just deep to the normal LV border, in LVex, appearing 

as a thicker LV extending deeper into LVI (Figures 3A–3D). We observed this increased 

distribution of SCPN in all cortical areas analyzed (frontal, parietal, and occipital cortices). 

Combining BrdU birth-dating and SCPN retrograde labeling, we find significantly more 

SCPN (Ctb+) born during the usual peak of CThPN neurogenesis in the Tle4KO cortex 

(BrdU at E11.5, p < 0.01; BrdU at E12.5, p < 0.05; Figures 3K–3M). In the Tle4KO cortex, 

the percentage born at E12.5 that strongly express CTIP2 is increased (Figures 3K–3N), and 

the percentage born at E11.5–E12.5 that express FOG2 is decreased (Figures 3O–3Q). These 

results indicate that, in Tle4KOmice, many early-born neurons fate-switch to become SCPN.

Early-born neurons might still develop thalamic projections despite abnormal CThPN 

molecular identity. To investigate this hypothesis, we visualized CThPN axons in 
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somatosensory thalamic nuclei ventrobasal (VB) and posterior (Po) at P6 using Ntsr1-
Cre:tdTomatofl (CThPN-specific) and Emx1-Cre:tdTomatofl (cortex-specific) reporters 

crossed into Tle4KO. Corticothalamic axons start innervation of somatosensory nuclei 

at E18.5; by P4, CThPN projections extensively cover these nuclei.28,29 We find 

strong reduction of thalamic projections to somatosensory nuclei (VB + Po) 

in Ntsr1-Cre:tdTomatofl:Tle4KO (45% reduction, p < 0.01; Figure 3G) and Emx1-
Cre:tdTomatofl:Tle4KO mice (30% reduction, p < 0.05; Figure 3J) compared with their 

respective controls.

To investigate whether this reduction in LVI-CThPN projections affects first-order nucleus 

VB, higher-order nucleus Po, or both, we quantified tdTomato+ LVI-CThPN projections in 

VB and Po independently. We find that LVI-CThPN innervation significantly decreases in 

both VB and Po (57% reduction in the VB and 40% reduction in Po, relative to innervation 

in control mice) (Figure 3G). Although thalamic projections are reduced, CThPN still 

innervate thalamus in mutants, and innervation appears normal, with no aberrant projections 

to targets outside thalamus, and consistent with the temporal pattern expected at P6.

We investigated whether LVI fate-converted SCPN also bear projections to the thalamus, 

which would reflect their original corticothalamic fate. We performed dual-retrograde 

labeling from thalamus and brainstem in mutants and controls. In both Tle4KO and controls, 

there are neurons with dual projections only in LV (normal LV-CThPN population). In 

Tle4KO mice, fate-converted SCPN in LVex and VI are labeled only from injections in 

the pyramidal tract, indicating that they do not bear collaterals to thalamus, and thus that 

they override initial corticothalamic projection identity (Figures 3R–3X). Together, these 

results demonstrate that in the Tle4KO cortex, early-born neurons do not acquire normal 

CThPN identity, and although many still project to thalamus, others fate-switch and acquire 

morphological, molecular, and projection identity typical of SCPN.

Fezf2, Ctip2, and Fog2 are dysregulated in all fate-converted SCPN in Tle4KO mice

In Tle4KO mice, only a subset becomes SCPN (fate-converted SCPN). To investigate 

molecular changes specifically associated with this switch of projection identity, we 

identified fate-converted SCPN by retrograde labeling from brainstem, and we analyzed 

expression of genes critical for axonal projection identity in SCPN (Fezf2, Ctip2, and 

Bhlbh5)30–34 and CThPN (Tbr1, Fog2).3,35–37

Fezf2 is critical for SCPN development.30–32 In Tle4KO mice, Fezf2 is strongly upregulated 

by virtually all fate-converted SCPN (99% of Ctb+ in LVex, 95% of Ctb+ LVI and subplate) 

and also by LVI neurons that do not become SCPN (Figures 4A, 4B, and 4K). This suggests 

that, although Fezf2 upregulation is required to convert early-born neurons into SCPN, it is 

not the only factor responsible for the projection pattern change. Virtually all fate-converted 

SCPN strongly express CTIP2 (97% of LVex SCPN, 96% of LVI-subplate SCPN; Figures 

4C, 4D, and 4K). In contrast, Bhlhb5 is specifically expressed by fate-converted SCPN in 

LVex, but not by fate-converted SCPN in LVI (93% in Vex SCPN, <1% in LVI-subplate 

SCPN; Figures 4E, 4F, and 4K). Bhlhb5 is critical for differentiation of specific SCPN 

subsets.34 Differential expression of SCPN genes in distinct fate-converted SCPN subsets 

suggests differences in projection pattern or plasticity.
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TBR1 normally determines CThPN identity and represses Fezf2 in early-born neurons.35,37 

In Tle4KO mice, TBR1 expression is slightly reduced but remains in LVI and subplate 

neurons, where it is co-expressed with Fezf2. TBR1 is not expressed by fate-converted 

SCPN in LVex but is expressed by fate-converted SCPN in LVI (Figures 4G, 4H, and 4K). 

This indicates that the level of TBR1 repression of Fezf2 is context dependent, and that 

TBR1 expression does not necessarily preclude axonal projection to subcerebral targets.

Importantly, FOG2 is strongly downregulated in Tle4KO mice and is barely expressed by 

any fate-converted SCPN (0% FOG+-Ctb+ in Vex, 3% FOG+-Ctb+ in LVI-subplate; Figures 

4I– 4K). FOG2 downregulates Ctip2 expression in a context-specific manner and reduces 

axonal projections to brainstem when mis-expressed in SCPN.3 Collectively, these data 

reveal that expressions of Fezf2, Ctip2, and Fog2 are dysregulated by all fate-converted 

SCPN in Tle4KO mice, and that fate-converted SCPN in LVex are more similar to the normal 

WT SCPN population than to fate-converted SCPN in LVI.

Area-specific projection identity is preserved in the absence of Tle4

Although fate-converted SCPN project into the pyramidal tract, it remained possible that 

they might not reach area-appropriate targets in brainstem and spinal cord corresponding to 

their cortical area of origin and project instead to inappropriate targets. To investigate this 

possibility, first, we investigated whether ectopic subcerebral projections exist in Tle4KO 

brains. Because all SCPN, including fate-converted SCPN, strongly express Fezf2, we 

used Fezf2+/PLAP mice as a reporter31 to label SCPN projections in brainstem. In P21 

Fezf2+/PLAP:Tle4+/− mice, PLAP-positive axons appropriately innervate superior colliculus 

and extend along the pyramidal tract. In Fezf2+/PLAP:Tle4KO mice, there are more PLAP-

positive axons in superior colliculus (Figures S2A′, S2B′, S3A′, and S3B′), cerebral 

peduncle, and pyramidal tract (Figures S2A″, S2B″, S2C, S2D, S3A″, and S3B″), but 

no ectopic projections to abnormal targets (Figures S2A–S2D, S3A, and S3B). The same is 

true using Emx1-Cre:tdTomatofl reporter to label all axons from cortical projection neurons, 

regardless of their expression of Fezf2. There are more tdTomato+ axons in the cerebral 

peduncle and superior colliculus in Emx1-Cre:tdTomatofl: Tle4KO compared with controls, 

but no frankly ectopic projections (Figures S3C–S3H), indicating that fate-converted SCPN 

do not project aberrantly to inappropriate targets.

We investigated whether fate-converted SCPN project with the same area specificity as 

normal SCPN. In adult WT mice, SCPN in somatosensory cortex project to pons and 

superior colliculus, whereas SCPN in visual cortex project only to the superior colliculus.1,2 

Using double labeling from the pyramidal tract at the level of pons (Ctb) and superior 

colliculus (FB), we investigated whether fate-converted SCPN preserve appropriate area-

specific projection targeting (Figure S4A). As expected in adult controls, there are SCPN in 

LV of somatosensory cortex double-labeled from pons and superior colliculus (Ctb+-FB+) 

(Figures S4B and S4D–S4D″′), and SCPN in LV of visual cortex are labeled from only 

superior colliculus (FB+) (Figures S4B and S4F–S4F″′). In Tle4KO mice, similarly, there 

are Ctb+-FB+ SCPN in the somatosensory cortex, but they are present more broadly in LV, 

LVex, and LVI (Figures S4B and S4E–S4E″′). Importantly, in the Tle4KO visual cortex, 

there are only FB+ SCPN, again located more broadly in LV, LVex, and LVI (Figures 
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S4B and S4G–S4G″′), indicating that fate-converted SCPN remain area appropriate. In the 

visual cortex, SCPN project specifically to their corresponding visual targets, but not to 

pons, as do SCPN from other areas (Figure S4C). We investigated area specificity further 

and confirmed area specificity of Tle4KO fate-converted SCPN projections to the spinal 

cord. Although there are more corticospinal neurons innervating the cervical spinal cord 

(CSNc) in Tle4KO compared with control mice, in both groups, the CSNc is restricted to the 

rostral motor cortex (Figures S4H–S4J). Therefore, although Tle4 is critical for distinction 

of CThPN and SCPN subtype identities, it is not necessary for acquisition of area-specific 

identity. Fate-converted SCPN resulting from loss of Tle4 function acquire area-appropriate 

and area-specific axonal connectivity matching that of endogenous SCPN.

Tle4 is necessary to preserve CThPN identity during circuit formation and maturation

Because Tle4 is expressed by CThPN from development through adulthood (Figure 1F), we 

investigated whether Tle4 might also function during early post-natal CThPN maturation 

using Tle4floxed mice (Tle4fl/fl).13 We focused on somatosensory CThPN and induced 

recombination of the Tle4fl/fl allele at two maturation stages: (1) when CThPN axons 

begin to innervate somatosensory thalamic nuclei (perinatally) and (2) when CThPN are 

forming synaptic connections with thalamic neurons (during the first postnatal week). In 

mice, corticothalamic axons start innervating somatosensory nuclei, specifically VB, at 

E18.5,28,29,38 and by P′–1 they are establishing immature yet functional synapses that elicit 

EPSPs in VB neurons.39,40 By P4, corticothalamic axons have completely covered and 

innervated somatosensory nuclei VB and Po, as well as other lateral nuclei except for lateral 

geniculate nucleus (LGN), innervated last.28

We investigated the function of Tle4 when CThPN axons are innervating the thalamus using 

Ntsr1-Cre:Tle4fl/fl mice. First, we determined when Cre expression starts in Ntsr1-Cre mice 

and its specificity to CThPN at perinatal stages. Robust Cre expression starts at E18 to P′ 
in the somatosensory cortex in Ntsr1-Cre;tdTomatofx mice (Figures S5A–S5D). Therefore, 

in the Ntsr1-Cre:Tle4fl/fl somatosensory cortex, Tle4 mutation occurs starting at E18, when 

CThPN axons are invading somatosensory nuclei. We confirmed that Ntsr1-Cre is expressed 

specifically by CThPN at perinatal stages, as well as at post-natal and adult stages. At 

P1, Ntsr1-Cre:tdTomato+ neurons express CThPN marker FOG2, but they do not express 

high-level CTIP2 (Figures S5E and S5F″).

In Ntsr1-Cre:Tle4fl/fl mice, Fezf2 and CTIP2 are upregulated by CThPN, as in Tle4KO 

mice (Figures 5A–5D′). To investigate whether CThPN convert into SCPN, we retrogradely 

labeled SCPN at P3 and determined their location in the somatosensory cortex at P7. In 

Ntsr1-Cre:Tle4fl/fl mice, in addition to normal LV SCPN, there are retrogradely labeled 

SCPN in LVex, LVI, and subplate (Figures 5I, 5I′, and 5J), although these are less abundant 

than in Tle4KO mice. In Tle4fl/fl controls, SCPN are restricted appropriately to LV (Figures 

5G, 5G′, and 5J). In Ntsr1-Cre:Tle4fl/fl mice, LVex SCPN and LVI SCPN upregulate CTIP2 

and downregulate FOG2 expression, as in Tle4KO mice (Figures 5K and 5L). This indicates 

that both molecular and projection identity can be “reprogrammed” in CThPN at stages 

when their axons have already started to innervate the thalamus (E18 to P0).
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To investigate whether axonal projections of reprogrammed SCPN (LVex SCPN and LV 

SCPN) are transitory or stable, we visualized axons of Ntsr1-Cre+ neurons in the pyramidal 

tract of Ntsr1-Cre:tdTomatofl:Tle4fl/fl and Ntsr1-Cre:tdTomatofl: Tle4fl/WT control mice 

at P28. As expected, there are no tdTomato+ axons in the pyramidal tract of Ntsr1-
Cre:tdTomatofl: Tle4fl/WT controls (Figures 5M, 5M′, and 5O). Strikingly, there are 

tdTomato+ axons in the pyramidal tract of Ntsr1-Cre: tdTomatofl:Tle4fl/fl mice (Figures 

5N, 5N′, and 5O), indicating that reprogrammed SCPN maintain durable projections to 

subcerebral targets.

We investigated whether reprogramming of CThPN into SCPN by loss of Tle4 function 

can be induced even later, after corticothalamic synapses have already become functional. 

In somatosensory nuclei, corticothalamic synapses elicit EPSPs by P1.39 We injected 

adeno-associated virus (AAV)-encoding Cre (AAV-Cre) at P3 in one cortical hemisphere 

and control-AAV virus in the contralateral cortex of tdTomatofl:Tle4fl/fl mice (Figure 6A). 

We confirmed that recombination starts 24–48 h after AAV-Cre injection. Remarkably, 

Fezf2 is still upregulated in LVI and subplate in the AAV-Cre-injected area, but not in 

control contralateral cortex (Figures 6B and 6B′). Also, other SCPN molecular controls 

are upregulated and CThPN molecular controls are downregulated in LVI in the AAV-Cre 

injected area, but not in the contralateral cortex (Figure S6). These results indicate that loss 

of Tle4 function between P3 and P5 reprograms molecular identity of CThPN.

To investigate whether projection identity is also plastic and might be reprogrammed 

at this post-natal maturation stage, we performed AAV-Cre and control-AAV injections 

at P3, retrogradely labeled SCPN at P5, and determined their location in cortex at 

P12. Quite strikingly, there are non-standard, retrogradely labeled SCPN in LVI and 

subplate (reprogrammed from CThPN) in the AAV-Cre-injected area, but not in the control 

contralateral area (Figures 6C and 6D). These reprogrammed SCPN are located at a range 

of depths in LVI and subplate (Figure 6D), but we do not identify a distinct LVex as in 

Ntsr1-Cre:tdTomatofl:Tle4fl/fl or Tle4KO mice.

Together, these data indicate that Tle4 expression is necessary to preserve molecular and 

projection identity of CThPN during circuit formation and early post-natal maturation, and 

that some CThPN can reprogram both their molecular and projection identity at stages when 

corticothalamic synapses already have been established and the circuit is maturing.

TLE4 and FEZF2 form a transcription-regulatory complex that modulates activation of 
Fezf2-regulatory regions in developing CThPN

Distinct levels of Fezf2 are required for correct development of distinct corticofugal 

subtypes: high Fezf2 expression by SCPN and low Fezf2 expression by CThPN.30–32,41 

In Tle4KO mice, abnormally high expression of Fezf2 by CThPN likely disrupts their 

differentiation. TLE4 and FEZF2 proteins interact directly,16,42 and importantly both 

regulate CThPN development.16 However, how TLE4 and FEZF2 proteins function together 

in regulating CThPN differentiation has not been addressed. We hypothesized that a TLE4-

FEZF2 complex regulates Fezf2 expression by developing CThPN to achieve correct Fezf2 
dosage required for appropriate CThPN differentiation and distinction from SCPN.
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To investigate this hypothesis, we first confirmed that TLE4 and FEZF2 interact in cortical 

neurons at E15.5 via co-immunoprecipitation (coIP) of TLE4-FLAG and HA-FEZF2 

proteins (Figure 7A). FEZF2 contains an Engrailed1 (Eh1) homology domain, which binds 

to either the C-terminal tryptophan-aspartic repeat (WDR) domain (also called WD40) or 

the N-terminal Q-domain of TLE co-repressors.43–46 To determine the specific domain 

of TLE4 required for interaction with FEZF2, we generated truncated forms of TLE4 

lacking either the WDR domain (FLAG-TLE4-ΔWDR) or the Q-oligomerization domain 

(FLAG-TLE4-ΔQ), and we tested their ability to pull down HA-FEZF2. CoIP experiments 

reveal that, although full-length FLAG-TLE4 and FLAG-TLE4-ΔQ bind and pull down 

HA-FEZF2, FLAG-TLE4-ΔWDR does not pull down HA-FEZF2 (Figure 7A). These results 

indicate that the WDR domain is required for interaction of TLE4 with FEZF2.

Next, we investigated whether TLE4 and FEZF2 bind to putative regulatory regions flanking 

the Fezf2 locus. Two putative regulatory regions (3 kb upstream and 4.5 kb downstream 

of Fezf2) were selected for analysis based on their sequence conservation in mammals, 

presence of defined enhancers, and presence of predicted FEZF2-binding motifs.47,48 To 

investigate whether TLE4 and FEZF2 bind to loci in these putative Fezf2 regulatory regions, 

we performed chromatin immunoprecipitation (ChIP) from E15.5 neurons expressing HA-

FEZF2 and FLAG-TLE4, followed by qPCR with overlapping primer sets to fully screen 

the Fezf2-downstream region (loci 1–23; Figure 7B). Compared with non-specific IgG 

pull-down, ChIP with anti-HA antibody (ChIP-FEZF2) was enriched in loci in both Fezf2-

upstream and -downstream regions. However, ChIP with anti-FLAG antibody (ChIP-TLE4) 

was enriched only in loci downstream of Fezf2. Therefore, we focused on the region 4.5 kb 

downstream of Fezf2 as a putative regulatory region controlled by TLE4-FEZF2.

Loci with >10-fold enrichment by ChIP-FEZF2 and ChIP-TLE4 were considered co-

occupied by FEZF2-TLE4. Under this strict selection criterion, we identify two loci co-

occupied by FEZF2-TLE4 in the Fezf2-downstream region (locus [LC] 7: ChIP-FEZF2 

51-fold, ChIP-TLE4 29-fold; LC17: ChIP-FEZF2 10-fold, ChIP-TLE4 153-fold; Figure 7B).

The presence of two neighboring co-occupied loci suggests that the Fezf2-downstream 

region is regulated by the FEZF2-TLE4 complex. However, to directly investigate this 

possibility, we tested transcriptional activity from this region under multiple conditions. 

We cloned this putative regulatory region into a luciferase reporter construct (pGL3-Fezf2-

downstream-luc) and transfected E15.5 WT neurons with either pGL3-Fezf2-downstream-

luc alone (baseline control) or together with constructs to express TLE4, FEZF2, or 

TLE4+FEZF2 (Figure 7D). Relative to baseline activation (Fezf2-downstream-luc), either 

TLE4 or FEZF2 reduces transcriptional activation from this region (28% luc-activity 

reduction with TLE4, 42% reduction with FEZF2; Figure 7D). Strikingly, when both 

TLE4 and FEZF2 are co-transfected, reduction is stronger (60% luc-activity reduction). 

Together with results identifying loci co-occupied by TLE4 and FEZF2 (Figure 7B), these 

data strongly suggest that the FEZF2-TLE4 complex regulates transcription in the Fezf2-

downstream region.

However, it was theoretically possible that co-expressed TLE4 and FEZF2 might bind to 

other factors instead of working together to downregulate transcription. To investigate the 
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requirement of the FEZF2-TLE4 complex for regulation in the Fezf2-downstream region, 

we investigated the activity of pGL3-Fezf2-downstream-luc in the presence of a truncated 

form of FEZF2 (FEZF2-ZF), which preserves the zinc-finger DNA-binding domain but 

lacks the Eh1 domain that binds TLE4. FEZF2-ZF strongly activates transcription from the 

Fezf2-downstream region (Figure 7D), supporting the interpretation that FEZF2 interaction 

with TLE4 (or with other co-repressors via the Eh1 domain) is necessary to downregulate 

expression from this region.

To investigate the requirement of TLE4 for regulation in the Fezf2-downstream region, we 

tested the activity of pGL3-Fezf2-downstream-luc in cortical neurons from E15.5 Tle4KO 

embryos. The cortical plate at E15.5 is mostly composed of developing deep-layer neurons, 

which in Tle4KO embryos strongly express Fezf2. Transcription from the Fezf2-downstream 

region is strongly downregulated after expression of TLE4 alone or TLE4+FEZF2 in 

Tle4KO neurons (81% lucactivity reduction with TLE4, 62% luc-activity reduction with 

TLE4+FEZF2; Figure 7E), indicating that the presence of TLE4 is critical for strong 

repression in this region. Importantly, expression of non-functional forms of TLE4 (TLE4-

DWDR or TLE4-DQ) does not alter transcriptional activity (Figure 7E). Interestingly, 

expression of FEZF2 alone in Tle4KO neurons downregulates activity of pGL3-Fezf2-

downstream-luc (49% luc-activity reduction with FEZF2; Figure 7E), suggesting that 

FEZF2 might recruit other co-repressors, in addition to TLE4, to regulate activity in this 

region. Further, we investigated the requirement of FEZF2 for regulation of the Fezf2-

downstream region using neurons from E15.5 Fezf2KO embryos (Figure 7F). In Fezf2KO 

mice, expression of TLE4 by cortical neurons is reduced.16,31 After rescuing expression of 

FEZF2 in Fezf2KO neurons, activity of pGL3-Fezf2-downstream-luc is downregulated (33% 

luc-activity reduction with FEZF2), and it is strongly downregulated after co-expression 

of TLE4+FEZF2 (60% luc-activity reduction with TLE4+FEZF2; Figure 7F). Importantly, 

transfection of TLE4 alone in Fezf2KO neurons does not affect activity of pGL3-Fezf2-

downstream-luc, indicating that FEZF2 is required for recruitment of TLE4 as a co-repressor 

to regulate transcription in the Fezf2-downstream region. Collectively, these data indicate 

that TLE4 and FEZF2 form a regulatory complex that downregulates transcriptional activity 

from the Fezf2-downstream region, and although FEZF2 conceivably might also recruit 

other factors, TLE4-mediated repression in this region depends on the presence of FEZF2.

TLE4-FEZF2 complex modulates chromatin state of loci regulating Fezf2 expression 
during CThPN differentiation and maturation

TLE4 binds histone deacetylases (HDACs) to mediate repression.49,50 HDACs recruited to 

loci co-occupied by FEZF2-TLE4 in the Fezf2-downstream region might likely change 

chromatin conformation state at these loci, compacting chromatin and reducing Fezf2 
expression level. We investigated whether the acetylation level at co-occupied locicorrelates 

with level ofexpression of Fezf2 by distinct corticofugal subtypes and with expression of 

Fezf2 by CThPN at progressive developmental stages.

Because Fezf2 is strongly expressed by SCPN and Tle4KO-CThPN and is weakly 

expressed by WT CThPN, we compared acetylation level at LC7, co-occupied by 

TLE4-FEZF2 (Figure 7B) in these three neuron populations. We isolated WT SCPN, 
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CThPN, and Tle4KO-CThPN from Rbp4-Cre:tdTomatofl, Ntsr1-Cre: tdTomatofl, and Ntsr1-
Cre:tdTomatofl:Tle4fl/fl P0 pups, respectively, and performed ChIP-qPCR for the open 

chromatin mark acetylated histone 3-lysine 9 (AcHis3K9). ChIP-AcHis3K9 qPCR values 

at LC7 were normalized to ChIP-AcHis3K9 qPCR values at a constitutively active locus 

(Gapdh). In WT CThPN, LC7 is significantly less acetylated than in SCPN (5-fold 

enrichment in WT-CThPN vs. 18-fold enrichment in SCPN; p < 0.01; Figure 7C). This 

is consistent with the presence of FEZF2-TLE4 complex recruiting HDACs to this locus 

in CThPN, but not in SCPN, in which lack of TLE4 expression prevents formation of the 

complex. Importantly, LC7 is also significantly more acetylated in Tle4KO-CThPN than in 

WT-CThPN (5-fold enrichment in WT-CThPN vs. 9.6-fold enrichment in Tle4KO-CThPN; 

p < 0.05; Figure 7C). In comparison, acetylation level at a locus of the Fezf2-downstream 

region not co-occupied by TLE4 and FEZF2 (LC13) is not significantly different between 

WT-CThPN, SCPN, and Tle4KO-CThPN (0.5-fold enrichment in SCPN, 0.3-fold enrichment 

in WT-CThPN, 0.22-fold enrichment in Tle4KO-CThPN; Figure 7C). Therefore, we identify 

at least one locus (LC7) co-occupied by FEZF2-TLE4 differentially acetylated in CThPN, 

SCPN, and Tle4KO-CThPN and that reduced acetylation at this locus correlates with lower 

Fezf2 expression in these corticofugal neuron subtypes.

We investigated whether the acetylation level at LC7 changes during CThPN embryonic 

and post-natal differentiation, reflecting Fezf2 expression changes by CThPN during this 

period. Embryonic CThPN express Fezf2 strongly, but Fezf2 is progressively reduced post-

natally and maintained at a low level (Figure 7G). We isolated E15.5 cortical neurons, P0 

CThPN, and P6 CThPN (from P0 and P6 Ntsr1-Cre:tdTomatofl mice) and performed ChIP-

AcHis3K9 qPCR at LC7. Strikingly, acetylation at LC7 drastically decreases post-natally 

compared with E15.5 (152-fold enrichment at E15.5, 58-fold enrichment at P0, 13.8-fold 

enrichment at P6; p < 0.01; Figure 7H). Importantly, the acetylation level of a nearby 

locus not co-occupied by FEZF2-TLE4 (LC13) does not change overtime(Figure 7H). 

Therefore, progressive deacetylation at loci regulated by FEZF2-TLE4 complex correlates 

with progressive reduction of Fezf2 expression by CThPN during differentiation.

DISCUSSION

Our results reveal that Tle4 is necessary during embryonic development for acquisition of 

precise CThPN identity by early-born cortical neurons and for differentiated CThPN to 

preserve distinct identity during early post-natal maturation. We identify mechanistically 

that TLE4 is recruited by FEZF2 to control the expression level of Fezf2 in CThPN during 

embryonic and post-natal development. This epigenetic mechanism contributes importantly 

to distinction of corticofugal subtypes and ensures appropriate maturation of CThPN.

Consistent with observations in Tle4LacZ/LacZ mice,16 our experiments reveal substantial 

abnormalities of CThPN development in Tle4KO mice.13 In both Tle4 mutant models, the 

expression of important SCPN controls are upregulated by CThPN, expression of CThPN 

controls are downregulated, dendritic development of CThPN is abnormal, and projection to 

thalamus appears along the normal trajectory, although reduced in Tle4KO mice, indicating 

that Tle4 is necessary to acquire CThPN identity but does not directly instruct CThPN 

axons to extend into the thalamus. In Tle4KO mice, specific subsets of neurons fate-switch 
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and become SCPN. These neurons not only exhibit abnormal gene expression but also 

abnormal SCPN-like somatic morphology, with axonal projections to the brainstem and/or 

spinal cord. Although some phenotypic differences between mutant models are expected 

because of differing gene-targeting approaches, overall, results of loss of Tle4 function 

across both mutant models largely overlap, revealing the importance of Tle4 function in 

CThPN development.

Without Tle4, strong upregulation of Fezf2 by developing CThPN contributes importantly 

to their abnormal differentiation. Fezf2 is critical for differentiation of corticofugal neurons 

and to instruct SCPN identity.30–32 Elegant experiments by Tsyporin et al.16 highlighted 

the importance of Fezf2 in regulating CThPN development and suggested that FEZF2 and 

TLE4 together regulate CThPN differentiation. Our work mechanistically identifies that the 

FEZF2-TLE4 complex controls CThPN differentiation by regulating the level of expression 

of Fezf2 by CThPN. TLE4 is recruited by FEZF2 to control chromatin conformation at 

loci regulating Fezf2 expression during CThPN embryonic and post-natal development. This 

epigenetic mechanism contributes to critical regulation of FEZF2 dosage for appropriate 

distinction of corticofugal subtypes embryonically and for postnatal maturation of CThPN.

Our data support the emerging interpretation that intrinsic molecular diversity of CThPN 

contributes to their differential plasticity, rendering some specific CThPN subsets more 

amenable to fate-switch into SCPN.3,51 The result that fate-converted SCPN in LVex are 

more similar to normal WT SCPN than fate-converted SCPN in LVI is consistent with the 

idea that distinct CThPN subsets have intrinsic expression differences that contribute to their 

differential plasticity. These intrinsic differences might be critical for correct implementation 

of the SCPN identity program following upregulation of Fezf2.

Tle4 functions are important beyond corticofugal differentiation, potentially enabling control 

over directed differentiation or trans-differentiation of corticofugal lineages. There is 

substantial interest in understanding how to differentiate specific neuron subtypes in vitro 
that faithfully reflect the characteristics of neuron subtypes in vivo6,52 and in reprogramming 

existing neuron types into others to replace or compensate for those selectively vulnerable 

in disease, e.g., SCPN in amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). 

For such hypothetical approaches to offer optimal benefit, conversion to, e.g., SCPN, would 

need to reflect broad connectivity and molecular features of desired new neuron subtypes, 

not just a few molecular markers. Regulation by Tle4 loss of function of broad SCPN 

molecular expression and connectivity offers promise in this regard.

Some aspects of neuron-subtype identity remain plastic at least briefly after initial 

development. Characteristics of cortical neuron identity, including gene expression, dendritic 

morphology, and electrophysiological properties, have been reprogrammed early post-

natally in mice.8,9 However, projection identity of cortical projection neurons has been 

successfully reprogrammed only embryonically. Mis-expression of Fezf2 in CPN at E17.5 

induces extension of axonal projections to subcortical structures.8 However, it is important 

to note that, at this stage, CPN are immature and are still extending axons dorsal to striatum 

toward the midline, amenable to re-direction ventrally into the striatum. Re-direction 
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of SCPN connectivity by cortical neurons has not been previously reported at later 

developmental or post-natal stages.

Our experiments inducing Tle4 mutation post-natally reveal a more extended time window 

for neuron plasticity and projection identity reprogramming in CThPN compared with 

other cortical neuron subtypes. It is striking that some CThPN can change their axonal 

connectivity even after P3, especially because they are the earliest-born cortical neuron 

subtype, and they are establishing synaptic connections in the thalamus at this post-natal 

stage. It will be interesting to understand whether this extended time window for identity 

reprogramming exhibited by CThPN reflects intrinsically enhanced capacity for plasticity 

of this subtype, or perhaps reflects that identity reprogramming might be more effectively 

accomplished between neuron subtypes with similar developmental trajectories (in this case 

between corticofugal subtypes).

The epigenetic mechanism identified here contributes to establishing distinction between 

CThPN and SCPN subtypes and to maintaining CThPN identity during post-natal 

maturation. Developing CThPN express TLE4 as soon as they are positioned in the 

cortical plate. The TLE4-FEZF2 complex likely starts functioning at this early stage 

to progressively reduce FEZF2 expression level and thus direct correct acquisition of 

CThPN identity. Post-natally, continuous Tle4 expression and function of the TLE4-

FEZF2 complex in CThPN ensure low-level expression of Fezf2, which our experiments 

identify as necessary to maintain CThPN identity and avoid reprogramming into SCPN. 

Similarly, Tbr1 is critical for development of CThPN identity by early-born cortical 

neurons, and its continued expression is important for maintaining CThPN molecular 

identity, dendritic morphology, and synaptic properties.11 Together, Tle4 and Tbr1 might 

regulate complementary mechanisms controlling maintenance of broad molecular and 

input-output connectivity characteristics of CThPN identity. Interestingly, other important 

developmental controls over cortical neuron-subtype identity, including Fezf2,30–32 Ctip2,33 

Sox5,53,54 Couptf1,51 and Fog2,3 are also expressed continuously during post-natal cortical 

development (Allen Mouse Brain Atlas: http://mouse.brain-map.org). Perhaps they might 

also have additional functions during neuron maturation that are not yet investigated. 

Our work here underscores the importance of regulating not only early neuron identity 

acquisition but also neuron-subtype identity stability during maturation for correct long-term 

functions of neurons.

Limitations of the study

In Tle4KO mice, there might be additional, perhaps subtle, alterations of CThPN, such 

as intra-thalamic rearrangement of projections. Changes in patterns of LV-CThPN and LVI-

CThPN projections to first-order and higher-order nuclei are one conceivable possibility. 

This kind of cross-hierarchical intrathalamic plasticity has been observed in sensory 

nuclei after sensory deprivation.55–57 In our experiments, we find no change in number 

of LV-CThPN in Tle4KO, but our experiments did not investigate whether subtle intra-

thalamic projection phenotypes or intra-thalamic plasticity occurs, so we cannot exclude this 

possibility.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Jeffrey D. Macklis 

(jeffrey_macklis@harvard.edu), or via AddGene for already-deposited constructs.

Materials availability—All unique/stable reagents generated in this study are available 

with a materials transfer agreement from the lead contact for academic, non-commercial 

use; negotiation and completion of a materials transfer agreement with Harvard University is 

required if there is potential for commercial application.

Data and code availability

• The DOIs of key resources are listed in the key resource table. Other data 

reported on this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All mouse studies were approved by the Harvard University or previously Massachusetts 

General Hospital IACUCs, and were performed in accordance with institutional and federal 

guidelines. Tle4KO and Tle4floxed mice were described in.13 Emx1-Cre (stock number 

005628) and tdTomatofl (Ai14-Rosa26-tdTomatofl-stop-fl; stock number 007914) mice were 

purchased from Jackson Laboratories. Ntsr1-Cre (RRID:MGI_3836636, stock number 

030648-UCD) and Rbp4-Cre ((RRID:MGI_4367067, stock number 031125-UCD) mice 

were generated by the GENSAT project,59 and were purchased from MMRRC. Fezf2-PLAP 
mice were the generous gift of Dr. S. McConnell at Stanford University.31 The morning 

of vaginal plug detection was designated D′.5, and the day of birth as P0. Unless noted 

otherwise, all experiments with Tle4KO were controlled with Tle4+/+, although no abnormal 

cortical phenotypes were observed in Tle4+/−.

METHOD DETAILS

Immunocytochemistry and in situ hybridization—Brains were fixed and stained 

using standard methods.30,53 Primary antibodies and dilutions used: rat anti-BrdU, 1:750 

(Accurate Chemical and Scientific Corporation Cat# OBT-0030 RRID:AB_2341179); rat 

anti-CTIP2, 1:500 (Abcam Cat# ab28448, RRI-D:AB_1140055); rabbit anti-DARPP-32, 

1:250 (Cell Signaling Technology Cat# 2306S, RRID:AB_823479); rabbit anti-FOG2, 

1:250 (Santa Cruz Cat# sc-10755, RRID:AB_2218978); goat anti-NURR1, 1:100 

(R&D Systems Cat# AF2156, RRID:AB_2153894); rabbit anti-TBR1, 1:500 (Abcam 

Cat# ab31940, RRID:AB_2200219); rabbit anti-FOXP2 1:1000 (Abcam Cat# ab1307, 

RRID:AB_1268914); rabbit anti-TLE4, 1:200 (Santa Cruz Biotechnology Cat# sc-9125, 

RRID:AB_793141). Rat anti-BrdU requires antigen retrieval, as described in.60 ISH was 

performed as previously described in.33 cDNA clones for riboprobes are listed in.3
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Retrograde labeling—Projection neurons were retrograde labeled from their axon 

terminals by pressure injection of Alexa-conjugated cholera toxin B (Ctb, Invitrogen) or Fast 

Blue (Polysciences) at distinct stages. In postnatal pups, injections into either the cerebral 

peduncle, pyramidal tract, cervical spinal cord, dorsal thalamus, or cortex were performed 

under ultrasound backscatter microscopy guidance (Vevo 770, VisualSonics, Toronto) at P3 

or P5, depending on the experimental condition. In adults, stereotaxic injections into the 

superior colliculus or pyramidal tract-pontine nuclei were performed following coordinates 

from61 Paxinos and Franklin, The Mouse Brain in Stereotaxic Coordinates, 2nd edition, 

2001. The number of mice and genotypes for each experiment are specified in each figure 

legend.

BrdU birthdating—Timed pregnant females were injected with bromodeoxyuridine (50 

mg/kg, i.p) at E11.5, E12.5, E13.5, or E14.5. For experiments in which BrdU birthdating 

was combined with SCPN retrograde labeling, Ctb-Alexa555 was injected into the cerebral 

peduncle at P3. Brains were collected at P6, and processed for either 1) BrdU and CTIP2 

or 2) BrdU and FOG2 dual immunocytochemistry. Co-localization and quantification of 

SCPN, BrdU+, and CTIP2+ or FOG2+ neurons, and their distribution within cortical layers 

was analyzed using established methods.30,53,62 Number of mice and genotypes for each 

experiment are specified in each figure legend.

Viral injections—Viral injections were performed under ultrasound backscatter 

microscopy guidance (Vevo 770, VisualSonics, Toronto) at P3. TdTomatofl:Tle4fl/fl mice 

were injected with 70 μL of AAV-Cre, distributed in several injection sites in one 

hemisphere of the cortex, and 70 μL of AAV-control in the contralateral hemisphere. AAV-

Cre or AAV-control serotype 2.1 were obtained from the Massachusetts General Hospital 

Viral Core. Number of mice and genotypes for each experiment are specified in each figure 

legend.

Protein Co-Immunoprecipitation—Dissociated E15.5 cortical neurons were co-

transfected withHA-Fezf2 and either Flag-Tle4, Flag-TLE4ΔQ, or Flag-TLE4ΔWDR 
constructs, using Amaxa nucleofection (Lonza). Protein IP was performed using Protein-

A/G agarose beads (Pierce), following standard methods.3,63 Mouse anti-Flag and non-

specific mouse IgG (4 mg/ml; Sigma F7425; RRIB:AB_439687) were used for pull-

down. Rabbit anti-HA (1:2000, Covance, MMS-101R, RRID:AB_291262) was used for 

immunoblotting. Number of mice and genotypes for each experiment are specified in each 

figure legend.

ChIP-qPCR—For ChIP-FEZF2 and ChIP-TLE4, dissociated E15.5 cortical neurons were 

co-transfected with HA-Fezf2 and Flag-Tle4 constructs, using Amaxa nucleofection 

(Lonza). ChIP-qPCR was performed following standard methods. In brief, double 

crosslinking (protein-protein, and protein-DNA) was performed using EGS cross-linker 

(ethylene glycol bis-sulfosuccinimidyl succinate) or formaldehyde, respectively, according 

to.64 Chromatin shearing was optimized for the amplicon size. Anti-Flag (Sigma F7425; 

RRIB:AB_439687), anti-HA (Covance, MMS-101R, RRID:AB_291262), or non-specific 

IgG antibodies were used for ChIP bound to protein G/A beads. Pulled-down chromatin 
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was purified and quantified by qPCR (LightCycler Fast start DNA Master SYBER Green 

I, Roche) with overlapping sets of primers designed to cover a region approximately 4.5 

kb downstream of Fezf2 (chr14: 12,337,560.12,342,460). Amplicon average size is 300 

bp. A list of chromosome coordinates for each amplicon is provided in Table S1. For 

each amplicon, the fold-enrichment listed is of anti-Flag pull-down over IgG or anti-HA 

pull-down over IgG, using the ΔCt method.

ChIP-AcH3K9 was performed using either wildtype cortical neurons obtained from E15.5 

embryos, P0, or P3 pups, or using FACS-purified CThPN, SCPN, or Tle4KO-CThPN 

obtained from Ntsr1-Cre:tdTomatofl, Rbp4-Cre:tdTomatofl, or Ntsr1-Cre:tdTomatofl: Tle4KO 

E15.5 embryos, respectively. FACS purification was performed as described in Arlotta et 

al., 2005.33 Anti-AcH3K9 (Millipore 17–658, RRID:AB_1587124) or non-specific IgG 

antibodies were used for ChIP bound to protein G/A beads. Pulled-down chromatin was 

quantified by qPCR. Fold-enrichment was determined by normalizing ΔCt values for 

each locus against IgG control, and against a constitutive active locus (Gapdh). For ChIP 

experiments, n = 4 independent replicates were used per group.

Luciferase assay—The 4.5 kb downstream of Fezf2 was obtained from a BAC clone 

(RP23–141E17), and cloned into pGL3-Firefly luciferase upstream of the SV40 promoter 

(pGL3-luc; Promega) using a Gibson assembly kit (New England BioLabs) to generate 

pGL3-Fezf2-downstramluc. Dissociated neurons from dissected E15.5 wildtype, Tle4KO, 

or Fezf2KO cortices were nucleofected with pGL3-Fezf2-downstram-luc, Renilla luciferase 

vector, and either Tle4, Fezf2, Fezf2-ZF, TLE4ΔQ, or TLE4ΔWDR expression plasmids, 

alone or in combination, depending on the experimental condition (n = 7 independent 

biological replicates per condition for luciferase experiments with neurons from wildtype 

and Tle4KO embryos, and n = 5 replicates per condition for luciferase experiments with 

neuros from Fezf2KO neurons). Luciferase activities were assayed 48 h later using the Dual-

Glo system (Promega). Firefly/Renilla luciferase ratio was calculated for each condition and 

referred to as the percentage relative to the baseline activity of pGL3-Fezf2-downstram-luc 

alone.

Imaging and quantification—Epifluorescence or brightfield images illustrating brain 

hemisections or large tissue areas were acquired using a Nikon 90i with a tilemontaging 

imaging function. Images for quantitative analyses were acquired with a Zeiss LSM 780 

confocal microscope. Laser power and gain were adjusted until <1% of pixels were 

saturated. Imaging parameters were identical for all samples within the same experiment.

For cell quantification, z-slices spanning the entire cortical thickness (from pia to white 

matter) were acquired. Cell counting was performed with FIJI on single z-slices in a 

rectangular region of interest (ROI) of constant width (500 μm, horizontal dimension) and 

variable height (adjusted to match the cortical thickness, which varies depending on the age 

of mice analyzed for each experiment). At least 3 sections per brain were analyzed in one 

or multiple cortical areas, as indicated in the figure legend for each specific experiment. For 

quantifications within specific layers, Nissl, Dapi, or ToPro3 counterstains were used for 

the histological definition of layer boundaries. For cell quantification and cell distribution 
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calculation across the cortex, the ROIs were divided into 10 bins of equal size across their 

vertical dimension (bin 1 at the pia, bin 10 at the border with white matter).

For quantification of corticothalamic axon innervation in somatosensory thalamic nuclei, 

the boundaries of the ventrobasal nuclei (VB) and posterior nuclei (Po) were identified 

using Dapi counterstain or expression of genes defining the borders of these nuclei 

(FOG2 labeling defines the exterior border of VB with the reticular nucleus, and FOXP2 

defines the border of the Po). ROIs that include the VB, Po, and VB + Po were defined. 

For quantification of tdTomato+ pixels, 8-bit monochrome images corresponding to the 

tdTomato signal (representing CThPN axonal projections) were used. TdTomato+ pixels in 

each ROI were then identified by thresholding in NIH ImageJ. The total area of thresholded 

TdTomato+ pixels was measured using the “Analyze Particles” function. The percentage of 

area occupied by TdTomato+ pixels in each ROI (VB, Po, or VB + Po) was calculated.

For quantification of axons innervating the tectum and cerebral peduncle, 8-bit monochrome 

images corresponding to tdTomato signal (representing SCPN axon projections innervating 

these structures) were used. Images first had threshold adjustment using the “Feature J” 

function on ImageJ, such that the intensity on unlabeled parts of the tissue (without a labeled 

axon) was zero. For measurements within the cerebral peduncle, an ROI for the cerebral 

peduncle area (Cped area) was identified. The borders of Cped area were identified using 

Dapi counterstain and expression of Foxp2 (marks the border with the adjacent subthalamic 

nucleus). TdTomato+ pixels in the Cped area were identified by thresholding in NIH ImageJ. 

The total area of thresholded TdTomato+ pixels was measured using the “Analyze Particles” 

function. The percentage of area occupied by TdTomato+ pixels in the Cped area was 

calculated. For measurements in the tectal areas, we define the border between the thalamus 

and pretectal area. Intensity of tdTomato pixels along the thalamus-tectum border was 

quantified using the “Analyze Particles” function on ImageJ.

For quantification of dendritic extension, fluorescence intensity measurements were 

performed on rectangular ROIs of 250 μm width (horizontal dimension) and height 

adjusted to match the cortical thickness (vertical dimension). ROIs were split into 10 

bins of equal size across their vertical dimension (bin 1 at the pia, bin 10 at the 

border with white matter). Fluorescence intensity was measured in 8-bit monochrome 

images corresponding to tdTomato signal (representing CThPN somata, dendrites, and 

axon projections). Fluorescence intensity in the white matter is constant across samples 

and was used for normalization of the intensity in the overlying ROI. Then, tdTomato 

fluorescence intensity was measured in each bin using the ImageJ “Mean Intensity” function 

and expressed as a percentage of the maximum value in the intensity range value (256).

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of imaging quantification methodologies are described in star method details. All 

n values and p values obtained are listed in the figure legends. GraphPad Prism version 

8 (GraphPad Software, Inc., San Diego, CA) was used to perform statistical tests. Data 

distributions were assumed to be normal, but this was not formally tested. No statistical 

methods were used to pre-determine sample sizes.
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We used unpaired two-tailed Student’s t-tests or one-way ANOVA followed by Tukey post 

hoc test for statistical comparison. The specific test used for each analysis is indicated in the 

figure legends. Values are represented as means ± SEM. Statistical significance is noted by 

asterisks, (*p < 0.05, **p < 0.01), or otherwise indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Tle4 promotes CThPN identity and blocks SCPN identity in early-born 

cortical neurons

• Tle4 is necessary to maintain CThPN identity during circuit maturation

• TLE4-FEZF2 complex regulates Fezf2 expression in developing CThPN

• TLE4-FEZF2 regulates corticofugal subtypes distinction and developmental 

maturation of CThPN
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Figure 1. Developmental dynamics and neuron-subtype specificity of Tle4 expression
(A) Tle4 expression by CThPN (green), CSN (red), and CPN (blue) at E18, P3, and P6 

(adapted from Galazo et al.3).

(B–F) Tle4 ISH at E12.5, E18.5, P3, P28, and adult (n = 4 mice, embryonic ages; n = 3 

mice, post-natal ages). (B and B′) Tle4 is first expressed by neurons in cortical plate (CP) at 

E12.5 (black arrowheads). At P3, most Tle4+ neurons are in LVI and few in LV (D′, open 

arrowheads). At P28, more neurons in LV express Tle4 (E and E′).

(G, L, and O) Approaches for neuron-subtype identification.

(H) TLE4 immunocytochemistry (green) on P6 brains injected with Ctb (red) in thalamus at 

P3. Images are from the motor cortex. (H′ and H‴) Confocal images are from box in (H).

(I) Percentages of CThPN expressing TLE4 (98% TLE4+/LVI-CThPN, 99% TLE4+/SP-

CThPN) and CThPN/TLE4+ cells (95% CThPN/LVI-TLE4+, 17% CThPN/SP-TLE4+). 

Quantification in somatosensory and motor areas (n = 4).

(J) TLE4 immunolabeling in Ntsr1-Cre:tdTomatofl somatosensory cortex at P3 (n = 4). (J′) 

High-magnification confocal image from box in (J).

(K) Overlap between TLE4 and Ntsr1-Cre:tdTomatofl reporter (96% TLE4+/Ntsr1-Cre+, 

94% Ntsr1-Cre+/LVI-TLE4+, 7.5% Ntsr1-Cre+/SP-TLE4+).

(L) Approach to identify dual-projecting LV-CThPN. FB (blue) and Ctb (red) were injected 

in somatosensory thalamus and pyramidal tract, respectively, at P3 (n = 6).
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(M–M‴) TLE4 (green) co-localization with FB and Ctb in somatosensory cortex.

(N) 62.2% of LV-TLE4+ neurons are LV-CThPN (FB+-Ctb+/LV-TLE4+, white arrowheads 

in M′–M‴). 2.5% of LV-TLE4+ neurons are SCPN (Ctb+/LV-TLE4+, open arrowheads in 

M–M′).

(O–Q) Only rare CPN (Ctb+) express TLE4 (CPN/TLE4+, 0% LII–III, 1.4% LV, 0.4% LVI, 

6% SP; TLE4+-Ctb+, solid arrow; TLE4−-Ctb+, open arrows; quantifications in motor and 

somatosensory areas; n = 4).

Error bars, SEM. Scale bars, 50 μm (B′–F′); 20 μm (H′, J′, M′–M′, and P′–P‴′).
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Figure 2. In the absence of Tle4 function, CThPN do not develop normal identity and acquire 
somatic morphology and gene expression characteristic of SCPN
(A–D) Nissl staining in WT and Tle4KO mice (P8). Images from motor-somatosensory 

border area. (A′ and B′) Somatic morphology of neurons at depth corresponding to LVI, 

(C) cortical thickness, and (D) layer thickness in Tle4KO and control mice in somatosensory 

cortex.

(E) Quantification of large pyramidal neurons (diameter >20 μm) across cortical thickness (n 

= 4 per genotype; unpaired t test, *p < 0.05, **p < 0.01). Mean ± SEM.

(F–I) Decreased expression of CThPN genes (Fog2, FOXP2, TBR1, and Ctgf) and increased 

expression of SCPN genes (Fezf2, Clim1, Crymu, CTIP2) in Tle4KO mice at P8 (n = 4 per 

genotype). Insets magnify boxed areas.

Scale bars, 100 μm (A and B); 20 μm (A′ and B′); 500 μm (F–I).
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Figure 3. In the Tle4KO cortex, more early-born neurons become SCPN and fewer develop as 
CThPN
(A) SCPN labeling approach via injection of Ctb into the pyramidal tract (pyr) at P3. 

Analysis at P6.

(B and C) SCPN (Ctb+) across the medio-lateral extent of cortex. (B′ and C′) Insets 

magnify labeling in the somatosensory cortex (grid in B and C).

(D) Distribution of SCPN across cortical thickness (divided in 10 equal bins). Mean Ctb+ 

cells/bin ± SEM. *p < 0.05, **p < 0.01, n = 6 mice per genotype.

(E–J) Projections to thalamus are reduced in Tle4KO mice. CThPN axons (red) labeled 

via Ntsr1-Cre:tdTomatofl (E and F) and Emx1-Cre:tdTomatofl reporters (H and I). (G) 

Percentage of area occupied by TdTomato+ pixels in ventrobasal (VB), posterior (Po), and 

VB + Po nuclei in Ntsr1-Cre:tdTomatofl:Tle4+/− and Ntsr1-Cre:tdTomatofl:Tle4KO and in (J) 

VB + Po nuclei in Emx1-Cre:tdTomatofl:Tle4+/− and Emx1-Cre:tdTomatofl:Tle4KO mice at 

P6 (n = 4 per genotype; unpaired t test, *p < 0.05, **p < 0.01). FOG2 and FOXP2 define the 

borders of VP-Po.

(K–Q) In the Tle4KO cortex, more early-born neurons project as SCPN and express CTIP2 

strongly, and fewer express FOG2. SCPN labeling (Ctb) at P3 and analysis at P6 in the 

somatosensory cortex.
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(M) Quantification of SCPN (Ctb+) labeled by BrdU at either E11.5, E12.5, E13.5, or E14.5 

(BrdU+ at E11.5-Ctb+/Ctb+: Tle4KO vs. controls, 11% vs. 0%; BrdU+ at E12.5-Ctb+/Ctb+: 

Tle4KO vs. controls, 8% vs. 1%).

(N) BrdU and CTIP2 co-labeling (BrdU+ at E12.5-CTIP2+: Tle4KO vs. control, 42% vs. 

21%; p < 0.01).

(O–Q) BrdU and FOG2 co-labeling (BrdU+ at E11.5-FOG2+: Tle4KO vs. control, 8% vs. 

37%; p < 0.01; BrdU+ at E12.5-FOG2+: Tle4KO vs. control, 10% vs. 28%); n = 5 for BrdU 

at E11.5, E12.5, and E13.5; n = 3 for BrdU at E14.5.

(R) Identification of dual-projecting LV-CThPN via FB (blue) injection in somatosensory 

thalamus and Ctb (red) injection in the pyramidal tract at P3. Analysis in somatosensory 

cortex at P8.

(S and T) In Tle4KO and control mice, neurons with dual projections (FB+-Ctb+) are located 

only in LV (white arrowheads).

(U and V) Confocal images of squared areas in (S) and (T). (U′ and V′) LV-CThPN 

(FB+-Ctb+) in Tle4KO and control mice. (U″ and V″) No fate-converted SCPN (Ctb+ in 

LVex or LVI) in Tle4KO mice are double labeled (open arrowheads).

(W) Quantification of SCPN, LV-CThPN, and LVI-CThPN in the somatosensory cortex; n = 

5 mice per genotype.

(X) Schematic summary.

Statistics for all quantification, ANOVA-Tukey, *p < 0.05, **p < 0.01. Error bars, SEM. 

Scale bars, 250 μm (B and C); 100 μm (B′ and C′); 200 μm (E–I); 20 μm (K′, L′, O, U′, 

and V″); 100 μm (U and V).
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Figure 4. Expression of SCPN and CThPN molecular controls by fate-converted SCPN in Tle4KO 

mice
(A and B) ISH for Fezf2 (red) and SCPN labeling with Ctb (white). SCPN expressing Fezf2 
(white arrowheads).

(C and D) Co-localization of CTIP2 (green) and SCPN labeling with Ctb (red) (SCPN-

CTIP2+ in LVex, LVI-subplate in Tle4KO mice, white arrowheads).

(E and F) Co-localization of BHLHB5 (green) and Ctb (red) in LVex-fate-converted SCPN 

in Tle4KO mice (open arrowheads).

(G and H) TBR1 immunolabeling (green), Fezf2 ISH (red), SCPN retrograde labeling 

with Ctb (white). Fate-converted SCPN in LVex are Fezf2+-TBR1− (open arrowheads). 

Fate-converted SCPN in LVI are Fezf2+-TBR1+ (solid arrowheads). Dashed lines encircle 

Fezf2+ neuron somata.

(I and J) Co-localization of FOG2 (green) and SCPN labeling Ctb (red).

(K) Percentage of SCPN expressing Fezf2, CTIP2, BHLHB5, TBR1, or FOG2 in LV and 

LVI subplate in WT and in LV, LVex, and LVI subplate in Tle4KO mice. SCPN labeling at P3 

and analysis at P6. Quantification in somatosensory cortex, n = 5 per genotype. Error bars, 

SEM. Scale bars, 20 μm (A–J).
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Figure 5. Tle4 is required perinatally to maintain CThPN identity during thalamic innervation
(A–B′) Fezf2 ISH and CTIP2 immunolabeling (C–E) in Ntsr1-Cre:tdTomatofl:Tle4fl/fl mice.

(B′ and B″) Ntsr1-Cre expression limit between somatosensory and motor cortices (white 

arrow). Magnified insets from boxed areas in low-magnification images. (F and H) SCPN 

labeling approach by FB injection into pyramidal tract (P3). Analysis (P7) in somatosensory 

cortex.

(G–I) Presence of SCPN (FB+) in LVI and LVex in Ntsr1-Cre:tdTomatofl:Tle4fl/fl mutants, 

but not in tdTomatofl:Tle4fl/fl controls.

(J) Distribution of SCPN (FB+) across cortical thickness; n = 4 mice per genotype. Mean 

FB+ cells/bin ± SEM; ANOVA-Tukey, **p < 0.01.

(K and L) In Ntsr1-Cre:tdTomatofl:Tle4fl/fl mice, reprogrammed SCPN (tdTomato+-FB+ 

in LVex and LVI) upregulate CTIP2 (solid arrowheads) and downregulate FOG2 (open 

arrowheads).

(M–O) Quantification of tdTomato+ axons from Ntsr1-Cre-expressing neurons in pyramidal 

tract at P28 (n = 3 per genotype, unpaired t test, **p < 0.01). Error bars, SEM.

Galazo et al. Page 32

Cell Rep. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scale bars, 500 μm (A–D); 250 μm (G and I); 20 μm (E′–E″′, K, L, and M′); 1 mm (M).
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Figure 6. Differentiated CThPN transform their identity in the absence of Tle4 function during 
post-natal maturation
(A) Experimental approach. TdTomatofl:Tle4fl/fl mice are injected at P3 with AAV-Cre 

on one side of the cortex and AAV-control on the contralateral side. At the time of AAV-

injections, Tle4 is expressed in both hemispheres (Tle4 ON). At P5, FB is injected into the 

pyramidal tract (Pyr). At this point, Tle4 is not expressed in the area injected with AAV-Cre 

(Tle4 OFF). Analysis at P12 in somatosensory cortex.

(B) Fezf2 ISH demonstrates upregulation in LVI of the AAV-Cre-injected area (tdTomato+ in 

C), but not on the contralateral side (B′ and B″).

(C) Presence of FB+ neurons in LVI (post-natally reprogrammed-SCPN) in AAV-Cre-

injected area. (C′ and C″) Magnified insets showing retrograde labeling in somatosensory 

cortex (grids in C).

(D) Quantification of SCPN across cortical thickness (n = 6, mean FB+ cells/bin ± SEM; 

ANOVA-Tukey, **p < 0.01).

Error bars, SEM. Scale bars, 500 μm (C); 100 μm (C′).
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Figure 7. TLE4 and FEZF2 form a complex that controls Fezf2 expression level in developing 
and maturing CThPN
(A) CoIP of FLAG-TLE4 and HA-FEZF2 from E15.5 cortical neurons. Pull-downs with 

full-length TLE4 (FLAG-TLE4), FLAG-TLE4ΔQ, or FLAG-TLE4ΔWDR. Anti-FLAG 

antibody or non-specific IgG used for pull-downs and anti-HA for immunoblots.

(B) ChIP-qPCR reveals binding of FEZF2 and TLE4 in the 4.5-kb region downstream of 

Fezf2. Amplified loci numbered from 1 (at Fezf2 3′ UTR) to 23 (at 4.5 kb downstream 

of Fezf2). Predicted Fezf2 binding sites (red marks, lower map), enhancer 434 (orange 

bar, lower map), and Fezf2 gene sequence (purple, lower map) are shown for reference. 
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ChIP-FEZF2 and ChIP-TLE4 expressed as fold-enrichment normalized to control ChIP-IgG 

for each amplicon. Error bars represent SEM from four replicates.

(C) ChIP-AcH3K9 qPCR analysis for LC7 and LC13 normalized to Gapdh (n = 4 replicates 

per group; ANOVA-Tukey, *p < 0.05, **p < 0.01).

(D–F) Luciferase activity relative to control (ctrl; pGL3-Fezf2-downstream-Luciferase 

alone) in the presence of TLE4, TLE4+FEZF2, FEZF2, and FEZF2-ZF in cortical neurons 

from E15.5 WT embryos (D); in the presence of TLE4, TLE4+FEZF2, FEZF2, TLE4ΔQ, 

and TLE4ΔWDR in neurons from E15.5 Tle4KO embryos (E); and in the presence of TLE4, 

TLE4+FEZF2, and FEZF2 in neurons from E15.5 Fezf2KO embryos (F). Seven replicates 

per condition for experiments with WT and Tle4KO neurons and five replicates per condition 

for experiments with Fezf2KO neurons (ANOVA-Tukey, *p < 0.05, **p < 0.01).

(G) ISH for Fezf2 and Tle4 in adjacent 10-μm sections at E13.5. Fezf2 ISH and TLE4 

immunolabeling at E15.5 demonstrate co-localization (black arrowheads). Fezf2 and Tle4 
ISH at P6.

(H) ChIP-AcH3K9 in LC7 and LC13 at E15.5, P0, and P6 normalized to Gapdh. Four 

replicates per group; ANOVA-Tukey, *p < 0.05; **p < 0.01. Error bars, SEM. Scale bars, 20 

μm (G, E13.5); 100 μm (G, P6).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rat anti-BrdU Accurate Chemical and Scientific Corporation RRID:AB_2341179

rat anti-CTIP2 Abcam Cat# ab28448, RRID:AB_1140055

rabbit anti-DARPP-32 Cell Signaling Technology Cat# 2306S, RRID:AB_823479

rabbit anti-FOG2 Santa Cruz Cat# sc-10755, RRID:AB_2218978

goat anti-NURR1 R&D Systems Cat# AF2156, RRID:AB_2153894

rabbit anti-TBR1 Abcam Cat# ab31940, RRID:AB_2200219

rabbit anti-FOXP2 Abcam Cat# ab1307, RRID:AB_1268914

rabbit anti-TLE4 Santa Cruz Cat# sc-9125, RRID:AB_793141

Rabbit anti-HA Covance Cat# MMS-101R, RRID:AB_291262

Anti-AcH3K9 Millipore Cat #17–658, RRID:AB_1587124

Anti-Flag Sigma Cat # F7425; RRIB:AB_439687

Bacterial and virus strains

AAV 2/1 CAG-CRE Vector core at Massachusetts General Hospital, 
Boston, MA; Maguire et al., 201358

N/A

AAV 2/1 CAG Vector core at Massachusetts General Hospital, 
Boston, MA; Maguire et al., 201358

N/A

Chemicals, peptides, and recombinant proteins

Cholera Toxin B subunit, ThermoFisher Cat # C34776

Fast Blue Polysciences Cat # 17740–1

Critical commercial assays

LightCycler Fast start DNA Master SYBER Green I Roche Cat # 3515885001

Dual-Glo system Promega Cat# E2940

Deposited data

N/A

Experimental models: Organisms/strains

Tle4KO mice Wheat et al., 201413 N/A

Tle4floxed mice Wheat et al., 201413 N/A

Emx1-Cre mice Jacklson Labs stock # 005628

Ai14 Jacklson Labs stock # 007914

Ntsr1-Cre GENSAT, MMRRC stock # 030648-UCD

Rbp4-Cre GENSAT, MMRRC stock # 031125-UCD

Fezf2-PLAP Chen at al., 2005a31 N/A

Recombinant DNA

Cell Rep. Author manuscript; available in PMC 2023 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Galazo et al. Page 38

REAGENT or RESOURCE SOURCE IDENTIFIER

pCAG-HA-Fezf2 This paper N/A

pCAG-Flag-Tle4 This paper N/A

pCAG-Flag-Tle4ΔQ This paper N/A

pCAG-Flag-Tle4ΔWDR This paper N/A

pGL3-luc; Promega Cat #E1751

pGL3-Fezf2-downstram-luc This paper N/A

Software and algorithms

Prism GraphPad RRID:SCR_002798

Fiji ImageJ Image J-NIH RRID:SCR_002285
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