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SUMMARY

The corpus callosum (CC) is a major nerve bundle that connects the two hemispheres of the brain. Dysgen-
esis of the CC is associated with neurodevelopmental disorders such as the CTNNB1 syndrome. We identi-
fied that five individuals carrying CTNNB1 mutations displayed CC deficits. To explore CTNNB1/3-CATENIN-
dependent mechanisms that regulate CC midline crossing, we examined mice with Ctnnb1 gain of function
(GOF) or loss of function (LOF) selectively targeted to the early embryonic central nervous system midline us-
ing an Lmx1aCre driver. We identify that the Lmx1a lineage contributes to midline cell populations known to
regulate CC pathfinding: the glial wedge, the indusium griseum glia, and a population of midline glutamater-
gic neurons. We find that each of these structures are affected in both GOF and LOF embryos, resulting in a
profound disruption of CC crossing and formation of Probst bundles. Thus, regulated p-CATENIN function in
midline cell populations is critical for CC development, and its dysregulation may underlie the CC deficits

associated with CTNNB1 syndrome.

INTRODUCTION

The corpus callosum (CC), a major nerve bundle in the mamma-
lian brain that establishes communication between the two cere-
bral hemispheres, comprises millions of axons in humans.'* The
pathfinding of CC axons is a complex process along a convo-
luted route across two hemispheres that are initially physically
separated. Therefore, this process has been the subject of
extensive exploration, and multiple midline cell types have
been identified to play structural or molecular guidance roles in
CC crossing.>® These include glial and neuronal populations:
the midline zipper glia (MZG) that bring the two hemispheres
together®; the glial cells of the indusium griseum (IGG) and the
glial wedge (GW) that prevent the CC from being diverted
dorsally or laterally®; the neuronal subcallosal sling (SS) that pre-
vents CC axons from being diverted ventrally to the septum”;
and calretinin (CALR)*TBR1* guidance neurons that are located
above and below the CC at the midline that attract callosal axons
to the midline.”

Dysgenesis of the CC has been implicated in several neurode-
velopmental disorders, including autism.® Given the importance
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of the CC in normal brain function, it is critical to link clinical in-
vestigations that identify genetic mutations associated with
CC malformations to a comprehensive mechanistic examination
at the cellular and molecular levels using more tractable model
systems. CC agenesis has been reported in the CTNNB1 syn-
drome, which is caused by mutations in the CTNNBT gene, clas-
sified as a category-1-autism-associated risk gene in the “SFARI
gene” database (https://gene.sfari.org/database/human-gene/
CTNNB1). CTNNB1 encodes p-CATENIN, a protein with two
distinct functions. At the cell membrane, it participates in cell
adhesion as part of the CADHERIN complex,” and when translo-
cated to the nucleus, it is a central mediator of canonical Wnt
signaling.’® Our study identifies that five patients reported to
carry mutations in CTNNB1 (ClinVar: https://www.ncbi.nlm.nih.
gov/clinvar) also display malformations in the CC.

We sought to explore this phenotype further in a mouse
model. We discovered that each midline cell population impli-
cated in the guidance of the CC, except the MZG, contains a
partial contribution from the Lmx1a lineage. We used an
Lmx1aCre driver'' together with p-CATENIN gain-of-function
(GOF) and loss-of-function (LOF) lines to examine the
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Figure 1. CC crossing defects in CTNNB1 syndrome patients and the Ctnnb1 LOF and GOF mouse brains

(A) Table describing the CC phenotypes identified in brain MRI scans of five patients in the CTNNB1 syndrome patient cohort.

(B) Representative MR images of two patients with age-matched controls showing corpus callosum defect (arrowheads).

(C and D) Representative z-stacked confocal images of control, Ctnnb1 LOF, and GOF mouse brains at E16.5 (C) and E18.5 (D) stained with L1CAM. Both Ctnnb1
LOF and GOF brains display profoundly defective crossing of the CC and Probst bundles on either side of the midline (asterisks).

(legend continued on next page)
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regulatory functions of CTNNB1 in CC crossing.'>'® We report
a striking agenesis of the CC in both CTNNB1 GOF and LOF
conditions. We identify that altered CTNNB1 function causes
severe disruption of the organization of the IGG, GW, and an in-
crease in the number of Lmx1a-lineage-derived CALRT*TBR1*
midline neurons. Our findings provide a cellular-level mecha-
nism that may potentially contribute to the CC dysgenesis
component of CTNNB1 syndrome.

RESULTS

CC abnormalities in CTNNB1 syndrome patients

As part of a genotype-phenotype study on patients with
CTNNB1 neurodevelopmental syndrome (ClinicalTrials.gov
NCT04812119), five patients were identified to display an
abnormal CC morphology based on analysis of their MRI scans.
Genome sequencing revealed three patients to have frameshift
mutations (c.680dup; p.Leu229Thr, c.776del; p.Leu259Pro,
and c.976 _979delAATA; p.Asn326), whereas two patients
have a nonsense mutation (c.703G>T; p.G235Ter and
c.1014G>A; p.Trp338Ter) within an ARM repeat of the
CTNNB1 gene (Figure 1A; Figure S1). Four of these mutations
had previously been reported as pathogenic variants of
CTNNBT1 in the ClinVar database (https://www.ncbi.nim.nih.
gov/clinvar), and in this study, we report their association with
abnormalities in the corpus callosum. Examples of MR images
of two of these patients and age-matched unaffected individuals
are in Figure 1B.

CTNNB1 LOF and GOF mouse models display profoundly
defective CC development

We examined whether Ctnnb1 GOF or LOF also affects the CC in
the mouse. We used an Lmx1aCre line to target the cells in telen-
cephalic midline from the earliest stages of neural tube forma-
tion,"" together with two well-described floxed Ctnnb1 mouse
lines that either disrupt (LOF)'® or stabilize (GOF)'? p-CATENIN
upon Cre-mediated recombination. LOF is due to the deletion
of exons 2-6 of the Ctnnb1 gene, leading to the production of
a truncated form of CTNNB1, which is ultimately degraded.’®
Exon 3 of Ctnnb1 gene encodes a region containing sites at
which CTNNB1 is phosphorylated by GSK3, typically leading
to its degradation. GOF is achieved by deletion of exon 3 due
to Cre-mediated recombination, resulting in a stabilized consti-
tutively active form of CTNNB1 that can no longer be
degraded.’®'* We examined Ctnnb? LOF and GOF brains at
two developmental time points, embryonic day 16.5 (E16.5),
when CC crossing has begun, and E 18.5, when it is complete.
Immunostaining for L1CAM, an adhesion molecule enriched in
axonal tracts, reveals a near-complete failure of CC crossing at
the midline in both Ctnnb7 LOF and GOF brains (Figures 1C-
1F; Figures S2A-S2C and S83). Instead, callosal axons form
Probst bundles consisting of fibers that are unable to cross
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and remain at the midline (Figures 1C-1F; Figures S2A-S2C
and S3). Notably, the anterior commissure, another major nerve
tract connecting two hemispheres, remains intact in both Ctnnb1
LOF and GOF brains (Figure 1G). These findings motivated a
careful examination of the midline guidance cell populations
arising from the Lmx1a lineage.

The Lmx1a lineage contributes partially to the midline
guidance cell population necessary for CC crossing

We used a stop-floxed tdTomato reporter line (Ai9) to examine
the Lmx1a lineage at E18.5. The GW and the IGG contained a
substantial contribution from this lineage, such that 44% =
8% and 33.4% + 6% of the GFAP* cells were also Ai9* in the
GW and the IGG, respectively (Figures 2A-2F; Figures S4A-
S4l and S5A-S5E). The MZG population, however, did not
appear to have any detectable contribution from the Lmx1a
lineage (Figures S6A and S6B). Among the neuronal popula-
tions, the SS contained a minor contribution from the Lmx1a
lineage, such that 4.5% + 0.7% of the NeuN" cells were also
Ai9* (Figures S6C-S6F). The CALRT*TBR1" neurons posi-
tioned at the margin of the cingulate cortex and the cortico-
septal boundary also contained a small contribution from the
Lmx1alineage (Figures 2G-2K; Figures S7TA-S7D). In the cingu-
late cortex cluster, 9.9% + 1% of the CALRT* and 10.47% =+
1.3% of the TBR1* cells were also Ai9*. In the cortico-septal
boundary cluster, 5.2% = 1.2% of the CALRT" and 6.3% =
1.7% of the TBR1* cells were also A9 (Figure 2K;
Figure S7D). Additionally, a small fraction of neurons in the
cingulate cortex that project their axons through CC are also
derived from Lmx1a Lineage (Figures S8A-S8D). Collectively,
we describe these Lmx1a-lineage-derived cells as “midline
Lmx1a lineage cells.”

The neuroepithelial progenitor domain of the midline
Lmx1a lineage cells display active canonical Wnt
signaling

We examined the midline progenitor domain located just above
the septum in the rostral midline at E13.5 (Figures 3A-3H). In situ
hybridization confirmed that the Lmx1aCre-driven Ai9 reporter
domain closely matches the endogenous Lmx1a expression
pattern (Figures 3B and 3D"%) and overlaps with the glial marker
brain lipid-binding protein (BLBP) (Figures 3C-3H). Additionally,
we verified that this domain expressed SOX9 and B-CATENIN
(Figures 31-3M), suggesting a possible role for p-CATENIN in
the development of these cells. Canonical Wnt target genes
Axin2 and Lefl were expressed in this progenitor domain at
E13.5 and E15.5 (Figures 3N-3Q). Collectively, these findings
indicate that canonical Wnt signaling is active in midline progen-
itors derived from the Lmx1aCre lineage. In the subsequent sec-
tions, we focused on the glial and neuronal components of the
midline Lmx1a lineage cells and examined their development
in Ctnnb1 LOF and GOF brains.

(E and F) Scatterplot showing quantification of CC thickness in the midline at E16.5 (E) and E18.5 (F). Data represent mean + SEM, and individual dots in the

scatterplot represent biological replicates.

(G) L1CAM immunostained sections at PO show that the anterior commissure (AC) is unaffected in the Ctnnb1 LOF and GOF mouse brains. Statistical test: two-
way ANOVA followed by Bonferroni post-test; p < 0.0001; *p < 0.05; **p < 0.01; ***p < 0.001; ns if p value >0.05. For (E-G), N = 5 brains (biologically independent
replicates) examined over five independent experiments. Scale bars, 100 um for all images in (C, D, and G).
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Figure 2. The Lmx1a lineage contributes to a subset of various cell types that guide CC crossing

(A) Cartoon showing the different midline guidance cell population that regulate CC crossing.

(B, D, and G) Representative z-stacked images of the E18.5 midline and (C, E, H, |, and J) single Z-planes showing the Lmx1a lineage in the GW (arrowheads, C),
the IGG (arrowheads, E), and in the CALR* neurons in the cingulate cortex (CGX, H, I) and cortico-septal boundary (CSB, J) (arrowheads | and J).

(F and K) Quantification of the Lmx1a lineage; graphs represent mean + SEM. The fraction of GFAP+ cells that are also Ai9+ is 44% + 8% (GW) and 33.4% + 6%
(IGG), and the fraction of CALR+ cells that are also Ai9+ is 9.9% = 1% (CGX) and 5.2% + 1.2% (CSB). For (B-J), N = 3 brains (biologically independent replicates)
examined over three independent experiments. The boxed area in (B and G) is shown at high magnification (mag) in (C, D and H, J), respectively; the boxed area in
H is shown at high mag in I. Scale bars, 100 pm (B & G), 10 um (C, E, H, |, and J).

CTNNB1 regulates the organization of the glial cells
from the midline Lmx1a lineage

We examined the glial components of the midline Lmx1a lineage
cells, the IGG and GW in Ctnnb1 LOF and GOF brains at stages
before (E15.5) and after (E18.5) CC crossing (Figures 4A-4H). In
both LOF and GOF brains, there was a gross disruption of the or-
ganization of glia in these structures compared with controls
(Figures 4C-4l; Figures S9A-S9C). At E15.5, the pioneering
axons of cingulate neurons followed by isocortical neurons,
follow a trajectory toward the midline, and at E16.5 they cross
to the contralateral hemisphere.' We visualized midline glia using
immunohistochemistry for ALDH1L1 and GFAP, the well-estab-
lished markers for astroglial cells. In both LOF and GOF brains,
ALDH1L1*Ai9* or GFAP*AI9* midline glia appear disorganized
compared to controls. By E18.5, when control callosal axons
have crossed the midline, Ctnnb1 LOF and GOF brains display
Probst bundles encircled by GFAP*AI9" cell processes (arrow-
heads, Figures 4E and 4F; Figures S9A and S9B). These results
suggest that misoriented and dysmorphic midline glial cells
impair axonal guidance across the midline in Ctnnb1 LOF and
GOF brains.

4 iScience 28, 113335, September 19, 2025

A novel marker that distinguishes the IGG from the GW

The midline glial populations have been examined in the litera-
ture using standard glial markers, e.g., GFAP, BLBP, and
GLAST.>®° However, there is a dearth of markers that distinguish
the IGG from the GW, and selective markers for the IGG have not
been identified. We analyzed a publicly available single-cell tran-
scriptomic dataset,'® which profiles the embryonic mouse cor-
tex at postnatal day 0. The authors’ original cell-type annotation
identified two clusters as “Astrocytes (immature) 1 [10-P]” and
“Astrocytes (immature) 2 [13-P]” (Figure 5A; Figure S10). We
examined the distribution of established glial cell markers in
these two clusters (Figures 5B-5E). The distribution of cells ex-
pressing Fabp7 showed a sharp peak at a high (normalized)
expression and a few cells at zero expression. This indicates
that the majority of the cells examined express high levels of
Fabp7, consistent with this gene being a pan-astrocyte marker.
As expected, Actb, encoding B-ACTIN, displayed a similar
expression profile since it is expected to be ubiquitous. In
contrast, for Agp4 and GFAP, a large number of cells displayed
zero expression, and others displayed a range of (normalized)
expression values, indicating that these genes are not uniformly
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Figure 3. Canonical Wnt signaling components are present in the Lmx1aCre* midline progenitor domain

(A, 1, and N) Cartoon showing the Lmx1aCre* progenitor domain at E13.5 and E15.5.

(B) Serial sections showing Lmx1aCre-driven Ai9 and in situ hybridization for endogenous Lmx7a mRNA.

(C, D, J, and L) Representative z-stacked low-mag images with single Z-planes of the boxed regions shown in adjacent panels (C->E; D->F; J->K; L->M). The
boxed regions in (E and F) are shown at high mag in (G and H), respectively. The Ai9+ progenitor is BLBP* (C, D) and SOX9*B-Catenin* (J, L).

(O) Axin2 and Lef1 mRNA are expressed in the midline progenitors at E13.5 (arrowheads).

(P and Q) At E15.5, a cartoon depicts the midline guidance populations that express Axin2 mRNA and display LEF1 immunostaining (arrowheads, Q). For (A-Q),
N =3 brains (biologically independent replicates) examined over three independent experiments. Scale bars, 100 pm (B, C, D, O, and Q), 50 pm (F, J, and L), 10 pm
(G, H, K, and M).

expressed in PO astrocytes. Immunohistochemistry for AQP4  (Figures S11A and S11B). Upon Ctnnb1 LOF or GOF, there
reveals that it marks cells located in the IGG but not the was a significant increase in AQP4* cells in the IGG region
GW at E18.5 (Figure 5F), and these cells are also GFAP+ (Figures 5F and 5G).
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Figure 4. The organization of Lmx1a-lineage-derived ALDH1L1* GFAP* midline glial population is disrupted in Ctnnb1 LOF and GOF brains
(A and B) Schematic representation of two developmental time points during CC formation: at E15.5, pioneer neurons from the cingulate cortex extend axons
toward the septum, forming an initial trajectory that isocortical neurons follow but have not yet crossed the midline at that time; by E18.5, both cingulate and
isocortical axons have successfully crossed the midline.

(C and D) Representative low- and high-mag z-stacked confocal images showing mispositioned ALDH1L1*Ai9* midline glia in both Ctnnb1 LOF and GOF brains
compared with controls at E15.5. (D) High mag of the boxed regions in adjacent panels in (C).

(E and F) Representative low mag z-stacked confocal images showing disorganization of the GFAP*AiI9* midline glial population in Ctnnb1 LOF and GOF brains
compared with controls at E18.5. (arrowheads, F).

(G and H) High-mag z-stacked images showing the boxed regions in adjacent panels in (F).

(I) High-mag single Z-planes showing boxed regions in adjacent panels in (H). For (C-I), N = 3 brains (biologically independent replicates) examined over three
independent experiments. Scale bars, 100 um (C, E, and F), 50 pm (D), 10 pm (G-).
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Figure 5. Analysis of publicly available single-cell RNA seq data reveals markers differentially expressed in glial populations and highlights

the defects in Ctnnb1 LOF and GOF mouse brain

(A) t-SNE plot of the astrocyte clusters from the publicly available scRNA-seq dataset from Loo et al. 2019, which profiles the embryonic mouse cortex at

postnatal day 0.

(B-E) Heat maps and histograms show the distribution of known glial markers across postnatal astrocytes. Red ovals (D and E) indicate a large number of cells at

expression level 0.

(F and G) Immunostaining for Agp4 (F) and quantification (G) reveals an increased number of AQP4* IGG in the Ctnnb1 LOF & GOF brains at E18.5, graphs
represent mean + SEM. Statistical test: 1 way ANOVA followed by Dunnett’s multiple comparison test; p < 0.0001; *p < 0.05; *p < 0.01; ***p < 0.001; ns if p value
>0.05. For E-G, N = 3 brains (biologically independent replicates) examined over three independent experiments. Scale bars, 50 pm for all images.

CTNNB1 regulates the distribution of midline CALR*,
TBR1"* cells

We examined CALR*, TBR1" cells, the major neuronal compo-
nents of the midline Lmx1a lineage, and their development in
Ctnnb1 LOF and GOF brains. At E18.5, these neurons are ar-
ranged in three distinct bands: above, below, and within the
CC (arrowheads, Figure 6A; Figure S12). In both Ctnnb1 LOF
and GOF brains, the overall organization of these CALR* bands
appeared to be disrupted, such that these neurons no longer ap-
peared in three distinct stripes (dashed ovals, Figure 6A;
Figure S12). This indicates that CTNNB1 regulates the overall or-
ganization of the midline Lmx1a lineage CALR* neurons, which
guide the CC crossing.

DISCUSSION

Guidance of the CC axons through the sharp turn they must take
to enter the contralateral cortex requires the concerted action of
multiple neuronal and glial cell populations.®*° CTNNB1/p-CAT-
ENIN has multiple roles in cortical neuroepithelial stem cells.'®

The dorsal telencephalic midline expresses multiple canonical
Wnt ligands'*'” and components of Wnt signaling, including
CTNNB1. Together with the observation of CC deficits in
CTNNB1 syndrome patients, this motivated the examination of
CTNNBH1 in the guidance of the CC using a mouse model.

In our mouse model, the CTNNB1 LOF and GOF perturbation
is selective to the midline guidance population that arises from
the Lmx1a lineage. We identify that this lineage contributes to
a subset of midline guidance cells, including both glial and
neuronal population. We find that both the Ctnnb71 LOF and
GOF brains exhibit a major disruption in CC crossing, despite
the Lmx1a lineage being only a partial contributor to the midline
guidance populations. In contrast, the anterior commissure is
unaffected in CTNNB1 LOF and GOF brains. This is likely due
to the fact that the MZG population does not include any detect-
able contribution from the Lmx1a lineage. This population is crit-
ical in mediating fusion of the ventral telencephalon/septum
area, which is in turn necessary for crossing of the anterior
commissure.'® That the anterior commissure is unaffected in
Ctnnb1 LOF or GOF brains provides a useful internal control.
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Our findings, therefore, bring a precise cell-type-level under-
standing to a commissural crossing phenotype previously
described for Ctnnb1 LOF using the pan-dorsal telencephalic
D6 Cre, which acts in the neocortical neurons projecting via
the CC as well as all cells originating from dorsal telencephalic
progenitors.'®

Since Ctnnb1 is implicated in both canonical Wnt signaling
and cell adhesion, it is possible that either or both functions
are important for the proper development of the GW and IGG
cells. Mutations in several components of the Wnt/p-catenin
signaling pathway are associated with CC defects in mice and
humans.?® In mice, mutants for Wnt receptor Fzd3 exhibit CC
crossing defects,”’ and mutants for the non-canonical Wnt
signaling receptor Ryk display delayed and aberrant CC
crossing.”> WLS (Wntless), which regulates the secretion of
Whnt ligands, was shown to be crucial for CC crossing.”® A subset
of patients with mutations in the WLS gene also display hypopla-
sia of the CC.?* MRI data from patient cohorts with APC2 muta-
tions show thinning of the CC,?® and patients carrying de novo
mutations in the CTNNBT gene also show defects in the CC.*°
These defects may be consistent with a transcriptional role for
CTNNBH1 in callosal neurons.

However, we find that either gain or loss of function of Ctnnb1
in the Lmx1aCre lineage leads to very similar CC crossing phe-
notypes. Since bidirectional regulation of downstream targets
is unlikely to result in similar phenotypes, rather, dysregulation
of cell adhesion may explain these findings. If the midline line-
ages arising from Lmx1aCre-driven LOF or GOF are disrupted
in terms of cell adhesion, it is expected that this would result in
dysmorphic organization, which would in turn have non-cell-
autonomous consequences on midline axon crossing. Support-
ing this interpretation, mouse mutants harboring a Thr653lys
substitution in an Armadillo repeat of CTNNB1 display alterations
in cell-cell adhesion properties and also defective CC crossing.”®

Wnt/B-catenin signaling can crosstalk with different signaling
pathways to regulate the organization of the midline guidance
populations. Previous reports suggest that the Hedgehog
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Figure 6. The organization of Lmx1a-line-
age-derived CALR+ neurons around the
midline is disrupted in Ctnnb1 LOF and
GOF brains

(A) Low-mag representative confocal z stacks
show three bands of CALR+ neurons in the control
midline (arrowheads) and their disorganized
appearance in the LOF and GOF brains (dashed
ovals).

(B) High-mag single Z-planes corresponding to
the boxed regions in the adjacent panels in (A).
N = 3 brains (biologically independent replicates)
examined over three independent experiments.
Scale bars, 100 pm (A), 10 pm (B).

DAPI/ Ai9

signaling pathway regulator Gli3 coordi-
nates with Fgf and Wnt/p-catenin signaling
to regulate midline glial architecture.?”
This evidence motivates further investiga-
tion to identify the signaling molecules that
are upstream or downstream to CTNNB1
that mediate the function of CTNNB1 in the development of the
complex cell populations that guide CC crossing at the midline.

Limitations of the study

CTNNB1 syndrome is a monogenic disorder caused by de novo
germline mutations that impair one copy of the CTNNB1 gene,
which may result in reduced or increased CTNNB1 protein func-
tion depending on the nature of the mutation. In contrast, our
Ctnnb1 LOF model results in gene disruption of both copies and
loss of all CTNNB function. We do not find a CC phenotype in
Lmx1aCre; Ctnnb1 loxP/+ mice, indicating that the threshold
requirement for CTNNB1 for CC crossing is met in heterozygote
mice. The GOF model produces one allele that encodes a consti-
tutively stabilized CTNNB1 protein, whereas the human mutations
may result in one that is only partially stabilized. Mouse models
that result in partially reduced or increased CTNNB function may
recapitulate the human CTNNB1 syndrome better. Furthermore,
mice in which either the transcriptional or the cell adhesion func-
tion of CTNNB1 has been selectively disrupted®®*° would clarify
the role of CTNNB1 in the Lmx1a midline lineage cells.

The Lmx1a lineage contributes to a diverse array of midline
glial and neuronal populations, making it challenging to deter-
mine the role of the extent of the Lmx1a-lineage-derived neurons
in the CC crossing phenotype in Ctnnb1 LOF and GOF mice. Se-
lective targeting of the neuronal midline guidance cells, either via
a suitable Cre line or by in utero electroporation, may resolve the
role of CTNNB1 in these cells.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-B-CATENIN
Rabbit monoclonal anti-p-CATENIN
Rabbit polyclonal anti-RFP

Mouse monoclonal anti-RFP

Rat monoclonal anti-L1CAM
Rabbit polyclonal anti-GFAP
Rabbit polyclonal anti-BLBP
Rabbit polyclonal anti ALDH1L1
Rabbit monoclonal anti AQP4
Rabbit monoclonal anti NEUN
Rabbit monoclonal anti SOX9
Rabbit monoclonal anti LEF1

BD biosciences

Cell Signaling Technology
Abcam

Invitrogen

Merk Millipore
Sigma-Aldrich

Sigma Aldrich

Abcam

Cell Signaling Technology
Abcam

Abcam

Cell Signaling Technology

Cat# 610153; RRID: AB_397555
Cat# 8814; RRID: AB_11127203
Cat# ab62341; RRID: AB_945213
Cat#MA5-15257; RRID: AB_10999796
Cat# MAB5272; RRID: AB_2133200
Cat# G9269; RRID: AB_477035
Cat# ABN14; RRID: AB_10000325
Cat# ab87117; RRID: AB_10712968
Cat# 59678; RRID: AB_2799571
Cat# 177487; RRID: AB_2532109
Cat# 185966; RRID: AB_2728660
Cat# 2230; RRID: AB_823558

Rabbit monoclonal anti-CALRETININ ABclonal Cat# A21965; N/A

Rabbit monoclonal anti-TBR1 Invitrogen Cat# MA5-32564; RRID: AB_2809841
Goat anti-rabbit Alexa fluor Invitrogen Cat# A11034;RRID: AB_2576217
488

Goat anti-mouse Alexa fluor Invitrogen Cat# R37121;RRID: AB_2556549
594

Goat anti-rabbit Alexa fluor Invitrogen Cat# A11011 ;RRID: AB_143157
568

Donkey anti-rabbit Alexa fluor Invitrogen Cat# A31573; RRID: AB_2536183
647

Goat anti-mouse Alexa fluor Invitrogen Cat# A21236; RRID: AB_2535812
647

Goat anti-mouse Alexa fluor Invitrogen Cat#A28175; RRID: AB_2536161
488

Goat anti-rat Alexa fluor 488 Invitrogen Cat# A11006; RRID: AB_2534074
Chemicals, peptides, and recombinant proteins

Paraformaldehyde Sigma Cat# P6148

Citric acid monohydrate Sigma Cat# C7129

Trisodium citrate dihydrate Sigma Cat# S1804

Fluor Shield mounting reagent Sigma Cat# F6182

PAP pen Sigma Cat# 2672548

TritonX-100 Sigma Cat# X100

Super Frost Plus slides EMS Cat# EMS 71869-10

Slide mailers EMS Cat# EMS 71549-08

Horse serum Invitrogen Cat# 16050130

anti-DIG (Digoxygenin) Fab fragments Roche Cat#11093274910; RRID:N/A
DAPI Invitrogen Cat# D1306; RRID: AB_2629482

Experimental models: Organisms/strains

Mouse: Lmx1aCre

Gift from Prof. Kathy Millen (Centre

for Integrative Brain Research, Seattle;

Children’s Research Institute)

RRID:IMSR_JAX:037459, Strain #:037459

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER

Gift from Prof. Makoto M. Taketo, NA
Kyoto University

Mouse: p-cat flox(ex3)

Mouse: p-cat flox(ex2-6) Gift from Prof. Raj Awatramani
(Department of Neurology and Center
for Genetic Medicine, Northwestern
University Feinberg Medical School
Chicago, lllinois

Mouse: Ai9 reporter: B6.Cg- JAX lab

Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J)

Oligonucleotides
Lmx1a cDNA cloned in pBluescript Plasmid

RRID: IMSR_JAX:004152, Strain #:004152

RRID: IMSR_JAX: 007909; Strain #:007909

Gift from Prof. Kathy Millen N/A
(Centre for Integrative Brain

Research, Seattle; Children’s

Research Institute)

Cre genotyping primer (Forward) Parichha et al., 2022"* N/A
5’ATTTGCCTGCATTACCGGTC3,

(Reverse) 5’ATCAACGTTTTCTTTTCGGS;

B-catenin GOF (Exon 3 floxed) genotyping primer: Harada et al., 1999'° N/A

(Forward) 5 GCTGCGTGGACAATGGCTACY';

(Reverse) 5GCTTTTCTGTCCGGCTCCAT3

p-catenin LOF (Exon 2-6 floxed) genotyping primer: Brault et al., 2001"® N/A
RM41 (5’ AAGGTAGAGTGATGAAAGTTGTT3),

RM42 (5CACCATGTCCTCTGTCTATTC3),

RM43 (5TACACTATTGAATCACAGGGACTTZ')

Software and algorithms

FlJl/Image Schindelin et al., 2012 https://imagej.net/software/fiji/
Zen blue Zeiss V3.4

FluoView Olympus (Evident) V4.2

Prism Graph Pad V10

CellSens Olympus (Evident) 1.7

R studio R V45.0

Other

MRI data for control patients

ScRNA-seq dataset

MR image database

Loo et al., 2019'°

(Fonov, V.S. et al., 2009,°" https://nist.
mni.mcgill.ca/infant-atlases-0-4-5-years)

GSE123335

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human data collection

In a prospective cohort study, performed between May 2021 and November 2022 in Slovenia, clinical data of patients carrying a mu-
tation in the CTNNB1 gene were collected, including magnetic resonance imaging (MRI) data. This study was registered at
ClinicalTrials.gov (NCT04812119), where a detailed study protocol can be found. The study was approved by the National Medical
Ethics Committee of the Republic of Slovenia (0120-80/2021/4). Written informed consent was collected from all patients/parents.
Five patients who are part of this cohort study and are described in this manuscript presented with abnormalities in the CC. Control
age-matched MRI data displayed in Figure 1 is obtained from a publicly available MR image database (Fonov, V.S. et al., 2009,
https://nist.mni.mcgill.ca/infant-atlases-0-4-5-years *° Click or tap here to enter text.).

Animal maintenance and genotyping

The Institutional Animal Ethics Committee of the Tata Institute of Fundamental Research, Mumbai, India, approved all animal pro-
tocols used in this study. For the kind gifts of mouse lines used in this study, we thank Prof. Kathy Millen (Centre for Integrative Brain
Research, Seattle Children’s Research Institute; Lmx1aCre line described in Chizhikov et al.""*"), Prof. Raj Awatramani (Department
of Neurology and Center for Genetic Medicine, Northwestern University Feinberg Medical School Chicago, lllinois; f-catenin exon
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2-6 floxed mice described in Brault et al.'®), and Prof. Makoto M. Taketo (Kyoto University, Kyoto; Ctnnb1 exon 3 floxed mice'?). The
Ai9 reporter mouse line (Stock No. 007909) was obtained from JAX labs. All mice were maintained under ambient temperature and
humidity conditions, with a strict 12-h light/dark cycle. Food and water were available ad libitum. The noon of the day on which the
vaginal plug was observed was considered embryonic day 0.5 (E0.5). Only male embryos were analyzed in this study because the
Lmx1aCre transgene is located on the X chromosome. Females display mosaic expression of the Cre due to random X inactivation
and therefore display unpredictable variability in the phenotype. Controls were (male) littermates unless stated otherwise. Since
germline recombination occurs in the testes of the Lmx1aCre males, the breeding colonies were maintained with the Cre transgene
in female breeders. The primer sets used for genotyping were as follows:

Cre: (Forward) 5’ATTTGCCTGCATTACCGGTCZ’,
(Reverse) 5’ATCAACGTTTTCTTTTCGGS;

350-bp band observed in Cre-positive animals.
B-catenin GOF (Exon 3 floxed):

(Forward) 5 GCTGCGTGGACAATGGCTACST';
(Reverse) 5GCTTTTCTGTCCGGCTCCAT3;

550-bp band for the conditional allele and 350-bp band for the wild-type allele.
B-catenin LOF (Exon 2-6 floxed): The following primer combination was used:

RM41 (5AAGGTAGAGTGATGAAAGTTGTT3'), RM42 (5CACCATGTCCTCTGTCTATTCY'), RM43 (5 TACACTATTGAATCACAG
GGACTT3') was used (Brault et al.").

This PCR results in a wild-type band at 221 bp and a floxed band at 324 bp.
METHOD DETAILS

Tissue sections and immunohistochemistry

Mouse embryo dissections were performed in ice-cold 1x PBS. Brains were fixed in 4% PFA overnight at 4°C and equilibrated in 30%
sucrose in PBS before sectioning at 25-pum thickness. Coronal sections mounted on a superfrost plus slide (catalog number: 71869-
10) were transferred to a slide mailer (catalog number: EMS 71549-08) and washed with PBS * 0.01% TritonX-100 for 10 min, fol-
lowed by two 5-min washes with PBS* 0.03% TritonX-100. Antigen retrieval was performed by boiling sections in a 10 mM sodium
citrate buffer (pH = 6) at 90°C for 10 min in a water bath. After cooling to room temperature (25C), slides were washed with 1x PBS™*
0.01% TritonX-100 for 10 min. A blocking solution of 5% heat-inactivated horse serum (catalog number 16050130 Invitrogen) in PBS™
0.1% TritonX-100 was added to the slides, and they were incubated for 1 hour in a humidified chamber. This was followed by over-
night incubation with the primary antibody at 4°C. On the next day, the slides were washed three times in 1x PBS * 0.1% TritonX-100
and then incubated with secondary antibodies at room temperature in a humidified chamber covered with aluminum foil (to prevent
fluorophore bleaching). After three washes with 1x PBS for 5 min, each slide was incubated with DAPI solution for 10 min to stain the
nuclei. Finally, the slides were mounted using Fluoroshield mounting medium (Sigma catalog #F6182). The primary antibodies used
were as follows: anti-p-catenin (mouse, 1:200, BDbiosciences catalog #610153), anti-f-catenin (rabbit, 1:50, CST catalog # 8814),
anti-RFP (rabbit, 1:200, Abcam catalog #ab62341), anti-RFP (mouse, 1:200, Invitrogen catalog #MA5-15257), anti-L1CAM (rabbit,
1:200, Merk Millipore, catalog #MAB5272), anti-GFAP (rabbit, 1:200, Sigma-Aldrich, catalog # G9269), and anti-BIBP (rabbit,
1:200, Sigma Aldrich, catalog # ABN14), Aldh1l1 (rabbit, 1:200, Abcam, catalog # ab87117), Aqp4 (rabbit, 1:200, CST, catalog #
59678), NeuN (rabbit, 1:500, Abcam, catalog # 177487), Sox9 (rabbit, 1:200, Abcam, catalog # 185966), Tbr1 (rabbit, 1:200, Invitro-
gen, catalog # MA5-32564), Calretinin (rabbit, 1:200, Abclonal, catalog # A21965). The secondary antibodies used were as follows:
Goat anti-rabbit Alexa fluor 488 (1:200, Invitrogen catalog #A11034), Goat anti-mouse Alexa fluor 594 (1:200, Invitrogen catalog
#R37121), Goat anti-rabbit Alexa fluor 568 (1:200, Invitrogen catalog #A11011), Donkey anti-rabbit Alexa fluor 647 (1:200, Invitrogen
catalog #A31573), Goat anti-mouse Alexa fluor 647 (1:200, Invitrogen catalog #A21236), Goat anti-mouse Alexa fluor 488 (1:200, In-
vitrogen catalog #A28175), and Goat anti-rat Alexa fluor 488 (1:200, Invitrogen catalog #A11006).

In-situ hybridization

Plasmid for the generation of Lmx1a riboprobe was generously provided by Prof. Kathleen Millen. Mouse embryonic brain at E13.5
was fixed and cryo-sectioned using a Leica SM2000R sliding microtome at a thickness of 20 pm. Sections were mounted on Super
frost Plus slides (EMS, Cat. #71869-11), followed by post fixation in 4% paraformaldehyde (PFA) for 15 minutes. After three PBS
washes, tissue was treated with proteinase-K (1 pg/ml) prepared in Tris-EDTA buffer. A second post fixation step was carried out
using 4% PFA for another 15 minutes, followed by additional PBS washes. Hybridization was conducted overnight (16 hours) at
70 °C in a buffer composed of 50% formamide, 2X SSC, and 1% SDS. DIG-labeled complementary RNA probes, transcribed
in vitro from linearized plasmid templates, were used for hybridization. Templates were prepared via restriction enzyme digestion
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of the plasmids. Post-hybridization, three high-stringency washes (each 45 minutes) were performed in a solution containing 50%-
formamide, 2X SSC, and 1% SDS, followed by washes in 2X SSC and 0.2X SSC. For detection of signal, sections were blocked for
one hour in TBST (Tris-buffered saline with 0.1% Tween-20, pH 7.5) supplemented with 10% horse serum. Sections were then incu-
bated overnight at 4 °C with Fab fragments of anti-DIG alkaline phosphatase-conjugated antibody (Roche, Cat. #12486523) diluted
1:5000 in blocking buffer. Signal was visualized using the NBT/BCIP substrate system (Roche: NBT, Cat. #70210625; BCIP,
Cat. #70251721). Sections were counterstained with nuclear Fast Red (Sigma-Aldrich, Cat. #N3020), air-dried, and cover slipped
using DPX mounting medium (SDFCL, Cat. #46029).

Image acquisition and analysis

Bright-field images were acquired using a Zeiss Axioskop-5 plus microscope equipped with a Zeiss Axiocam 506 color camera and
associated Zen blue (V3.4) software. Mouse sections were imaged using an Olympus FluoView 1200 & 4000 confocal microscope
with FluoView software. Image analysis was performed using Fiji ImageJ) software and Adobe Photoshop CS6.

Analysis of published scRNA-seq dataset

A published PO mouse embryonic scRNA-seq dataset (Loo et al., 2019, GSE123335) was used for the analysis. The aligned feature-
barcode matrices were downloaded from NCBI Gene Expression Omnibus and analyzed with the Seurat (v5.0.1) R package. Cells
with fewer than 500 or more than 5000 genes, or with more than 10 percent mitochondrial reads were filtered out. The feature expres-
sion measurements for each cell were normalized by the total expression, multiplied by the default scale factor of 10000, and log-
transformed. Principal Component Analysis (PCA) was run on the data using the top 2000 variable features to reduce dimensionality.
tSNE was run on the data using the top 50 principal components for visualization purposes. The original annotations by the authors of
the dataset were used to annotate cell types, and cells annotated as “Astrocytes” were used for the exploration of glial markers.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

For Figure 1G; Figures S2B and S2C, images were acquired in tile scan mode, and stitching was performed in the Zen blue software
(V3.4). For all figures, three coronal sections per brain (each 25 pm thick) were analyzed for E18.5 and PO brains, spaced 100 pm apart
along the rostrocaudal axis. For E15.5 and E13.5 brains, two rostrocaudal levels per brain were analyzed. For the quantification of
corpus callosum (CC) thickness in the midline (Figures 1E and 1F), the "Line Tool" in Fiji was used. A line was drawn along the midline
region of the CC, and thickness was measured using the "Measure" option in Fiji. 2 representative rostro-caudal levels were quan-
tified, which are 100 pm apart from each other in the rostrocaudal axis (depth information shown in Figure S2. For all cell counting
analyses (Figure 2), the "Cell Counter" plugin in Fiji was utilized. Cell counts were performed on stitched high-magnification,
10 pm thick stacked confocal images. Cells positive for both the marker and Ai9 were classified as type 1, while cells positive
only for the marker were designated as type 2. During scrolling through the Z-stack, the "Show All" option was enabled in the plugin
to prevent duplicate counting of the same cell across different Z planes. Cells that are overlapping and not clearly distinguishable
were not scored. For the colocalization plot in Figure S3, the colocalization finder plugin in FIJI was used. Individual red and green
channel was used to generate the plot using this plugin. Forimage representation, the “Z stacked” vs “single representative plane” is
properly mentioned in each figure legend. Nonlinear operations such as gamma correction were not performed for any of the figures.
Brightness and contrast adjustments were performed identically for control, GOF, and LOF brains. Image stitching was performed in
Figures 1, 2N, and 2Q; Figures S2B, S2C, S3, S8A, and S8C. All schematics were prepared using Microsoft PowerPoint 2016 and
Adobe Photoshop 2017.

Statistical tests

Biological replicates (N) were samples obtained from individual embryos/Pups. Blinded analysis was not possible for Lmx1aCre ge-
notypes since they are easily distinguishable owing to the dramatic difference in phenotype. Statistical analyses were performed us-
ing GraphPad Prism (v9.3.1). Exact information about statistical tests and p-values are provided in the corresponding figure legends.
For all statistical tests, the confidence interval selected was 95% (x=0.05). Outlier removal was not performed for any test. For all the
scattered plots and bar graphs, error bars represent the SEM.
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