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The tumor suppressor Nf2 regulates corpus callosum
development by inhibiting the transcriptional coactivator Yap
Alfonso Lavado, Michelle Ware*,‡, Joshua Paré‡ and Xinwei Cao§

ABSTRACT
The corpus callosum connects cerebral hemispheres and is the
largest axon tract in the mammalian brain. Callosal malformations are
among the most common congenital brain anomalies and are
associated with a wide range of neuropsychological deficits.
Crossing of the midline by callosal axons relies on a proper midline
environment that harbors guidepost cells emitting guidance cues to
instruct callosal axon navigation. Little is known about what controls
the formation of themidline environment.We find that two components
of the Hippo pathway, the tumor suppressor Nf2 (Merlin) and the
transcriptional coactivator Yap (Yap1), regulate guidepost
development and expression of the guidance cue Slit2 in mouse.
During normal brain development, Nf2 suppresses Yap activity in
neural progenitor cells to promote guidepost cell differentiation and
prevent ectopic Slit2 expression. Loss of Nf2 causes malformation of
midline guideposts and Slit2 upregulation, resulting in callosal
agenesis. Slit2 heterozygosity and Yap deletion both restore callosal
formation in Nf2 mutants. Furthermore, selectively elevating Yap
activity in midline neural progenitors is sufficient to disrupt guidepost
formation, upregulate Slit2 and prevent midline crossing. The Hippo
pathway is known for its role in controlling organ growth and
tumorigenesis. Our study identifies a novel role of this pathway in
axon guidance. Moreover, by linking axon pathfinding and neural
progenitor behaviors, our results provide an example of the intricate
coordination between growth and wiring during brain development.
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INTRODUCTION
The corpus callosum is the largest commissural axon tract in the
mammalian brain. It transfers sensory, motor and cognitive
information between cerebral hemispheres. An innovation during
eutherian evolution, the corpus callosum is believed to be involved in
higher order brain functions. Callosal malformations are among the
most common congenital brain anomalies and are associated with
cognitive, behavioral and neurological deficits (Paul et al., 2007).
Callosal formation requires a cascade of dynamic events to be

precisely coordinated spatially and temporally (Donahoo and
Richards, 2009; Fame et al., 2011; Nishikimi et al., 2013).
Callosal projection neurons mainly reside in cortical layers II and
III and, to a lesser extent, layers V and VI. In the mouse, axons from
the cingulate cortex approach and cross the midline first at around

embryonic day (E) 16 and are later joined by axons from the
neocortex (Koester and O’Leary, 1994; Rash and Richards, 2001).
To reach their targets in the contralateral hemisphere, callosal axons
follow the guidance cues emitted by several glial and neuronal
guidepost structures at the corticoseptal boundary region. Defects in
callosal neuron specification and production, midline patterning,
guidepost formation or guidance cue expression and reception might
result in complete or partial agenesis of the corpus callosum.
Although it has long been recognized that the environment which
callosal axons traverse is crucial for their pathfinding, how this
environment is shaped is not well understood. Despite recent
progress (Amaniti et al., 2013; Benadiba et al., 2012; Chinn et al.,
2014; Magnani et al., 2014; Piper et al., 2009a; Shu et al., 2003a,b;
Smith et al., 2006; Unni et al., 2012), our knowledge of what
regulates the development of guideposts and expression of guidance
molecules remains limited.

Neurofibromatosis type 2 is an inherited syndrome in which
individuals develop nervous system tumors (Li et al., 2012). It is
caused by inactivating mutations of the neurofibromatosis 2 (NF2)
tumor suppressor gene, which encodes a Four-point-one, Ezrin,
Radixin, Moesin (FERM) domain-containing protein that is also
known as Merlin. Nf2 (Merlin) is widely expressed and engages in
many signaling pathways, including the Rac-PAK, mTORC1,
EGFR, PI3K-Akt and Hippo pathways. It regulates diverse cellular
processes, such as the establishment of cell polarity, formation of
cell-cell junctions and proliferation. Nf2 plays numerous roles in the
nervous system, including promoting cell-cell adhesion during
neural tube closure (McLaughlin et al., 2007), inhibiting glial cell
proliferation (Giovannini et al., 2000; Houshmandi et al., 2009) and
maintaining axonal integrity (Schulz et al., 2013).

Using Nf2 conditional knockout mouse models, we have
previously shown that Nf2 limits the expansion of neural
progenitor cell (NPC) populations during brain development by
inhibiting the transcriptional coactivators Yap (Yap1 – Mouse
Genome Informatics) and its paralog Taz (here referred to as Yap/
Taz) (Lavado et al., 2013). Nf2 loss and YAP hyperactivation also
render the dentate gyrus radial glial scaffold over-exuberant and
impair hippocampus morphogenesis. We unexpectedly discovered
that Nf2 mutants lack the corpus callosum. However, it was unclear
mechanistically how Nf2 regulates callosal development.

Here, we investigate the underlying cellular and molecular basis
for the role of Nf2 in callosal development. We find that Nf2 is not
required in callosal neurons or their progenitors in order for the
corpus callosum to form, but it is required in midline NPCs for
proper formation of the midline environment that callosal axons
encounter. We further demonstrate that Nf2 functions by
suppressing Yap, which in turn regulates guidepost development
and expression of the guidance cue Slit2. Our study uncovers the
mechanistic basis of how the tumor suppressor Nf2 regulates
callosal formation and provides novel insights into the molecular
mechanisms that shape the callosal midline environment.Received 10 April 2014; Accepted 1 September 2014
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RESULTS
Nf2 is required for corpus callosum and hippocampal
commissure development
We previously found that deleting floxed alleles of Nf2 (Nf2F/F)
(Giovannini et al., 2000) with Emx1-cre, which is expressed in the
dorsal telencephalon by E10.5 (Gorski et al., 2002), results in
callosal agenesis (Lavado et al., 2013). Luxol Blue staining of adult
brain sections to detect myelinated axons showed that, in Nf2
mutants (Nf2F/F;Emx1-Cre), the corpus callosum was absent along
the rostrocaudal axis with few, if any, fibers crossing the midline
(Fig. 1A-D, arrow). The hippocampal commissure was also lacking
(Fig. 1E,F, arrow), whereas the anterior commissure formed
normally (Fig. 1C,D, arrowhead). The acallosal phenotype was
never observed in Nf2F/+;Emx1-Cre animals, suggesting that the
defect was not due to strain background. Deleting Nf2 using Nestin-
Cre (Tronche et al., 1999), which is expressed in NPCs throughout
the central nervous system, also led to agenesis of the corpus
callosum and hippocampal commissure (supplementary material
Fig. S1). Here, we focused on understanding the role of Nf2 in
callosal development.
Nf2 transcripts have been detected in NPCs and cortical neurons

during mouse brain development (McLaughlin et al., 2007). We
examined Nf2 protein localization at E15.5, when pioneer axons
reach the midline. As reported previously (Lavado et al., 2013), Nf2
localized at the apical region of NPCs, highlighting the ventricular
surface (Fig. 1G, arrowhead). Nf2 was also detected in the cortical
plate (Fig. 1G, dashed bracket) and in axons reaching the midline
(Fig. 1G, arrow). Co-staining with an antibody against L1 cell
adhesion molecule (L1), which labels axons, confirmed that Nf2
was present in callosal axons (Fig. 1G′, arrow). All Nf2

immunoreactivity in the dorsal telencephalon was eliminated in
Nf2F/F;Emx1-Cre embryos (Fig. 1H,H′), indicating that the
observed signals were specific. Thus, Nf2 is expressed in callosal
neurons and the NPCs that give rise to callosal neurons and midline
structures. This expression pattern suggests that the acallosal
phenotype caused by loss of Nf2 might arise from (1) defects in
callosal neurons, including their specification, production and
ability to project axons and respond to guidance cues, or (2) defects
in the environment that callosal axons encounter, including midline
patterning, guidepost formation and the expression of guidance
cues. We investigated all of these possibilities.

Adefectivemidline is responsible forcallosal agenesis inNf2
mutants
First we examined whether callosal neurons were generated
properly in Nf2 mutants. The expression patterns of Satb2, a
transcription factor required for callosal neuron specification
(Alcamo et al., 2008; Britanova et al., 2008), and cortical layer-
specific markers Ctip2 (layers V and VI) and Tbr1 (layers II, III, V
and VI) were normal in Nf2 mutants at E15.5 and E17.5
(supplementary material Fig. S2), demonstrating that callosal
neuron production and cortical laminar organization are largely
unperturbed upon Nf2 deletion.

To determine whether Nf2 is required in callosal neurons for
callosal formation, we specifically deleted Nf2 in callosal neurons
using a Satb2-Cre line. Using the Cre-reporter line Rosa-CAG-LSL-
tdTomato (R26R-tdTomato) (Madisen et al., 2010), which expresses
tdTomato upon Cre-mediated deletion of the LoxP-Stop-LoxP (LSL)
cassette, we confirmed that Cre activity was turned on at around
E13.5 and was mostly restricted to callosal neurons (supplementary

Fig. 1. Agenesis of the corpus callosum and
hippocampal commissure in Nf2 mutants.
(A-F) Luxol Blue staining of myelinated axons
(blue) and Cresyl Violet staining of cell bodies
(purple) showing agenesis of the corpus
callosum (CC) (A-D, arrow) and hippocampal
commissure (HC) (E,F, arrow) but normal
anterior commissure (AC) (C,D, arrowhead) in
2-month-old Nf2F/F;Emx1-Cre mice (n=3).
A magnified view of the boxed region is shown
in the image to the right. (G,G′)
Immunostaining showing Nf2 localization at
the ventricular surface (arrowhead), cortical
plate (dashed bracket) and L1+ callosal axons
(arrow) in control brains at E15.5. (H,H′) Nf2
immunoreactivity in these regions is eliminated
in Nf2F/F;Emx1-Cre dorsal telencephalon.
Arrowhead, ventricular surface; arrow, callosal
axons. Scale bar: 200 µm.
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material Fig. S3A-C). No Cre activity was detected in progenitor
cells at the ventricular zone and subventricular zone (supplementary
material Fig. S3A,B). In E15.5 Nf2F/F;Satb2-Cre embryos, Nf2
immunoreactivity was preserved at the ventricular surface
(supplementary material Fig. S3D-E′, arrowhead) but lost in
callosal axons (supplementary material Fig. S3D-E′, arrow). The
corpus callosum formed normally in these mutants (supplementary
material Fig. S3F,G), suggesting that Nf2 is not required in callosal
neurons for callosal formation.
To further test whether Nf2-deficient callosal neurons were able

to project axons across the midline, we performed ex vivo
transplantation experiments. We introduced a Cre-reporter gene,
Rosa-CAG-LSL-ZsGreen (ZsGreen) (Madisen et al., 2010), into the
Nf2F/F background to visualize axons. In control experiments,
homotopic transplantation of the frontal cortex of Emx1-Cre;
ZsGreen embryos at E16.5 into cortical sections of Emx1-Cre hosts
resulted in midline crossing of ZsGreen+ callosal axons after 72 h in
culture (n=7 out of 7; Fig. 2A, white arrow). Axons fromNf2mutant
(Nf2F/F;Emx1-Cre;ZsGreen) cortices were also able to cross the
midline of Nf2F/+;Emx1-Cre hosts (n=5 out of 5; Fig. 2B, white
arrow). By contrast, axons from Nf2F/+;Emx1-Cre;ZsGreen cortices
failed to cross the midline of Nf2 mutant hosts (n=0 out of 10;
Fig. 2C, white arrow). We often observed that, in all three
transplantation scenarios, some axons mis-projected ventrally into
the septum (Fig. 2A-C, arrowheads). This is probably an artifact
caused by, for example, imperfect sectioning or grafting.
Nevertheless, the stark contrast between Nf2 mutant axons being
able to cross the midline of control hosts (Fig. 2B) and control axons
unable to cross the midline of Nf2 mutant hosts (Fig. 2C) strongly
suggests that Nf2 is not required for the production of callosal
neurons capable of projecting axons across the midline, but is
required to generate the midline environment.

Nf2 is required for glial wedge development
Upon determining that midline defects are responsible for callosal
agenesis in Nf2 mutants, we first examined early patterning at the
corticoseptal boundary where midline guideposts later form. At

E12.5 and E15.5, the expression patterns of Six3, Zic2 and Nfia,
transcription factors delineating subdomains of the commissural
plate (Moldrich et al., 2010), were unaffected upon Nf2 deletion
(supplementary material Fig. S4A-F′). Gli3 and Fgf8 are required
for corticoseptal boundary patterning and callosal formation
(Amaniti et al., 2013; Magnani et al., 2014; Moldrich et al.,
2010). Their expression and that of Sprouty1, a target of Fgf
signaling, appeared normal in Nf2mutants (supplementary material
Fig. S4A-D′,G-J′). Interestingly, quantitative western blot analyses
of Gli3 using E13.5 cortex and E15.5 medial-cortex tissues showed
that the amounts of the full-length activator form (Gli3FL) and
cleaved repressor form (Gli3R) and the ratio of Gli3FL to Gi3Rwere
increased in Nf2 mutants (supplementary material Fig. S5),
although the functional consequence of these changes is unclear.
Wnt8b and the Wnt target gene Axin2 were expressed normally in
Nf2mutants except for an elongation of theWnt8b+ domain at E15.5
(supplementary material Fig. S4K-N′), which correlated with the
elongation of the glial wedge (see below, Fig. 3A-B′). Axin2 in situ
hybridization signals were very weak at E15.5 (supplementary
material Fig. S4N,N′). We performed quantitative RT-PCR (qRT-
PCR) analysis using rostral medial-cortex tissues at E15.5, which
also showed similar Axin2mRNA levels in control and Nf2mutants
(n=3 embryos per genotype, P=0.8). Taken together, these results
suggest that patterning of the corticoseptal boundary is grossly
normal in Nf2 mutants.

Next we examined the development of midline guideposts
between E15.5 and E17.5, before and during callosal formation.
The glial wedge (GW) is located at the ventricular zone on either
side of the midline and deflects callosal axons toward the midline
(Shu and Richards, 2001). At these stages, the GW is composed of
NPCs, which are also known as radial glia (Kriegstein and Alvarez-
Buylla, 2009; Shu et al., 2003b; Smith et al., 2006). GW cells
initially extend long GFAP+ radial processes to the midline pia, but
lose their pial attachment by E15.5, when pioneer axons reach the
midline (Shu et al., 2003b) (Fig. 3A,A′, arrowhead). InNf2mutants,
the GW was formed but dorsoventrally spanned a broader region
than that in controls (Fig. 3A-B′, white line). Moreover, many

Fig. 2. Callosal axons from Nf2 mutant brains can cross
the midline of control forebrains. Tissues from the frontal
cortex of E16.5 ZsGreen+ donor embryos were transplanted
into cortical sections of ZsGreen− host embryos and then
cultured for 72 h. Axon trajectory was examined using
ZsGreen fluorescence. Panels show transplantation
schemes with the genotypes of donor and host embryos
indicated, and examples of transplants are shown on the right.
Dashed line, the midline; white arrow, callosal axons;
arrowhead, mis-projected axons. (A) Control callosal axons
cross the midline of control hosts. (B) Callosal axons from
Nf2F/F;Emx1-Cre embryos cross the midline of Nf2F/+;Emx1-
Cre hosts. (C) Callosal axons from Nf2F/+;Emx1-Cre embryos
fail to cross the midline of Nf2F/F;Emx1-Cre hosts. Scale bar:
200 µm.
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GFAP+ processes remained attached to the midline pia, crossing the
path of callosal axons (Fig. 3B,B′, arrowhead; Fig. 3E,F). At E16.5,
when many callosal axons have crossed the midline in controls
(Fig. 3C), some GW fibers in Nf2mutants still extended close to the
pia (Fig. 3D,D′, arrowhead; Fig. 3E,F) and callosal axons, failing to
cross the midline, accumulated into abnormal tangles known as
Probst bundles (Fig. 3D, arrow). By E17.5, GW fibers in Nf2
mutants no longer projected close to the pia in rostral regions
(Fig. 3H,H′, arrowhead), but still transected the path of callosal or
hippocampal commissural axons in caudal regions (Fig. 3J,J′,
arrowhead). Thus, GW formation was perturbed in Nf2 mutants,
manifesting as elongation of the GW region and overextension of
radial processes.
The indusium griseum (IG) comprises neurons and astrocytes

underneath the midline pia, above the corpus callosum. Because IG

astrocytes do not express GFAP until E17 (Shu et al., 2003b), we
searched for other IG markers to examine the earlier stages of its
development. At E15.5, at least a fraction of cells beneath the
midline pia expressed Sox2 (Fig. 3K,K′, arrow) and some Sox2+

cells were also immunopositive for GFAP at E16.5 (Fig. 3M,M′,
arrow), suggesting that Sox2 is an earlier marker for IG cells. The
immunostaining pattern of Sox2 overlapped with that of Sox9
(supplementary material Fig. S6A-B′), another IG glia marker
(Clegg et al., 2014). Similar to controls, Sox2+, GFAP+ and Sox9+

cells were present beneath the midline pia in Nf2 mutants from
E15.5 to E17.5 (Fig. 3K-N′,G-J′, arrows; supplementary material
Fig. S6C-F′). We noted that the numbers of Sox2+ cells and Sox9+

cells were increased in Nf2 mutants at E15.5 but returned to control
levels at E16.5 (Fig. 3O; supplementary material Fig. S6G). The
functional significance of this change is unclear. We also noticed

Fig. 3. Nf2 loss impairs glial wedge
development. (A,A′) In control embryos at
E15.5, GFAP+ processes (arrowhead)
from the glial wedge (GW, white line) have
detached from the pia (dashed line). At this
stage, the GFAP antibody often stains the
pia nonspecifically. Panels labeled with
primes are themagnified view of the boxed
areas in corresponding panels. (B,B′) In
Nf2F/F;Emx1-Cre embryos, the GW is
elongated and many GW processes
remain attached to the pia and intersect
L1+ callosal axons (B′, arrowhead).
(C-D′) In E16.5Nf2F/F;Emx1-Cre embryos,
GW fibers still extend close to the pia (D′,
arrowhead) and Probst bundles (Pb) are
formed (D, arrow). (E,F) More GFAP+ GW
fibers touch the midline pia (E, n=4) and
more cross callosal axon path (F, n=6) in
Nf2F/F;Emx1-Cre embryos than in controls.
***P<0.001. (G-J′) In E17.5 Nf2F/F;Emx1-
Cre brains, GW fibers have lost pial
attachment in rostral regions (H′,
arrowhead) but still project close to the pia
and intersect axons of the corpus callosum
or hippocampal commissure in caudal
regions (J′, arrowhead). Arrow: indusium
griseum (IG). (K-L′) At E15.5, Sox2+ cells
are present in the IG primordium in control
and Nf2F/F;Emx1-Cre embryos (arrow).
These cells are GFAP− at this stage.
(M-N′) GFAP+ IG astrocytes (arrow) are
present in control and Nf2F/F;Emx1-Cre
embryos at E16.5. Most of these cells also
express Sox2. (O) The number of IG Sox2+

cells is increased in Nf2F/F;Emx1-Cre
embryos at E15.5 (n=5) but is similar to
that in controls at E16.5 (n=4). Scale
bars: 200 µm in B,D,H,H′,J,J′,L,N; 50 µm
in B′,D′,L′; 10 µm in N′.
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that the IG in Nf2 mutants was mis-positioned at the same
dorsoventral level as the GW, instead of dorsal to it as in controls
(Fig. 3G-J′). This defect, however, might be secondary to the lack of
crossing callosal axons. Taken together, we conclude that IG
development is largely unaffected in Nf2 mutants, except for a
transient increase in IG glia at E15.5.

Nf2 promotes differentiation of glutamatergic guidepost
neurons
Next we investigated the development of midline guidepost neurons,
which comprise GABAergic interneurons and Calretinin-positive
glutamatergic neurons and attract callosal axons (Niquille et al., 2009).
Because GABAergic neurons are produced by NPCs at the ventral
telencephalon (Niquille et al., 2009), Nf2 deletion using Emx1-Cre is
unlikely to directly affect GABAergic neurons. We therefore focused
on Calretinin+ glutamatergic neurons. At E15.5, these neurons resided
at the midline cortical plate, forming a band between the pia and GW
processes (Fig. 4A,A′). In Nf2 mutants, Calretinin+ neurons were
significantly reduced [310±4 per section in controls versus 225±4
(mean±s.e.m.) in Nf2 mutants, n=4, P<0.0001], and the band of these
cellswas bisected bya gap (Fig. 4B,B′, arrowhead). This gap coincided
preciselywith theGWfibers that remained attached to the pia (Fig. 4B′,
arrowheads) and was occupied by Tbr2+ intermediate progenitors
(Fig. 4D,D′, arrowheads), which normally reside at the subventricular
zone (Fig. 4C,C′). The presence of Tbr2+ cells in the cortical plate
indicated that differentiation of Calretinin+ neurons might be affected.
To test this, we performed birth-dating experiments.We injected BrdU
into pregnantmice at E13.5 to label S-phase progenitor cells. Two days
later, many BrdU-labeled cells in controls had differentiated into
Calretinin+ neurons (Fig. 4E,E′, yellow cells, arrowheads). In Nf2
mutants, BrdU-labeled cells predominantly remained as Tbr2+

intermediate progenitors or ventricular zone NPCs, and significantly
fewer of them differentiated into Calretinin+ neurons (Fig. 4F,F′; 84±9
BrdU+Calretinin+ neurons per section in controls versus 33±2 in Nf2
mutants, n=3,P=0.0056). These results demonstrate that Nf2 promotes
differentiation of Calretinin+ guidepost neurons.

Upregulation of Slit2 contributes to callosal agenesis in Nf2
mutants
Next, we examined whether Nf2 deletion affects the expression of
guidance molecules that are important for callosal formation. Similar
to E15.5-16.5 controls, callosal axons in Nf2 mutants were
immunopositive for guidance receptors Neuropilin-1 (Piper et al.,
2009b) and Dcc (Fazeli et al., 1997), and Robo1 (Andrews et al.,
2006) transcripts were detected in the cell bodies of cingulate neurons
(supplementarymaterial Fig. S7A-F).Midline guidance cues Sema3c
(Niquille et al., 2009; Piper et al., 2009b), Netrin1 (Serafini et al.,
1996) and Draxin (Islam et al., 2009) were expressed normally inNf2
mutants (supplementary material Fig. S7G-L). Robo1, Sema3c and
Netrin1 transcripts are usually present in the region where Calretinin+

neurons reside (supplementary material Fig. S7E,G,I, dashed
bracket). In Nf2 mutants, the apparent lack or downregulation of
these transcripts in that region is probably due to fewer Calretinin+

neurons (see Fig. 4) rather than to reduced transcription. Interestingly,
Slit2, which is expressed in the midline ventricular zone at E15.5 and
is required for callosal formation (Bagri et al., 2002; Shu and
Richards, 2001), was induced inNf2mutants (Fig. 5A,B). To confirm
the change in the level of Slit2, we performed qRT-PCR analysis
using E14.5 medial-cortex tissues. The Slit2 mRNA level was
increased 1.7±0.1 fold in Nf2 mutants (n=3, P=0.0087).
Previous in vitro assays show that Slit2 repels cortical axons (Shu

and Richards, 2001). To test whether Slit2 upregulation in Nf2

Fig. 4. Loss of Nf2 reduces glutamatergic guidepost neurons. (A,A′) In
control embryos at E15.5, Calretinin+ guidepost neurons reside at the midline
cortical plate (CP). (B,B′) Fewer Calretinin+ neurons are found in Nf2F/F;Emx1-
Cre midline, especially at the region where GW fibers remain attached to the
pia (B′, arrowhead). (C,C′) In controls, Sox2+ neural progenitor cells (NPCs),
Tbr2+ intermediate progenitors and Calretinin+ neurons reside at the
ventricular zone (VZ), subventricular zone (SVZ) and CP, respectively.
(D,D′) In the midline of Nf2F/F;Emx1-Cremice, Tbr2+ intermediate progenitors
intermingle with Calretinin+ neurons (arrowheads). (E-F′) BrdU was
administered at E13.5, and embryos were harvested 48 h later. Many
BrdU-labeled cells in controls are Calretinin+ (E,E′, yellow cells, arrowhead). In
Nf2F/F;Emx1-Cre embryos, most BrdU-labeled cells remain as VZ NPCs or
Tbr2+ intermediate progenitors (F,F′) and fewer of them have differentiated into
Calretinin+ neurons (F′, yellow cells, arrowheads). Panels labelled with primes
are themagnified view of the boxed areas in corresponding panels. Scale bars:
100 µm.
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mutants contributes to callosal agenesis, we overexpressed Slit2
in vivo at the corticoseptal boundary by performing in utero
electroporation at E13.5. At E17.5, Slit2 overexpression resulted in
the accumulation of abnormal axon tangles in the side that had been
transfected (n=4 out of 4; Fig. 5C, arrow), although it did not
prevent callosal formation. Axon tangles were never observed after
overexpression of green fluorescent protein (GFP) (n=0 out of 4,
Fig. 5D). These results suggest that Slit2 upregulation could
contribute to callosal agenesis in Nf2 mutants.
To further confirm the involvement of Slit2 upregulation, we tested

whether deleting Slit2 in Nf2 mutants suppresses the acallosal
phenotype. Remarkably, deleting one allele of Slit2 fully restored the
corpus callosum in neonatal (P0)Nf2mutants (n=5 out of 5, Fig. 5G),
whereas it had no discernible effect in the Nf2 heterozygous
background (Fig. 5H). qRT-PCR analysis of E15.5 rostral medial-
cortex tissues showed that although the Slit2 mRNA level was
increased in Nf2F/F;Emx1-Cre embryos, it was returned to littermate
control (Nf2F/+;Emx1-Cre) levels in Slit2+/−;Nf2F/F;Emx1-Cre
embryos (Fig. 5I). Slit2 heterozygosity, however, did not fully
rescue guidepost development. In Slit2+/−;Nf2F/F;Emx1-Cre
embryos, more GFAP+ GW processes extended close to the pia
than those in littermate controls (Nf2F/+;Emx1-Cre and Slit2+/−;

Nf2F/+;Emx1-Cre) (Fig. 5J-O, arrowheads), although the defects were
not as severe as they were in Nf2F/F;Emx1-Cre embryos. Fewer
Calretinin+ guidepost neurons were found in Slit2+/−;Nf2F/F;Emx1-
Cre embryos than in controls (Fig. 5P-T), and the bands of Calretinin+

neurons were interrupted by Tbr2+ intermediate progenitors
(Fig. 5R,R′, arrowhead), again resembling the phenotypes of
Nf2F/F;Emx1-Cre embryos. Taken together, these results suggest
that Slit2 upregulation contributes to callosal agenesis inNf2mutants.

Yap overactivation is responsible for callosal agenesis inNf2
mutants
Next, we sought to understand how Nf2 deletion leads to guidepost
malformation and Slit2 upregulation. Two lines of evidence
suggested that overactivation of the Yap/Taz transcriptional
coactivators might be responsible. First, we have previously
shown that Yap/Taz activities are increased in Nf2 mutant brains
and that overexpressing YAP in NPCs increases the abundance of
GFAP+ radial processes in the developing hippocampus (Lavado
et al., 2013), a phenotype resembling that of Nf2 mutant GW.
Second, SLIT2 is induced by YAP overexpression in several cell
types and is considered a signature gene of enhanced YAP activity
(Dupont et al., 2011; Mohseni et al., 2014; Zhao et al., 2008).

Fig. 5. Slit2 upregulation contributes to
callosal agenesis in Nf2 mutants.
(A,B) In situ hybridization shows higher Slit2
levels in E15.5 Nf2F/F;Emx1-Cre midline
than in control. (C,D) Overexpressing Slit2
by using in utero electroporation at E13.5
results in formation of axon tangles at E17.5
(C, arrow). GFP overexpression does not
cause this defect (D). (E-H) Sections of
littermates show that Slit2 heterozygosity in
the Nf2F/F;Emx1-Cre background restores
the corpus callosum (G). (I) qRT-PCR
analyses of E15.5 rostral medial-cortex
tissues show that although the Slit2 mRNA
level is upregulated in Nf2F/F;Emx1-Cre
embryos, it is returned to control (Nf2F/+;
Emx1-Cre) levels in Slit2+/−;Nf2F/F;Emx1-
Cre embryos (n=4). (J-O) Slit2
heterozygosity does not fully rescue theGW
defects of Nf2 mutants. More GFAP+ GW
fibers (arrowheads) touch the midline pia
(dashed line) and more cross the callosal
axon path in Slit2+/−;Nf2F/F;Emx1-Cre
embryos than in littermate Nf2F/+;Emx1-Cre
controls. These defects are similar to those
in Nf2F/F;Emx1-Cre embryos, albeit less
severe. Slit2+/−;Nf2F/+;Emx1-Cre, n=3; the
rest, n=5. (P-T) Calretinin+ neurons are
reduced in Slit2+/−;Nf2F/F;Emx1-Cre
embryos compared to that in Nf2F/+;Emx1-
Cre controls and Tbr2+ intermediate
progenitors are present in the midline
cortical plate (CP) (arrowheads). These
defects are similar to those in Nf2F/F;Emx1-
Cre embryos. Slit2+/−;Nf2F/+;Emx1-Cre,
n=3; the rest, n=4. Scale bars: 200 µm (B,M,
S); 500 µm (D,H); 50 µm (M′,S′). Panels
labeled with primes are magnified views of
the boxed areas in corresponding panels. In
panels I,N,O,T, statistical significance
scores are evaluated against Nf2F/+;Emx1-
Cre embryos unless specifically indicated.
**P<0.01; ***P<0.001; n.s., not significant.
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If Yap overactivation is responsible for callosal agenesis in Nf2
mutants, then deleting Yap should restore the corpus callosum. To
test this, we generated Nf2;Yap double conditional mutants. Indeed,
every double mutant examined between stages E17.5 and P0
developed the corpus callosum (n=10, Fig. 6C). Moreover, the
formation of midline guideposts was completely restored in E15.5
Nf2;Yap double mutants. As in littermate Nf2F/+;YapF/+;Emx1-Cre
controls, few GW processes remained attached to the pia in Nf2;Yap
double mutants (Fig. 6F-K, arrowheads). The number of Calretinin+

neurons in Nf2;Yap double mutants was similar to that in Nf2F/+;
YapF/+;Emx1-Cre controls (Fig. 6L-P). However, qRT-PCR
analysis of E15.5 rostral medial-cortex tissues showed that, in
Nf2;Yap double mutants, the Slit2 mRNA level remained
upregulated compared with that of littermate Nf2F/+;YapF/+;Emx1-
Cre controls and was similar to that in Nf2F/F;YapF/+;Emx1-Cre
mutants (Fig. 6E). Yap deletion in theNf2 heterozygous background
did not have obvious effects on guidepost development, Slit2 level,
or callosal formation (Fig. 6D,E,I-K,O,P). Taken together, these
results strongly suggest that Yap overactivation, which disrupts
guidepost development, contributes to callosal agenesis in Nf2
mutants. Because Yap expression is restricted to NPCs (Milewski
et al., 2004) (Fig. 7A), these results also suggest that Nf2 functions
within NPCs to regulate callosal development. That Slit2 remains
upregulated in Nf2;Yap double mutants indicates that Taz
overactivation might also contribute to Slit2 upregulation.

Elevating YAP activity in midline NPCs causes callosal
agenesis
To further confirm that aberrant Yap/Taz activation underlies callosal
agenesis in Nf2 mutants, we tested whether increasing their activity
was sufficient to prevent callosal formation. Based on our finding that
Nf2 is required to generate the proper midline environment, we
predicted that elevating Yap/Taz activity selectively in midline NPCs
would block callosal formation. To test this, we crossed mice

carrying a doxycycline-inducible allele of human YAP1, TetO-YAP1
(Camargo et al., 2007), with an Axin2-rtTA line that expresses the
doxycycline-dependent transactivator rtTA from the Axin2 promoter,
which is active in the midline of the dorsal neural tube, including the
dorsal telencephalic midline (Yu et al., 2007). Immunostaining
confirmed that, in TetO-YAP1;Axin2-rtTA double-transgenic (dTG)
embryos, the level of YAP was specifically increased in the midline
ventricular zone but not in the rest of the brain (Fig. 7A,B,
arrowheads). By measuring the fluorescence intensity of Yap/Taz
immunostaining signals (supplementary material Fig. S8A,B), we
estimated that the YAP protein level at the midline of E13.5 dTG
embryos was 1.934±0.007 times greater than that in controls (n=3,
P<0.0001). Quantitativewestern blot analysis of E16.5 medial-cortex
tissues showed a 2.5±0.1 fold increase of YAP protein amount in
dTG embryos (n=3, P<0.0001; supplementary material Fig. S8C).

The phenotypes of these dTG animals were strikingly similar to
those of Nf2 mutants – at E18.5, callosal axons in dTG brains
approached the midline but few crossed it, instead forming Probst
bundles (Fig. 7D, arrow). Some GW fibers penetrated the callosal
axon path (Fig. 7D, arrowhead). Calretinin+ guidepost neurons,
instead of forming twobands dorsal and ventral to the corpus callosum
as they did in controls (Fig. 7E), became disorganized, many invading
the callosal axon path (Fig. 7F, arrowhead). Defects in midline
developmentwere evident at E16.5 and closely resembled those inNf2
mutants. The GW expanded dorsoventrally (Fig. 7G,H, white line)
and numerous radial processes overextended to the pia (Fig. 7G′,H′,
arrowhead). (The number of GFAP+ processes touching the midline
pia was 0.083±0.083 in controls and 6.67±0.08 in dTG; n=3,
P<0.0001. ThenumberofGFAP+ processes crossing the callosal axon
path was 1.7±0.3 in controls and 20.0±1.2 in dTG; n=3, P=0.0001.)
Fewer Calretinin+ guidepost neurons were present (Fig. 7I,J; 335±20
Calretinin+ neurons in controls, 212±14 in dTG; n=3, P=0.007).
Moreover, Slit2 expression was markedly upregulated in dTG
embryos, as shown by using in situ hybridization (Fig. 7K,L) and

Fig. 6. Yap deletion restores the
corpuscallosuminNf2mutants. (A-D)
Sections of littermates show that deleting
Yap in the Nf2F/F;Emx1-Cre background
restores the corpus callosum at P0 (C).
(E) qRT-PCR analyses of E15.5 rostral
medial-cortex tissues show that,
compared with Nf2F/+;YapF/+;Emx1-Cre
controls, the Slit2mRNA level is
upregulated in Nf2F/F;YapF/F;Emx1-Cre
animals, similar to that in Nf2F/F;YapF/+;
Emx1-Cre embryos. Nf2F/+;YapF/+;
Emx1-Cre, n=4; the rest, n=3. (F-K) Yap
deletion rescues the GW defects of Nf2
mutants. At E15.5, the numberofGFAP+

GW fibers (arrowheads) touching the
midline pia and that crossing callosal
axon path inNf2F/F;YapF/F;Emx1-Cre
embryos are similar to those in littermate
Nf2F/+;YapF/+;Emx1-Cre controls. n=4.
(L-P) The number of Calretinin+ neurons
is restored to control levels in the midline
ofNf2F/F;YapF/F;Emx1-Creanimals.n=3.
Panels labeledwithprimesaremagnified
views of the boxed areas in
correspondingpanels. In panelsE,J,K,P,
statistical significance scores are
evaluated against Nf2F/+;YapF/+;Emx1-
Cre embryos. **P<0.01; ***P<0.001; n.
s., not significant. Scale bars: 200 µm,
except 50 µm in I′.
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qRT-PCR analyses of rostral medial-cortex tissues at E16.5 (1.5±0.1
fold increase in dTG, n=3, P=0.013), supporting the hypothesis that
elevatedYap/Taz activities upregulate Slit2 transcription. In summary,
overexpressing YAP selectively in midline NPCs is sufficient to
phenocopy the defects caused by Nf2 deletion, further strengthening
the hypothesis that Nf2 regulates callosal development by suppressing
Yap/Taz activities in midline NPCs.
Next, we wanted to test whether Yap/Taz activate transcription of

Slit2. The Slit2 gene lies within a 2.5 Mb region (chr5:45860000-
48370000) containing hundreds of evolutionarily conserved
regions, which are potential enhancer elements (http://ecrbrowser.
dcode.org/), making it very difficult to identify cis-regulatory
elements and determine whether Yap/Taz directly act on them. We
therefore took an indirect approach. We overexpressed YAP in
HEK293T cells and then measured SLIT2mRNA levels using qRT-
PCR analyses. Compared with vector-transfected cells, YAP-
transfected cells expressed higher levels of SLIT2, as well as
CYR61, a known YAP target gene (Fig. 7M). In comparison, YAP
overexpression had no effect on the level of WNT5A (Fig. 7M),
another callosal guidance cue that is expressed at the midline
(Keeble et al., 2006). That YAP overexpression increases SLIT2
transcript levels in HEK293T cells, a cell type unrelated to midline
NPCs, strongly suggests that Yap/Taz regulate Slit2 transcription
and argues against the possibility that Slit2 upregulation in Nf2-

deletion or YAP-overexpression mutants was secondary to changes
in the general properties of midline cells.

DISCUSSION
By dissecting the mechanism underlying the callosal agenesis
caused byNf2 deletion, we discovered a signaling cascade operating
within NPCs to control callosal axon pathfinding. We found that the
Nf2 tumor suppressor inhibits Yap/Taz transcriptional coactivators
in NPCs, which in turn regulate midline guidepost development and
expression of the guidance cue Slit2, hence influencing the midline
environment that callosal axons travel through and affecting their
navigation. Nf2 loss leads to aberrant Yap/Taz activation, which
impairs guidepost formation and induces Slit2 expression,
preventing callosal formation (Fig. 7N). We provide compelling
genetic evidence for this signaling cascade by showing that Yap
deletion and Slit2 heterozygosity both restore the corpus callosum in
Nf2 mutants and that Yap gain-of-function selectively in midline
NPCs prevents callosal formation. Nf2 and Yap/Taz are crucial
components of the Hippo pathway, a conserved signaling pathway
governing tissue growth and homeostasis (Yu and Guan, 2013),
including mammalian brain growth (Lavado et al., 2013). In
addition to offering new insights into the molecular regulation of
midline development, our study demonstrates that perturbations in
neural progenitor properties affect not only brain growth but also its

Fig. 7. Overexpressing YAP in midline NPCs
causes callosal agenesis. (A,B) Immunostaining
with an antibody recognizing Yap and Taz shows
Yap/Taz expression in ventricular zone NPCs of
control brains and increased expression specifically
in the midline NPCs of TetO-YAP1;Axin2-rtTA
double-transgenic (dTG) embryos (arrowheads).
(C-F) dTG embryos at E18.5 exhibit callosal
agenesis, with Probst bundles (Pb) accumulating at
themidline (D, arrow), GW fibers protruding to the pia
(D, arrowhead) and Calretinin+ guidepost neurons
aggregating within the callosal axon path (F,
arrowhead). n=4. (G-L) dTG embryos at E16.5
exhibit midline defects, including elongation of the
GW (G,H, white line), extension of GW fibers
(arrowhead) to the pia (dashed line) (G′,H′), fewer
Calretinin+ neurons (I,J) andSlit2 upregulation (using
in situ hybridization) (K,L). Panels labeled with
primes are magnified views of the boxed areas in
corresponding panels. (M) qRT-PCR assays show
thatYAPoverexpression in HEK293T cells increases
the mRNA levels of SLIT2 and CYR61 but not
WNT5A. n=3, *P<0.05, ***P<0.001. (N) Model of the
signaling cascade delineated in this study. In midline
neural progenitor cells, Nf2 suppresses Yap/Taz to
promote guidepost differentiation and to prevent
ectopic Slit2 expression, thus allowing the formation
of the corpus callosum. See text for details. Scale
bars: 200 µm, except 50 µm in H′.
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wiring, highlighting that growth and wiring are intricately
coordinated during brain development.
Nf2 loss causes guidepost defects and Slit2 upregulation. Slit2

heterozygosity and Yap deletion both re-establish the corpus
callosum in Nf2 mutants. Interestingly, the former suppresses
Slit2 upregulation but does not fully rescue guidepost development
at E15.5 (before midline crossing), whereas the latter rescues
guidepost development but does not mitigate Slit2 upregulation.
These results suggest that both the guidepost defects and Slit2
upregulation contribute to, but neither is sufficient to cause, callosal
agenesis in Nf2 mutants. Overexpressing YAP in midline NPCs,
however, is sufficient to cause callosal agenesis and, importantly,
both the guidepost defects and Slit2 upregulation, closely
mimicking the effects of Nf2 loss. These results strongly suggest
that aberrant Yap/Taz activation is the cause of callosal agenesis in
Nf2 mutants, being responsible for both the guidepost defects and
Slit2 upregulation, and that elevated Taz activity accounts for Slit2
upregulation in Nf2;Yap double mutants. This interpretation is
consistent with our previous finding that the nuclear levels of both
Yap and Taz proteins are increased in Nf2 mutant brains (Lavado
et al., 2013). Our results do not preclude that defects other than
guidepost malformation and Slit2 upregulation also contribute to
callosal agenesis in Nf2-deletion and YAP-overexpression mutants.
Furthermore, the apparent contradiction between the overexpression
of Slit2 by using in utero electroporation resulting in abnormal axon
tangles and the elevated levels of Slit2 in Nf2;Yap double mutants
having little effect on callosal axon pathfinding is probably because
in utero electroporation leads to higher levels of Slit2 than that
found in Nf2;Yap double mutants.

Nf2 and Yap regulate the development of midline guideposts
Guidepost cells associated with the developing corpus callosum
were first observed decades ago (Silver et al., 1982). Recent research
using mouse mutants began to uncover the molecular mechanisms
governing their development. A comparison of Nf2 mutant
phenotypes to those described previously reveals interesting
similarities and differences that help us to better understand the
role of Nf2 during guidepost development.
Nf2 mutants closely resemble Gli3 hypomorphic and conditional

knockout mutants, which have overextended GW processes, fewer
Calretinin+ guidepost neurons and increased Slit2 levels (Amaniti
et al., 2013; Magnani et al., 2014). However, it does not seem that
Nf2 mutant phenotypes are caused by altered Gli3 function. First,
Gli3 mutations lead to altered Fgf and Wnt signaling at the
corticoseptal boundary and defective midline patterning (Amaniti
et al., 2013; Magnani et al., 2014), whereas Fgf, Wnt signaling and
midline patterning are unperturbed in Nf2 mutants. Second, unlike
inNf2mutants, Slit2 deletion inGli3 hypomorphic mutants does not
restore the corpus callosum, consistent with Gli3 hypomorphic
mutants having an earlier and broader midline patterning defect.
However, the levels of Gli3FL and Gli3R and the ratio of Gli3FL to
Gli3R were increased in Nf2mutants, suggesting that Gli3 activator
activities might be higher in Nf2 mutants. This change in Gli3
activity would be in the same direction as that found inGli3mutants
because Gli3 is thought to mainly act in its repressor form in the
developing cortex (Rallu et al., 2002). More molecular and genetic
analyses are required to determine whether Nf2 and Gli3
functionally interact during callosal development.
We found that Nf2 promotes the transition of GW radial glia from

those extending long radial processes to the pia to those having short
processes. Whether this transition involves the former retracting
their long processes or being replaced by radial glia born with short

processes needs to be addressed through live-imaging experiments.
In mice that lack Fgf receptor 1 in radial glia, GW radial glia fail to
translocate from the ventricular zone to the IG. Consequently, in
these mutants, GW processes remain attached to the pia at P0 and IG
astrocytes are lacking (Smith et al., 2006). Fgf signaling-mediated
radial glia translocation is unlikely to be involved in the GW
phenotype of Nf2mutants because IG astrocytes are present and Fgf
signaling is unperturbed in Nf2 mutants.

Transcription factors Nfia and Nfib (Nfia,b) are also required for
GW radial glia maturation (Shu et al., 2003a; Steele-Perkins et al.,
2005). However, the GW defects of Nfia−/− and Nfib−/− mice are
opposite to those of Nf2 mutants – GFAP+ processes are fewer and
shorter in Nfia−/− mice than in wild-type animals and are mostly
absent in Nfib−/− mice. We postulate that Nf2 and Nfia,b. act at
different levels during GW radial glia development: Nf2, by
inhibiting Yap, promotes the transition to later cellular states,
whereas Nfia,b promote astroglial structural characteristics.
Supporting this idea, it has been shown that Yap promotes stem
cell and progenitor cell self-renewal in many systems (Barry and
Camargo, 2013), whereas Nfi factors directly activate the expression
of astroglial genes (Namihira et al., 2009).

We show that Nf2 promotes the differentiation of Calretinin+

guidepost neurons. It is unclear which progenitor population gives
rise to these neurons. The juxtaposition of these neurons with GW
radial glia and the phenotypic correlation between the reduction in
Calretinin+ neuron production and delayed developmental transition
of GW radial glia in Nf2 mutants suggest that at least some
Calretinin+ guidepost neurons are derived from GW radial glia.
Lineage-tracing experiments are required to determine whether this
is the case. Intriguingly, these guidepost neurons share several
features with Cajal–Retzius cells: both express Calretinin but are
glutamatergic, whereas most if not all other cortical Calretinin+

neurons are GABAergic; both exist transiently during development
and both guide axonal navigation (Borrell et al., 2007; Del Rio et al.,
1997). A source of Cajal–Retzius cells is the cortical hem, residing
along the caudal telencephalic midline immediately posterior to the
GW (Grove et al., 1998). It is plausible that these two anatomically
and ontogenetically associated structures give rise to functionally
similar progenies.

DeletingNf2 using Emx1-Cre does not affect anterior commissure
formation, although Emx1-Cre is active in the NPCs that give rise to
neurons projecting through the anterior commissure (Falk et al.,
2005; Gorski et al., 2002). Interestingly, formation of the anterior
commissure is abolished when Nf2 is removed throughout the
nervous system by Nestin-Cre (supplementary material Fig. S1D).
These contrasting results suggest that Nf2 is likely to be required for
the development of the ventral midline environment where the
anterior commissure forms. GFAP+ glia are found surrounding the
developing anterior commissure (Lent et al., 2005; Pires-Neto et al.,
1998; Silver et al., 1993), although their origin and function have not
been established. Future studies are required to determine whether
Nf2-Yap signaling regulates the development of these putative
anterior commissure guidepost cells and those involved in the
formation of other axon tracts (Chedotal and Richards, 2010).

Nf2 and Yap/Taz regulate Slit2 expression
Remarkable progress has been made in identifying axon guidance
molecules and elucidating their functions. Although it is self-evident
that these molecules must be expressed at the correct place and time
for proper wiring, how their expression is regulated is poorly
understood. Here, we show that Nf2 suppresses Yap/Taz to prevent
aberrant Slit2 expression. Our finding is clearly just a small part of
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Slit2 transcriptional control. The Slit2 gene exhibits complex
expression patterns during brain development (Borrell et al., 2012;
Unni et al., 2012). The large and conserved non-coding region of the
gene suggests multifaceted transcriptional regulation. A recent study
has elegantly demonstrated that a small difference in Slit2 expression
patterns in mammals and birds leads to different positioning of
guidepost neurons and ultimately divergent trajectories of thalamic
axons in these two species (Bielle et al., 2011). Future studies on the
transcriptional regulation of guidance molecules will provide deeper
understanding of how the nervous system is wired during organism
development and species evolution.

MATERIALS AND METHODS
Animals
Animal experiments were performed in accordancewith the guidelines of the
Institutional Animal Care and Use Committee of St. Jude Children’s
Research Hospital (SJCRH). Emx1IRES-Cre (stock: 005628), Nestin-Cre
(003771), Rosa-CAG-LSL-tdTomato (007909), Rosa-CAG-LSL-ZsGreen
(007906) and Axin2-rtTA (016997) lines were from the Jackson
Laboratory. Nf2F/F, YapF/F (Xin et al., 2011) and TetO-YAP1 lines were
provided by Marco Giovannini (University of California Los Angeles, CA,
USA), Eric Olson (UT Southwestern Medical Center, Dallas, TX, USA) and
Fernando Camargo (Boston Children’s Hospital, MA, USA), respectively.
Satb2-Cre (032908-UCD) and Slit2+/− (Plump et al., 2002) lines were
obtained from the Mutant Mouse Regional Resource Center (MMRRC) at
University of California Davis (Davis, CA, USA) and University of Missouri
(Columbia, MO, USA), respectively. All experimental animals were in
mixed background. Littermates were used for comparison studies.
Doxycycline was administered in drinking water (E9.5-14.5, 100 mg/l;
E14.5-18.5, 200 mg/l). For BrdU labeling, timed pregnant mice were
intraperitoneally injected with BrdU at 100 mg/kg.

Histology, immunostaining and in situ hybridization
Luxol Blue and Cresyl Violet staining was performed on 8 µm thick paraffin
sections using the Kluver–Barrera method (EMS no. 26681).
Immunostaining was performed on 10 to 14 µm thick cryosections.
Details are provided in supplementary Materials and Methods. Primary
antibodies are listed in supplementary material Table S1. Fluorescent
secondary antibodies were from Jackson ImmunoResearch. In situ
hybridization was performed as described previously (Schaeren-Wiemers
and Gerfin-Moser, 1993) using the following probes: Slit2 and Robo1
(Brose et al., 1999), Netrin1 (Serafini et al., 1996), Sema3c (Bagnard et al.,
1998), Draxin (Islam et al., 2009), Fgf8 (Crossley and Martin, 1995),
Sprouty1 (Minowada et al., 1999), Wnt8b (Liu et al., 2010) and Axin2
(Andoniadou et al., 2007) (supplementary material Table S2). Low-
magnification images were acquired with a Zeiss AxioImager M2
microscope. The remaining images were acquired with Zeiss LSM510 or
LSM780 confocal microscopes. For measuring the fluorescence intensities
of Yap/Taz immunostaining signals, single-plane confocal images with
signals below saturation levels were captured using the same settings for
control and dTG samples. Quantification was performed on sections of
comparable levels. The values shown are mean±s.e.m. per section of the
indicated number of animals, and the value of each animal is the average of
six sections. Statistical significance was evaluated by using two-tailed
unpaired t-tests.

Transplantation and slice culture
Transplantation and slice culture procedures were performed as described
previously (Niquille et al., 2009). Briefly, brains at E16.5 were dissected in
cold Hank’s balanced salt solution (HBSS) and embedded in 3% low-
melting agarose (Invitrogen). Using a Vibratome, 300 μm thick coronal
sections were obtained. After transplantation, slices were cultured for 72 h
on Nucleopore Track-Etch Membranes (1-μm pore size, Whatman) in a 3:1
mixture of basal medium Eagle (BME) and HBSS supplemented with
glucose, glutamine, 5% horse serum and penicillin-streptomycin
(Invitrogen). Transplants showing axon growth toward the midline were
included in the analysis.

In utero electroporation
In utero electroporation was performed as described previously (Saito,
2006). Briefly, the plasmid solution was microinjected into forebrain
ventricles of embryos at E13.5 in utero, and square-wave electric pulses
(40 V, five pulses with durations of 50 ms/pulse and at 1-second intervals)
were delivered with Tweezertrodes connected to an ECM 830 electroporator
(Harvard Apparatus). Embryos were returned to the dam and harvested
4 days later.

Western blot, qRT-PCR, cell culture and transfection
For western blot analyses, tissues were homogenized in 20 mMHEPES (pH
7.4), 150 mMNaCl, 5% glycerol, 2% SDS supplemented with Halt protease
and phosphatase inhibitors (Thermo Scientific). Quantitative western blot
was performed using IRDye 600LT- and 800CW-conjugated secondary
antibodies, which were then detected with the ODYSSEY infrared imaging
system (LI-COR). Primary antibodies are listed in supplementary material
Table S1. HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (Invitrogen),
transfected with Lipofectamine 2000 (Invitrogen) and then harvested 48 h
later. RNAwas isolated using Trizol (Invitrogen). cDNAwas prepared with
SuperScript III reverse transcriptase (Life Technologies). qRT-PCR
reactions were performed with Fast SYBR Master Mix (Life
Technologies) using the primers listed in supplementary material
Table S3. Values are mean±s.e.m. Statistical significance was evaluated
by using two-tailed unpaired t-tests.
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Supplementary Materials and Methods 

Immunostaining 

Mouse brains were dissected in PBS and fixed overnight in 4% paraformaldahyde in PBS at 

4°C. Brains were then cryoprotected using 30% sucrose in PBS overnight at 4°C and 

embedded in OCT for cryosectioning. Frozen sections were washed with 0.2% Triton X-100 

in TBS (TBST) and incubated in the blocking solution (3% normal donkey serum in TBST) 

for 1 hour at room temperature. Sections were incubated with primary antibodies (Table S1) 

diluted in the blocking solution overnight at 4°C, washed with TBST, and incubated with 

DyLight- or Alexa Fluor-conjugated secondary antibodies (Jackson ImmunoResearch) 

diluted at 1:1000 in the blocking solution for 2 hours at room temperature. Sections were 

counterstained with DAPI, washed in TBST, and mounted in ProLong Gold antifade reagent 

(Invitrogen). For BrdU detection, sections were first treated with 1N HCl at 45°C for 30 

minutes, washed with TBST, and processed as above using an anti-BrdU antibody. For 

costaining using an anti-BrdU antibody and other primary antibodies, sections were first 

stained with the other primary antibodies, cross-linked in 4% paraformaldahyde in PBS for 

20 minutes at room temperature, then stained with the anti-BrdU antibody. 
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Fig. S1. Deleting Nf2 with Nestin-Cre leads to agenesis of forebrain commissures. Luxol 

blue staining of myelinated axons (blue) and cresyl violet staining of neuronal cell bodies 

(purple) showing agenesis of the corpus callosum (CC) (A−D, arrow), anterior commissure 

(AC) (C,D, arrowhead), and hippocampal commissure (HC) (E,F, arrow) in 2-month−old 

Nf2
F/F

;Nestin-Cre mice. n=3. A magnified view of the boxed region is shown in the image to 

the right. 
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Fig. S2. Specification and production of callosal neurons are unaffected in Nf2 mutants. 

Co-immunostaining showing proper expression of the callosal neuron−specific marker Satb2 

in Nf2
F/F

;Emx1-Cre neocortex and its proper laminar organization at E15.5 and E17.5. 

Images in the left column show low-magnified views. Regions in dashed boxes are enlarged 

in images to the right. SP: subplate; IZ: intermediate zone. Scale bars: 50 µm. 
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Fig. S3. Deleting Nf2 in callosal neurons by using Satb2-Cre does not affect corpus 

callosum formation. (A−C) Co-immunostaining of Satb2 and tdTomato shows tdTomato 

expression in Satb2
+
 callosal neurons but not in ventricular zone and subventricular zone 

(VZ/SVZ) progenitor cells. TdTomato expression depends on Cre-mediated excision of the 

LSL (loxP-stop-loxP)-cassette in the R26R-tdTomato allele. As a consequence, tdTomato 

expression lags slightly behind Satb2 expression, which is likely why most Satb2
+
 cells at 

E13.5 are tdTomato-negative (A), as are the uppermost layer of Satb2
+
 cells at P0 (C). Inset 

in C shows a magnified view of the internal capsule, which also contains tdTomato-labeled 

axons. CP: cortical plate; IZ: intermediate zone; M: meninges; SP: subplate. (D−E′) In E15.5 

Nf2
F/F

;Satb2-Cre brains, Nf2 immunoreactivity in the cortical plate (dashed bracket) and 

callosal axons (arrow) is eliminated but that in the ventricular surface (arrowhead) is 

unperturbed. (F,G) The corpus callosum forms normally in P0 Nf2
F/F

;Satb2-Cre brains. Scale 

bars: 50 µm in A,B,C; 200 µm in E′; 500 µm in G. 
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Fig. S4. Patterning of the corticoseptal boundary is grossly normal in Nf2 mutants. 

Immunostaining and in situ hybridization show proper expression of Six3, Zic2, Nfia 

(transcription factors that delineate subdomains of the commissural plate), Gli3, Fgf8 

(molecules required for corticoseptal boundary patterning), Sprouty1, Wnt8b, and Axin2 in 

Nf2
F/F

;Emx1-Cre midline at E12.5 and E15.5. The Wnt8b
+
 region is elongated dorsoventrally 

in E15.5 Nf2
F/F

;Emx1-Cre midline (L′). Scale bars: 200 µm. 
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Fig. S5. Gli3 protein levels are altered in Nf2 mutants. Quantitative western blot analyses 

using an antibody against the N-terminus of Gli3 detect both the full-length activator form 

(Gli3FL) and cleaved repressor form (Gli3R). Graphs show normalized levels of Gli3FL and 

Gli3R, with the levels of each form in controls set as 1, and the ratio of Gli3FL to Gli3R 

(FL:R). n=3 embryos per genotype, *P<0.05, **P<0.01, ***P<0.001. Because Gli3 expression 

is mostly restricted to neural progenitor cells, the neural progenitor marker Sox2 was used as 

a loading-control in addition to Actin. 
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Fig. S6. The number of indusium griseum glia is transiently increased in Nf2 mutants. 

(A−C) Co-immunostaining shows the Sox2 antibody and Sox9 antibody label the same 

population of cells at the indusium griseum. (C−G) The number of indusium griseum (IG) 

Sox9
+
 cells is increased in Nf2

F/F
;Emx1-Cre embryos at E15.5 (n=4) but is similar to that in 

controls at E16.5 (n=3). ***P<0.001. Scale bars: 200 µm in A,B,D,F; 50 µm in A′,B′,D′; 20 

µm in F′. 
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Fig. S7. Proper expression of axon guidance molecules in Nf2 mutants. Expression 

patterns of guidance receptors Neuropilin-1(Npn-1), Dcc, and Robo1 and guidance cues 

Sema3c, Netrin-1, and Draxin are normal in Nf2
F/F

;Emx1-Cre midline region. The apparent 

reduction of Robo1, Sema3c, and Netrin-1 in situ signals (dashed brackets) in Nf2
F/F

;Emx1-

Cre midline is likely due to reduction of the Calretinin
+
 guidepost neurons that express these 

genes. Scale bar: 200 µm. 
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Fig. S8. Overexpressing YAP using TetO-YAP1 and Axin2-rtTA double transgenic 

system. (A,B) Quantification of the level of YAP overexpression by measuring the 

fluorescence intensity of Yap/Taz immunostaining signals. To control for staining variations 

between sections, the intensity at the midline region (dashed box 1) was normalized to that at 

the neocortex region (dashed box 2) of the same section. The ratio of fluorescence intensity at 

the midline region and the neocortex region is shown below the confocal images. n=3 

embryos per genotype, 6 sections per embryo. Scale bars: 1mm in B; 200 µm in B2. (C) 

Quantitative western blot analysis of E16.5 medial-cortex tissues. 
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Table S1. Primary antibodies for immunostaining and western blotting.

Antibody
Host 

species Vendor Catalog #
Dilution in 

immunostaining
Dilution in 

western blot

Merlin/Nf2 rabbit Santa Cruz sc-332
1:200 and amplification 
with Invitrogen TSA kit  

Nf2 rabbit Sigma HPA003097 1:500 1:1000
L1 rat Millipore MAB5272 1:500
GFAP rabbit Dako Z0334 1:1000
Satb2 mouse Abcam ab51502 1:100
Ctip2 rat Abcam ab18465 1:250
Tbr1 rabbit Abcam ab31490 1:200
Tbr1 rabbit Millipore AB10554 1:500
Sox2 goat Santa Cruz sc-17320 1:100
Sox2 rabbit Cell Signaling 3728 1:500
Sox9 rabbit Millipore ab5535 1:500
BrdU rat Accurate OBT00306 1:1000
Calretinin rabbit Thermo RB-9002-P0 1:500
Calretinin rabbit Millipore AB149 1:5000
Npn-1 goat R&D AF566 1:500
Dcc mouse BD Pharmigen 554223 1:100

Gli3 goat R&D AF3690 1:100
1:500 (ECL);         
1:25 (LI-COR)

Zic2 rabbit Millipore AB15392 1:1000
Tbr2 rat eBiosciences 14-4875-82 1:500
Tbr2 (Alexa-647-
conjugated) mouse eBiosciences 51-4875-80 1:100
Nf1-A rabbit Active motif 39398 1:1000
Yap/Taz rabbit Cell Signaling 8418 1:500

Yap mouse Sigma
WH0010413
M1

1:1000 (ECL);    
1:100 (LI-COR)

Six3 rabbit from G. Oliver 1:500
GFP chick Aves GFP-1020 1:1000

Actin mouse Ambion AM4302
1:40000 (ECL); 
1:2000 (LI-COR)
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Table S2. In situ probes

Probe Sequence Starts Size (bp)

Slit2 Starts in position 4340 of rat Slit2 
(NM_022632.2) 5’-TTACGTAGGAGGTATGCCTG 1600

Robo-1 Starts in position 250 of rat Robo-
1 (NM_022188.1) 5’-CCCGCCACCCTCAACTGTAA 1000

Netrin-1 Starts in position 4264 of mouse 
Netrin-1 (NM_008744.2) 5’-TGTAGCAAATAACATCCAGC 760

Sema3C Starts in position 1671 of mouse 
Sema3C (NM-013657.5) 5’-AGCAACAGTTGTACGTGAGC 700

Draxin Full cDNA, mouse (IMAGE clone 
6853328) 5’-GAGCAGCCTCCTGCCACCCG 5161

Fgf8
Full cDNA of transcript variant 4, 
with partials 5’-UTR and 3’-UTR, 
mouse (NM_001166363.1)

5’-CCCGCTCCGCGCTGAGCTGC 800

Sprouty1 Full cDNA, mouse (Addgene 
22091) 5’-CCGCAGCCAGAGCTCTGCGG 1500

Wnt8b
Full cDNA, mouse (IMAGE clone 
615408 moved into pCMV-
SPORT2)

5’-TTCATTTCACCACCCCTTAA 478

Axin2 Starts in position 350 of mouse 
Axin2 (NM_015732.4) 5’-ATGAGTAGCGCCGTGTTAGT 2322
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Table S3. Quantitative RT-PCR primers

Primer Sequence Note
mouse Axin2 forward AAGTGTCTCTACCTCATTTTCCG
mouse Axin2 reverse TCCAGTTTCAGTTTCTCCAGC
mouse Slit2 forward GATCTCTTTAACCCCTGCCAG
mouse Slit2 reverse TCCCTTATCCGTTCCCCTC
mouse Gusb forward CACCCCTACCACTTACATCG normalizer
mouse Gusb reverse ACTTTGCCACCCTCATCC normalizer
human SLIT2 forward TCTGTTTAACCCATGCCAGG
human SLIT2 reverse TCTCTTATCCTTTCCCCTCGAC
human WNT5A forward TCGCCCAGGTTGTAATTGAAG
human WNT5A reverse TGAGAAAGTCCTGCCAGTTG
human CYR61 forward CAAGGAGCTGGGATTCGATG
human CYR61 reverse AAAGGGTTGTATAGGATGCGAG
human GUSB forward AGGTGATGGAAGAAGTGGTG normalizer
human GUSB reverse AGGATTTGGTGTGAGCGATC normalizer
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