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Neural stem cells directly or indirectly generate all neurons and macroglial cells and guide
migrating neurons by using a palisade-like scaffold made of their radial fibers. Here, we describe
an unexpected role for the radial fiber scaffold in directing corticospinal and other axons at the
junction between the striatum and globus pallidus. The maintenance of this scaffold, and
consequently axon pathfinding, is dependent on the expression of an atypical RHO-GTPase,
RND3/RHOE, together with its binding partner ARHGAP35/P190A, a RHO GTPase-activating
protein, in the radial glia-like neural stem cells within the ventricular zone of the medial
ganglionic eminence. This role is independent of RND3 and ARHGAP35 expression in
corticospinal neurons, where they regulate dendritic spine formation, axon elongation, and pontine
midline crossing in a FEZF2-dependent manner. The prevalence of neural stem cell scaffolds and
their expression of RND3 and ARHGAP35 suggests that these observations might be broadly
relevant for axon guidance and neural circuit formation.

In Brief

Kaur et al. show that the radial glial scaffold of neural stem cells from medial ganglionic eminence
directs corticospinal and other axons through a previously unknown choice point at the
striatopallidal junction in an RND3/ARHGAP35-dependent manner. Within corticospinal neurons,
FEZF2-dependent Rnd3 expression regulates dendritic spinogenesis, axon elongation, and pontine
midline crossing.
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INTRODUCTION

RESULTS

Neural stem cells are bipolar epithelial-like cells that reside in the ventricular and
subventricular zones (VZ and SVZ) and transform into highly elongated radial glial
progenitors as the central nervous system (CNS) grows (Breunig et al., 2011; Kriegstein and
Alvarez-Buylla, 2009; Taverna et al., 2014). These cells are responsible for two key
processes of the developing CNS. First, they directly or indirectly generate all neurons and
macroglial cells. Second, they guide the migration of newborn neurons to their final
destinations in the developing parenchyma using their long radial (basal) fibers, which
traverse the entire wall of the CNS and form a physical palisade-like scaffold (Nakagawa et
al., 2019; Pilaz and Silver, 2017).

In the present study, we describe a critical role for neural stem cells in axon guidance at a
distance from their cell bodies. This discovery was made in the course of investigating
molecular mechanisms controlling the formation of the corticospinal tract (CST), the longest
axon pathway in the CNS and one that is responsible for controlling fine voluntary
movements (Lemon, 2008; Martin, 2005; Yoshida and Isa, 2018). The CST originates from a
population of FEZF2-expressing glutamatergic excitatory projection (pyramidal) neurons in
layer (L) 5 (L5) of the cerebral neocortex (Chen et al., 2005a, 2005b; Molyneaux et al.,
2005) and extends to distant targets in the ventral forebrain, brainstem, and spinal cord
(Canty and Murphy, 2008; Welniarz et al., 2017).

While investigating how CST axons navigate the long distance from the cerebral cortex to
the spinal cord, we found that the radial glia-like neural stem cells within the VZ of the
medial ganglionic eminence (MGE) of the ventral forebrain, through their radial process
scaffold, direct these axons through a previously unknown choice point at the junction
between the embryonic striatum and globus pallidus (GP; i.e., striatopallidal junction [SPJ]).
To our surprise, this role was dependent on a previously unknown function of RND3
(RHOE), an atypical member of the RHO guanosine triphosphatase (GTPase) superfamily
that lacks GTPase activity but regulates actin cytoskeletal organization (Azzarelli et al.,
2015; Hall and Lalli, 2010; Luo, 2000), and its binding partner, ARHGAP35 (P190A), a
RHO GTPase-activating protein (Wennerberg et al., 2003), specifically in radial glia-like
neural stem cells, but not in the growing corticospinal (CST) axons. In addition to cell
autonomous roles in axonal and dendritic growth, RND3 and ARHGAP35 regulate axon
pathfinding cell non-autonomously by promoting the hitherto unexplored role of the
striatopallidal radial glial scaffold as a guidepost structure.

FEZF2 Promotes Dendritic Spinogenesis and Axon Elongation of the Corticospinal
Neurons via RND3

We sought to identify direct molecular effectors that mediate the function of FEZF2 (FEZL
or ZFP312), a transcription factor that is essential for corticospinal neurons (CSNSs) to
acquire distinct identities, develop proper dendritic arbors and spines, and form the CST
(Chen et al., 2005a, 2005b; Molyneaux et al., 2005). We therefore generated RNA
sequencing (RNA-seq) data from mice in which Fezf2was conditionally knocked out (cKO;
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Fezf2flIfl; Emx1-Cre) (Shim et al., 2012) from radial glia-like neural stem cells (hereafter
referred to as radial glial cells [RGCs]) in the cerebral cortex and their progeny, the
glutamatergic excitatory projection neurons (Figure S1A). These data were compared to
RNA-seq data from mice in which Fezf2was overexpressed (OE) by /n utero electroporation
at embryonic day 15.5 (E15.5), a time when upper-layer projection neurons, which do not
typically express Fezf2, are generated (Figure S1B). This overexpression re-specifies the
neurons to a CSN fate, rather than upper layers (Chen et al., 2005b). We identified 16 genes
whose expression was both decreased in the neocortex of Fezf2cKO at postnatal day 0 (P0),
a time when CST axons reach the pyramidal decussation, and upregulated in Fezf2 OE
upper-layer, CSN-fated neurons at P3, a time when these neurons reach their final
destination (Figure 1A; Tables S1 and S2). Of these 16 candidates, Rna3 (RhoE) was highest
expressed in putative L5 CSNs, distinguished among cortical projection subtypes by the
higher expression of Fezf2 (Figure 1A) in single-cell RNA-seq datasets (Li et al., 2018; Mi
et al., 2018). Consistent with the potential regulation of Rnd3by FEZF2, immunostaining of
mid-fetal human frontal cortex showed colocalization of RND3 in BCL11B (CTIP2)* L5B
CSNs (Figures S1C and S1D), which at this time exhibit a characteristic mini-columnar
organization (Kwan et al., 2012), as did Rnd3-Gfp BAC transgenic mice (Figures 1B and
S2A). Furthermore, we observed GFP* and, by extension, RND3 expressing CST axons in
the basilar pons (Figure 1B). In addition, GFP™* cell bodies with long radial fibers were
present in the VZ and SVZ of the dorsal and ventral forebrain (Figure S2A). Computational
analysis of published bulk tissue and single-cell transcriptome datasets (Kang et al., 2011; Li
et al., 2018; Nowakowski et al., 2017) showed higher expression of RND3in putative L5
CSNs and RGCs within the fetal neocortex and ventral forebrain, with gradual decreases
during postnatal periods (Figures S1E and S1F). Similar results were obtained at E14.5,
E16.5, and PO by /n situhybridization and in a heterozygous gene-trap (gt) mouse, Rnd3gt,
in which a LacZ-expressing gene-trap cassette was inserted in the second intron of Rnd3
(Mocholi et al., 2011), abolishing the proper expression of the trapped allele, Rnd3, but
allowing for the visualization of natively expressing Rnd3 cells by LacZ staining (Figures
1C and S2B-S2H).

Furthermore, we detected the reduced expression of Rnd3in L5 and the VZ and SVZ of
Fezf2 cKO brains at PO by /n situ hybridization (Figures 1D and 1E). gPCR confirmed both
a reduction in Rnd3expression following conditional Fezf2 deletion (Figure 1F) and an
increase following Fezf2 overexpression (Figure 1G). To assess whether Rnd3is directly or
indirectly regulated by FEZF2, we performed chromatin immunoprecipitation (ChlP)
sequencing using, in the absence of ChIP-grade antibodies against FEZF2, an antibody
against a VV5-tagged FEZF2 protein transiently expressed in N2a neuroblastoma cells. We
identified 19,213 FEZF2-bound genomic regions (Figure S1G; Table S3). Three of these
regions were at or adjacent to the Rnd3locus and were found by the luciferase reporter assay
to be transactivated by FEZF2 (Figure S1H). Thus, developing CSNs express Rnd3, where it
is directly transactivated by FEZF2.

Because the loss of FEZF2 prevents nascent L5 neurons from acquiring a CSN molecular
identity and establishing appropriate dendritic arborization, spines, and CST (Chen et al.,
20053, 2005b; Molyneaux et al., 2005), we conducted /n vivo and /n vitro assays to assess
the contribution of RND3 to these phenotypes. We crossed Rnd3gt/gt and Fezf2-Gfp mice,
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to label CSNs and CST with Fezf2-Gfp, in addition to generating Rnd3 KO mice. We found
no significant differences in the laminar distribution of putative L6, TBR1" projection
neurons, L5B, BCL11B* CSNs, L2-L4, SATB2" intracortical projection neurons, or L1,
RELN™ neurons following iododeoxyuridine/chlorodeoxyuridine (1dU/CIdU) birth dating of
neurons at early (E11.5/E12.5; CldU) and late (E15.5/E16.5; 1dU) gestational time points
(Figures S3A-S3F). However, we did identify minor differences in CldU labeling following
injection at E15.5 (Figure S3F) that were consistent with a previously described migration
deficit (Azzarelli et al., 2015). In addition, bihemispheric in utero electroporation of a
plasmid expressing Cre under the post-mitotically active NMeuroD1 promoter concurrently
with either pCALNL-Rnd3-Flag (ipsilateral) or pCALNL-Bfp control (contralateral) into
Fez2 fl/fl; CAT-Gfp neocortices at E12.5 (Figure 1H) revealed that Rnd3 expression did not
rescue the decreased expression of BCL11B in L5 or L6 or CST formation in a Fezf2-
deficient context (Chen et al., 2005a, 2005b; Molyneaux et al., 2005) (Figures 11 and 1J).

In contrast, /n utero electroporation of pCALNL-Rnd3-Flag, but not control pCALNL-BIp,
into Fezf2fl/fl; CAT-Gfo neocortices reversed the loss of dendritic complexity and dendritic
spines, particularly mature, mushroom-shaped spines, associated with the conditional
deletion of Fezf2 (Figures 1L, 1M, and S3I). Similarly, after 7 days /n vitro, cultured cortical
neurons isolated from Rnd3 gt/gt; Fezf2-Gfo neocortices displayed reduced dendritic
complexity and shorter axons compared to Rnd3gt/+; Fezf2-Gfp neurons (Figures S3G and
S3H). These neurons also exhibited reduced staining for synaptic markers, including
synaptophysin (SYP) (Figure S3H). Consistent with a possible role for RND3 in neurite
outgrowth and dendritic spine formation, FLAG-tagged RND3 protein localized to the soma,
dendrites, and axons of electroporated neurons (Figure 1K). These results demonstrate that
RND3 mediates the cell autonomous and FEZF2-dependent regulation of neurite outgrowth
and dendritic spine formation, but not the molecular specification of CSNs or CST
formation.

CST Axons Misroute at the SPJ in Rnd3 Mutant Mice

To further explore RND3 functions in brain development, including the CST, we analyzed
the homozygous Rnd3 gt/gt gene-trap mouse (Figures S2B and S3J). In addition to hindlimb
deformities, premature death within the fourth postnatal week, and reduced size of both the
neocortex and body (Mocholi et al., 2011), Rnd3 gt/gt mice also lacked CST at the level of
the cerebral peduncles and pons (Figure S3K). Crossing Rnd3 gt/gt mice with Fezf2-Gfp
mice revealed that descending cortical GFP* axons did not enter or form the internal capsule
after passing through the striatum but were stuck at the SPJ and misrouted through the GP
before aberrantly terminating near the surface of the ventral pallidum. Moreover, the GP
occupied a more anterior location in the Rnd3 gt/gt; Fezf2-Gip brain (Figures 2A, S3A, and
S3B), and Fezf2-Gfp* axon bundles exhibited slightly abnormal trajectories located more
ventrolaterally within the striatum (Figures 2A1-A3 and 2B1-B3). In addition, Fezf2-Gfo*
CST axons also appeared less robust in the Rnd3 gt/gt brain, perhaps because of the role of
RND3 in axon growth (Figures S3G, S8E, and S8F).

To verify these findings, we generated multiple lines of Rnd3-floxed mice by deleting
alternative exons using CRISPR-Cas9 genome editing and different Cre transgenic lines
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(Figure S4; Table S4). In these mice (Rnd3 Aex3/Aex3; Fezf2-Gfpand Rnd3 Dex1-5/Dex1-
5; Fezf2-Gfp), we observed cortical axonal defects similar to those seen in the Rnd3 gt/gt
brain (Figures 2C-2F and S5A-S5E; Table S5), including a misrouted CST at the SPJ
(Figures S5B and S5E). The CST was also reduced at the pons in Rnd3 Aex3/Aex3; Fezf2-
Glpand Rnd3 Dex1-5/Dex1-5; Fezf2-Gfp mice (to 47% and 40%, respectively), and in
compound heterozygous mice in which the gt allele was introduced alongside these floxed
alleles (Rnd3 Dex3lgt; Fezf2-Gip, to 17% and Rnd3 Dex1-5/gt; Fezf2-Gip, to 11%)
(Figures 2C-2F, S5A-S5E). Commissural projections were also affected in Rnd3 gt/gt mice,
including a dramatic reduction in the anterior branch of the anterior commissure (ACA)
(Figures 2A, 2B, 3A, 3B, and S5B-S5E) and the frequent failure of the posterior branch
(ACP) to develop or cross the midline, with diffuse axons exiting the external capsule and,
like the CST, extending inappropriately toward the ventral surface of the forebrain (Figures
2A, 3A, 3B, and S5B-S5E). In addition, cytochrome oxidase staining on tangential sections
of Rnd3gt/+ and Rnd3 gt/gt brains at P14 revealed defective thalamocortical projections in
the cortex, which failed to form the barrel fields in £nd3 gt/gt brains (Figure 3C).
Furthermore, whole-mount immunofluorescence staining for the axonal cell adhesion
molecule CNTN2 (TAG1) using the iDISCO tissue clearing method (Belle et al., 2014)
found that axons forming the ACA in the Rnd3 gt/gt brain were present at their origin (i.e.,
the anterior olfactory nucleus and anterior piriform cortex), but then defasciculated in the
ventral striatum rather than projecting contralaterally (Figures 3D-3G).

In Rnd3 deletion mice, as in the Rnd3 gt/gt mouse, we found a reduction in size in the ACA
and a failure by the ACP to cross the midline (Figures S5B-S5E; Table S5). Branching of
the cortical subcerebrally projecting axons at the level of the internal capsule, cerebral
peduncle, and pons was also less prominent compared to control mice but not absent as it
was in the Rnd3 gt/gt brain (Figures S5B, S5D, and S5E; Table S5). Although the
penetrance and severity of defects in rostral projections were different among ~Rnd3 gt/gt and
Rnd3 deletion mice, these results suggest that RND3 is necessary for the pathfinding of
Fezf2-Gfo* CST and other axons through the ventral forebrain, most prominently at the SPJ.

The Striatopallidal Radial Glial Scaffold Is Disrupted in Rnd3 Mutant Mice

The misrouting and tangled bundling of GFP* axons at and ventral to the SPJ, coupled with
defects in the patterning of NKX2-1* pallidal structures (Figures 4A-4D), may indicate that
RND3 regulates ventral forebrain patterning and the cytoarchitecture of basal ganglia.
Because NKX2-1 expressing neurons of the SPJ and the GP arise and migrate primarily
from the MGE, we assessed the RGCs in the MGE for defects in Rnd3-deficient mice. To do
so, we immunolabeled radial fibers with the molecular marker vimentin (VIM) and CST and
other descending projections (i.e., CST, corticothalamic, and other projection systems) with
either neurofilament medium polypeptide (NEFM) or GFP at E16.5 in control Rnd3 gt/+;
Fezf2-Gfpand Rnd3 gtigt; Fezf2-Gifp brains (Figures 4E and 4F). In Rnd3 gt/gt; Fezf2-Gfp
brains, we observed severe misrouting of NEFM™* corticofugal projections (Figures 4E1,
4F1, S8A, and S8B) coincident with the disruption of a palisade-like structure of VIM™*
radial glial fibers at the SPJ (Figures 4E2, 4E3, 4F2, and 4F3). To analyze the relationship
between the VIM™ radial glial scaffold and Fezf2-Gfo* axons, we performed super
resolution microscopy using stimulated emission depletion (STED) at E16.5 (Figures 4G
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and 4H). We observed close associations and contact points between Fezf2-Gfo* CST axons
and radial glial fibers in both Rnd3 gt/+ and Rnd3 gt/gt brains (Figures 4G2, 4G3, 4H2, and
4H3). Moreover, radial glial fibers in Rna3 gt/gt brains exhibited a disorganized and highly
branched morphology (Figures 4H2 and 4H3), including the formation of loop-like
structures. The bundles of Fezf2-Gfp labeled axons appeared to follow and, in some cases,
intertwine with radial glial fiber loops, potentially leading to the entanglement and
misrouting of CST and other axons at the SPJ (Figure 4H2). Analysis of slightly oblique
tangential sections of Rnd3gt/+; Fezf2-Gfp and Rnd3 gt/gt; Fezf2-Gifp brains at E16.5
confirmed that radial glial fibers were generally oriented in a uniform direction and
maintained a palisade-like organization in controls (Figures S6A-S6D), but not Rnd3 gt/gt;
Fezf2-Gfp sections (Figures SBE-S6H). These observations indicate that RND3 is essential
for maintaining the organization and branching of radial glial fibers that are required for
proper pathfinding of the CST and other axon projection systems through the striatopallidal
region.

To determine whether the radial fibers of RGCs originating in the VZ of the MGE form a
substrate mediating the directionality of CST axons in the ventral forebrain, we labeled the
VZ/SVZ of the lateral ganglionic eminence (LGE), MGE, and the cortical plate with a
lipophilic tracer, Dil, beginning at E12.5, a period overlapping with the generation and
migration of the NKX2-1* interneurons populating the GP (N6brega-Pereira et al., 2010),
but before the period when subcerebral or thalamocortical projections reach the subpallium
(Canty and Murphy, 2008). In Rnd3 gt/+ mice, radial fibers of RGCs from the MGE ran
parallel to one another, extended to the pial surface of the brain, and formed a palisade-like
scaffold, with a majority of these radial fibers (~52%) deviating by <30° from an orthogonal
approach (Figures 41, 4K, and 4M). In contrast, the radial projections of RGCs originating
from the MGE in Rnd3 gt/gt brains do not maintain a consistent ascent to the pial surface,
intersect with one another, exhibit increased branching, and approach the pial surface from a
variety of angles (Figure 4J), with >81% of axons deviating by >30° from orthogonal
(Figures 41-4M). However, the requirement for RND3 in radial fiber orientation appears to
be specific to the MGE, as we observed no similar defect in the projection of radial fibers in
the dorsal forebrain and the LGE at E12.5 (Figures 41 and 4J), even though RGCs in the VZ
of these 2 regions express Rnd3 (Figure 1C).

As an alternate possibility, and because Fezf2-Gfu" axon bundles exhibited slightly
abnormal trajectories within the striatum of Rnd3 gt/gt brains (Figures 2A1-2A3, 2B1-2B3,
S6C, S6D, S7E, and S7F), we assessed medium spiny neurons and their striatopallidal and
striatonigral projections. We found that neurons expressing DARPP32, a molecular marker
for medium spiny neurons within the striatum (Anderson and Reiner, 1991) and their
growing axons (Morello et al., 2015), were present in Rnd3gt/+ and Rna3 gt/gt striatum at
both E14.5 (Figures S7C and S7D) and PO (Figures S7E and S7F). In PO Rnd3 gt/+ mice,
DARPP32* striatopallidal axons projected caudally in the striatum toward the SPJ and
entered the GP ventrolateral to Fezf2-Gfp* axons in the internal capsule (Figure S7E). In
contrast, fewer DARPP32* axons appeared to enter the GP from the striatum in Rnd3 gt/gt
brains or to associate with the ectopic Fezf2-Gfp* axons in the GP (Figures S7TE4 and S7F4).
Because the defects seen in the radial glial scaffold (Figure 4H) generally precede the entry
of striatopallidal projections into the GP, which remain underdeveloped until E15.5 (Morello
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et al., 2015), neither medium spiny neurons nor their projections are likely to be the primary
drivers of the radial glial and CST axonal phenotypes that we observed in £rnd3 mutants.
This is in line with previous findings that striatal projections do not depend on axon-axon
interactions with thalamocortical axons for navigation through the GP (Morello et al., 2015).

To determine whether defects in the RGCs in MGE also contribute to defects in the
tangential migratory streams of interneurons toward the neocortex, we analyzed serial
sections of Rnd3 gt/+; Fezf2-Gfo, Nkx2-1-Cre; Ai9and Rnd3 gtigt; Fezf2-Gip, Nkx2-1-
Cre, Ai9at E14.5. In Rnd3 gtl+; Fezf2-Gfp, Nkx2-1-Cre, Ai9brains, the tangential
migratory streams of interneurons were normal (Figures S7G and S71). However, in the
Rnd3 gtigt; Fezf2-Gifp, Nkx2-1-Cre, Ai9brains, the interneurons in the caudal regions
misrouted along the same defective CST axonal trajectory and showed reduced migration
into the neocortex (Figures S7H and S7J). Although RGCs in the LGE may contribute to
CST guidance in an RND3-dependent manner, our results indicate that the misrouting
observed in Rnd3gt/gt brains is primarily due to deficits in RGCs from the MGE.

We also evaluated other possible causes of the defects that we observed in the CST and other
axon pathways. For example, we found that the expression of genes encoding axon guidance
proteins, including SLIT1, SLIT2, ROBO1, and ROBO2 (Figures S8C and S8D), known to
aid in the navigation of the CST, corticothalamic, thalamocortical, and other axons through
the striatopallidal region and the formation of the internal capsule (Andrews et al., 2006;
Bagri et al., 2002; Bielle et al., 2011; L6pez-Bendito et al., 2006), appeared normal. In
addition, although we found a rostral shift in the interneuronal “corridor” guidepost cells,
which establish a passage for axonal navigation between proliferation zones of the MGE and
GP (Lépez-Bendito et al., 2006), we did not observe discontinuity in this path (Figures S7A,
7B, S8A, and S8B). Consequently, the phenotypes we observed at the SPJ were distinct from
those reported in earlier studies in which the subcerebral projections misroute at the pallial-
subpallial or at the telencephalon-diencephalon boundary (Jones et al., 2002; L6pez-Bendito
et al., 2006; Marin et al., 2002; Tuttle et al., 1999). This suggests that these corridor cells are
not responsible for the axonal phenotypes seen in Rnd3 gt/gt mice.

Restoring Rnd3 in MGE Radial Glial Cells Rescues Radial Scaffold and CST Pathfinding

To rescue the orientation of radial glial projections and subsequent pathfinding defects, we
re-introduced Rnd3expression into Rnd3 gt/gt; Fezf2-Gfo RGCs of the MGE using /n utero
electroporation of pBLBP-Rnd3 or pBLBP-mScarlet-1at E12.5 (Figure 5A). Confirming the
success of /n utero electroporation, we detected faint mScar/et-1 expression at E14.5 in
interneurons originating from the MGE (Figures S8G and S8H). However, due to the low
transcriptional activation of the mouse B/bp promoter (Schmid et al., 2006), we were unable
to observe the expression of electroporated plasmids in the rescued or control hemispheres at
E16.5. Nonetheless, several phenotypes were rescued in the pBLBP-Rnd3 electroporated
hemispheres at E16.5, a time point chosen for the analysis of RGCs and the CST because
CST axons invade the striatum and cerebral peduncle at this time (Canty and Murphy, 2008)
and most of the RGCs in the MGE still maintain their orthogonal ascent from the VZ (Tan et
al., 2016). For example, in the pBL BP-Rnd3electroporated Rnd3 gtigt; Fezf2-Gfp
hemispheres, we observe rescued Fezf2-Gfp* fibers passing through the internal capsule that
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were tightly fasciculated (Figures 5B2, 5D1, 5D2, S8K5, and S8L5), compared to controls
that showed disorganized Fezf2-Gfp fibers at the SPJ (Figures 5B1, 5C1, 5C2, S8K2-S8K4,
and S8L2-S8L4). Similarly, radial fibers originating from each GE were also arranged in a
well-organized palisade-like scaffold that traversed the SPJ (Figures 5C, 5D, S8l, S8J, and
S8L5). We observed that nearly 59% of radial fibers deviated <30° from orthogonal to the
VZ of the LGE and MGE in pBLBP-Rnd3rescued brains, as compared to just 35% in the
Rnd3 gt/gt brain electroporated with pBLBP-mScarlet-/ (Figure 5E). Fezf2-Gfg" CST
projections reached the cerebral peduncles in pBLBP-Rnd3 electroporated hemispheres and
exhibited a 2.5-fold increase in GFP intensity as compared to control or pBLBP-mScarlet-1
electroporated Rnd3 gt/gt; Fezf-Gfp hemispheres (Figures 5F, 5G, and S8L6). The
expression of RND3 in Rnd3 gt/gt; Fezf2-Gfp brains also corrected defects in the
commissural projections (Figures 5F, S8, and S8L).

In addition, we observed no visible change in the progenitor pool of the MGE in the pBL BP-
Rnd3 electroporated brain as compared to the controls (Figure S8L2). Also, LLCAM*
thalamocortical axons showed normal trajectories in both pBLBP-Rnd3 and control
electroporated hemispheres of Rnd3 gt/gt; Fezf2-Gfp brain sections at the telencephalon-
diencephalon boundary, but were affected within the subpallium at the SPJ in E16.5 Rnd3
gt/gt brains (Figures S8B and S8L6). Thus, we conclude that RND3 expression in the RGCs
of the MGE mediates the patterning of the SPJ and pallidal structures, including the GP, by
providing a scaffold for the appropriate guidance of CST and anterior commissure
projections.

RND3 Regulates CST Axon Guidance in an L5- and FEZF2-Independent Manner

To confirm that these phenotypes arise independently of L5- and FEZF2-dependent cell
intrinsic mechanisms, we generated chimeric mice in which Rnd3 gt/gt; Fezf2-Gfp neurons
reside in a wild-type context. In contrast to both the Rna3 gt/gt and Rnd3 —/- brains, axons
from the Rnd3 gt/gt; Fezf2-Gip cortical neurons in the chimera did not misroute toward the
ventral surface of the forebrain but instead descended to the basal pons at PO (Figure 6A).
Conditional deletion mouse models in which we induced the deletion of Rnd3 using several
regional- and cell-type-specific CRE-recombinase transgenic lines, provided further
evidence of a non-cell autonomous role for RND3 (Figures 6B—6G). In most of these mice,
we found no consistent reduction in or misrouting of the CST, although we did observe
misrouting of commissural projections toward the ventral pallidum in Rnd3fl/fl; DIx5/6-Cre
brains, suggesting that SVZ progenitors and/or interneurons play a role in commissural
projection pathfinding (Figures 6C—6E). Reasoning that Rnd3 might be essential in both the
dorsal and ventral forebrains for CST pathfinding, we analyzed Rnd3 gt/fl; Dix5/6-Cre;
EmxI-Cre brain sections immunolabeled for LLCAM. We detected no defects in the CST of
these mice (Figures 6F and 6G). Recombination driven by Gsx2-iCre, which is largely
specific for RGCs in the LGE but not MGE (Kessaris et al., 2006), also failed to phenocopy
either the striatal and ventral misrouting or the reduction of the CST (Figures S8M and
S8N). However, the possible contribution of RGCs in LGE to CST defects in striatum
cannot be excluded due to the mosaic nature of Gsx2-iCre mice (Qin et al., 2016). Similarly,
direct confirmation of the involvement of RGCs from the MGE was hindered by our
observations and those previous (Xu et al., 2008) of absent or incomplete recombination
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events in the MGE RGCs of Nkx2-1-Cre; CAT-Gfp mice. Our results suggest that VZ RGCs
in the MGE are responsible for the major CST defects that we observed in Rnd3-deficient
mice.

Genetic Interaction of RND3 and ARHGAP35 in Regulating CST Formation

Because RND3 binds and increases the GAP activity of ARHGAP35 (Brouns et al., 2000;
Wennerberg et al., 2003), we next assessed the contribution of ARHGAP35 to RND3-
associated phenotypes. Analysis of the transcriptome from six human brain regions (Kang et
al., 2011; Li et al., 2018) and the E14.5 and PO mouse brain found that CSNs express both
Arghap35and Rnd3in the mouse neocortex and in the VZ/SVZ of the LGE and MGE
(Figures S10A-S10D). Analysis of the PO Arghap35 —/- brain revealed that, as in the Rnd3
gt/gt brain, a branch of the CST ran through the GP and misrouted toward the ventral surface
of the forebrain (Figures 7A, 7B, S9C, and S9D). Also, like the Rna3-deficient brain, the
size of the cerebral peduncle and the CST at the brainstem were both reduced, the ACA was
reduced, and the ACP was absent (Figures 7A and 7B). However, some phenotypes in the
Arhgap35 —/- brain were absent in the Rnd3 gt/gt brain, including the corpus callosum
misrouting along the midline and the diffusion of axons from the external capsule toward the
ventral surface of the forebrain (Figure 7B). Several defects present in the Rnd3 gt/gt brain
were also not as severe at the SPJ in the Arhgap35 —/- brain. For example, the GP did not
shift rostrally but instead slightly ventrally in ArAgap35 —/-brains (Figures S9A and S9B).
In addition, there were fewer disoriented radial glial fibers at the SPJ in the Arfigap35 /-
brain (Figures S9E-S9I). Crucially, we detected defects in the CST at the SPJ (Figures S9C—
S9F). These results suggest that guidance of CST axons through the ventral subpallium
requires the proper orientation of the radial fibers and that the organization of this substrate
requires both Rnd3and Arhgap35 expression in the MGE.

Deletion of one copy of each gene (Arhgap35 +/-; Rnd3 gt/+) resulted in thinner cerebral
peduncles and medullary pyramids (i.e., the CST) (Figures 7C, 7D, S10E, and S10F), which
is indicative of a cumulative gene dosage effect. Bilateral or unilateral injections of Dil into
the early postnatal motor cortex (Figures 7G and 7H) and immunostaining for PRKCG
(Figures S10E and S10F), a marker of CST axons (Mori et al., 1990), confirmed the
reduction of the CST at multiple levels and revealed the premature and aberrant midline
crossing of the CST at the basilar pons in Arfhgap35 +/-; Rnd3 gt/+ mice (Figures 7E, 7F,
S10G, and S10H). The unilateral injections of Dil in Arhgap35 +/—; Rnd3 gt/+ further
emphasized the aberrant midline crossing and ipsilateral defasciculation of CST bundles at
the basilar pons and in the spinal cord (Figures 7G, 7H, and S10H). These results show that
the haploinsufficiency of Rnd3and Arhigap35 results in early and incomplete midline
crossing, suggesting that RND3 acts through ARHGAP35, likely regulating their target
RHOA.

DISCUSSION

We initiated this study with the aim of identifying genetic targets of FEZF2, a transcription
factor necessary for the proper specification of CSNs and CST formation. FEZF2 activates
and represses gene expression in the cerebral cortex (Clare et al., 2017; Lodato et al., 2014),
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including in CSNs in L5. Here, we found that FEZF2 activates the expression of Rnd3,
which is cell autonomously required for the proper regulation of axon elongation, dendritic
complexity, and spine formation in CSNs. Commensurate with these observations, RND
proteins function as RHOA antagonists by activating ARHGAP35, and this signaling has
been shown to be critical for cytoskeletal rearrangements (Wennerberg et al., 2003) and
responsiveness to guidance cues (Bonanomi et al., 2019) in growing axons. In addition, we
identified an unexpected, cell-non-autonomous role for RND3 and ARHGAP35 in MGE
RGCs in their regulation of CST axon guidance through a critical and previously unknown
choice point at the SPJ. The expression of RND3 in MGE is also FEZF2 independent, as
FEZF2 is not expressed by RGCs in MGE, but it may be driven by ASCL1 (MASH1),
which is highly expressed by these cells. Crucially, ACSL1 regulates the expression of Rnd3
in cortical apical progenitors and is essential for properly orienting RGCs during their
divisions (Azzarelli et al., 2014).

The principal conceptual finding of this study is that the RGCs use their radial fiber scaffold
to facilitate and direct axon guidance, which occurs at a considerable distance from their cell
bodies, in a region- and time-specific manner. This finding is consistent with several
previous observations. First, the radial fiber is a key cellular and functional compartment of
RGCs (Pilaz and Silver, 2017), with known roles in cell division, neuronal migration, and
the maintenance of the structural integrity of the CNS (Higginbotham et al., 2011; Rasin et
al., 2007). Second, electron microscopy of the developing hamster cerebral cortex revealed
contacts between the radial glial fibers and growing callosal projections (Norris and Kalil,
1991). Third, and similar to our observations, previous works reported that RGCs and
similar embryonic glial cells in different regions and species appear to form transient spatial
compartments for orthogonally oriented axon tracts to pass through (Barry et al., 2013;
Silver, 1984; Singer et al., 1979). Fourth, the radial scaffold transports RNA transcripts and
proteins involved in axon elongation and guidance throughout the thickness of the wall of
the growing CNS in a regionally specified and topographically preserved manner (Dominici
etal., 2017; Okada et al., 2017; Varadarajan et al., 2017). The use of temporal, regional, and
subcellular-specific mediation of axon guidance by RGCs therefore ensures that the
structural palisade-like organization and molecular cues for neuronal migration and axon
guidance provided by the cell bodies of RGCs stay regionally restricted during dynamic
structural changes in the developing CNS.

In the present study, we also show that the junction between the developing striatum and the
GP is a critical point in the unification of the CST and other subcerebral projecting axons
into forming an internal capsule. This unification depends on the genetic interaction of ~Rnd3
and Arhgap35in the MGE RGCs. We also show that these cells form regularly organized
radial fibers that pass between the ventral extent of the striatum and the dorsal edge of the
GP in what will be the embryonic external medullary lamina. Previous studies have
described other specific features of the SPJ that suggest that it plays a distinct role during the
process of axonogenesis. For example, the radial glial-like cells in the VZ of the avian
equivalent of the SPJ (border) exhibit a compartmentalized expression of several important
developmental genes (Bardet et al., 2006), indicating that these cells are molecularly
distinct. Similarly, during early human fetal development, compact bundles of intensely
CD15 immunopositive radial glial fibers are present in the external medullary lamina (SPJ)
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(Mai et al., 1999), indicating that these cells may also have distinct molecular features.
Consistent with these findings, we observed radial glial fibers traversing the embryonic
striatum and GP and coursing through the external laminar medulla.

The defects in the organization of the radial scaffold observed in £na3 mutant mice were
specific to the developing external medullary lamina and the GP, but not the striatum.
Crucially, this phenotype was rescued by the re-introduction of Rnd3expression into the
RGCs of the MGE, demonstrating that the palisade-like organization of their radial fibers is
dependent specifically on RND3 and is essential for the guidance of subcerebrally projecting
cortical and likely thalamocortical axons and for correct patterning of the GP. These defects
were also associated with the abnormal rostral positioning of the GP in /Rnd3 mutant mice,
which also likely results from the altered migration of neurons in the SPJ and the GP along
the disorganized radial fibers we observed from the MGE RGCs. Complementary
phenotypes were also observed following the deletion of Arhigap35, a gene coding for a
binding partner of RND3. Moreover, these defects could not be ascribed to any of the
previously known cell populations regulating the guidance of the CST, thalamocortical,
striatal, or other axons in the ventral forebrain. Given the near-global presence of radial
scaffolds during brain development, the conceptual underpinnings of this work may have
broad application throughout the CNS.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Nenad Sestan
(nenad.sestan@yale.edu).

Materials Availability—All unique reagents and resource generated in this study are
available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—The data reported in this paper is deposited to Gene
Expression Omnibus (GEO) with accession humber: GSE152611.

METHOD DETAILS

Experimental Animals—All experiments were carried out with the protocol approved by
the Committee on Animal Research at Yale University. Rnd3 gt/gt mice were a kind gift
from Ignacio Perez Roger’ and the generation and genotyping were previously described
(Figure S2B; Mocholi et al., 2011). These mice were generated by inserting a LacZ cassette
that disrupts the intron 2 in the Rnd3 gene trap (Rna3 gt) mutant mouse (Mocholi et al.,
2011), abolishing the proper expression of the trapped allele, £rd3, but allowing for the
visualization of natively expressing Rnd3 cells. The Arhgap35—/— mutant mice were
provided by Anthony Koleske and the details for generation and genotyping was described
(Brouns et al., 2000). The generation of EmxI-Creand CAT-Gfp mice were described
previously (Iwasato et al., 2004; Kawamoto et al., 2000). Actin-Cre, DIx6-Cre animals were
kind gifts from Angeliki Louvi Lab and Jess Cardin Lab at Yale, respectively. Gsx2-iCre and
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Nkx2-1-Cre mouse were obtained from Jackson lab. Rna3-Gfp mice were obtained from the
GENSAT Project (http://www.gensat.org/index; (Gong et al., 2003), where green fluorescent
protein (GIp) reporter gene expression was driven by regulatory elements surrounding the
endogenous Rnd3locus. Please refer to Table S6 for genotyping details.

Recombinant DNA—For the pCALNL-Rna3-Flag, the 3XFlag was added to pCALNL-
Gfp using Mfel and Notl sites (Addgene, 13770). The mouse Rna3cDNA (GenBank:
BC009002) and subcloned into the vector. pCAG-Bfp was a kind gift from Rakic lab, which
was used to amplify Bfp sequence to clone it into pCALNL-G1p vector after excising Gip.
pNeuroD1-Cre plasmid was made by removing the /res-Gfp cassette from pNeuroD1-ires-
G1p (Addgene, 61403) and inserting PCR amplified Cre sequence into EcoRI and BsrGl
sites. To express RND3 in RGCs predominantly, pBLBP-Rnd3 and pBLBP-mScarlet-1 were
generated by removing the mCherry from pBLBP-mCherry (Addgene, 63721) and inserting
PCR amplified sequences into Agel and Kpnl sites. For the luciferase assay plasmids,
FEZF2 bound sequences was PCR amplified from the mouse genomic DNA, isolated from
PO cortices and inserted into the upstream of the Firefly luciferase in the pGL 3-basic vector
(Promega, E1751). Primers used for the amplification of all the regions are listed in Table
S6.

Human tissue—Human post-mortem brain tissues analyzed in this study were obtained
from the NICHD Brain and Tissue Bank for Developmental Disorders at the University of
Maryland. All tissue was collected after obtaining parental or next of kin consent and with
approval by the institutional review boards at the Yale School of Medicine and at each
institution from which tissue specimens were obtained. Tissue was handled in accordance
with ethical guidelines and regulations for the research use of human brain tissue set forth by
the NIH (https://oir.nih.gov/sites/default/files/uploads/sourcebook/documents/
ethical_conduct/guidelines-biospecimen.pdf) and the WMA Declaration of Helsinki (https://
www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-
medicalresearch-involving-human-subjects/).

Generation of floxed Rnd3 mice—Guide RNA sequences (JRNASs) were designed
using an online program (http://zlab.bio/guide-design-resources) as previously described
(Hsu et al., 2013). Guide RNAs with the minimum off-targets were selected, and sequences
are provided in Table S6. DNA oligos carrying guide RNA sequences were cloned into
pX330vector (Cong et al., 2013), and used as template for /in vitro transcription by
MEGAscript® T7 Transcription Kit to produce ready to inject gRNAs. Cas9 mRNA were in
vitro transcribed from vector px330 linearized by restriction enzyme Notl-HF (New England
Biolabs, #R3189S) and purified by phenol/chloroform extraction. We made exon 3floxed,
exon 1-5deletion, of Rnd3 by this method (Figure S4). gRNAs microinjections were
performed as per established protocols. Please see the microinjection details in Table S4.
Founders were genotyped and bred at least 3 generations to exclude chimeras. Genotyping
of mice carrying deletions was performed using primers shown in Table S6.

In utero electroporations—For RNA seq experiments, pCAG-V5-Fezf2 and pCAG-Gfp
were used, in the ratio 3:1, to perform /n utero electroporations into E15.5 cortices (n = 3)
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for overexpression studies. pCAG-Gfp was electroporated into littermates as control. Briefly,
the animals were deeply anesthesized and uterine horns were exposed. 1ul of 1ug total DNA,
mixed with 0.05% fast green dye, was injected into lateral ventricle of an E15.5 CD1 mouse
embryo through the uterine wall and electroporated using BT X apparatus at 35V, 5 pulses,
950 ms each pulse. At PO, pups are screened for GFP expression under a fluorescent
microscope. At P3, brains were harvested for tissue preparation and GFP positive cells were
FAC sorted

For the rescue experiments to determine spine formation, we performed bihemispherical
injections. In one hemisphere, we injected pCALNL-Rnd3-Flag and pNeuroD1-Cre into the
ventricles of Fezf2fl/fl; CAT-Gfp mice at E12.5 to delete Fezf2 from the subcerebral
neurons and at the same time, rescue with Rnd3, and into the other hemisphere with
PCALNL-Bfpand pNeuroD1-Cre was injected to cause Fezf2 deletion. The electroporated
mice were dissected at P30 and 70 um thick coronal sections were obtained. After staining
the sections with GFP, and FLAG antibodies, for spine analysis, the Z stack images spanning
8 um thickness and of optical thickness 0.43 um (~18 images/section), were acquired using
LSM 800 microscope at 63X magnification. We acquired 10 images per brain from each
hemisphere (n = 4 brains). Images were analyzed using reconstruct software. Please refer
Golgi staining section for details of analysis (Risher et al., 2014).

For rescuing RND3 in the RGCs of MGE of Rnd3 gt/gt; Fezf2-Gfp brains, we used pBLBP-
Rnd3plasmid to restrict the expression to the RGCs (Shariati et al., 2013). We performed in
utero electroporations with pBLBP-Rnd3 + pBLBP-mScarlet-1 or with pBLBP-mScarlet-1in
the MGE of the embryos obtained from Rnd3 gt/+; Fezf2-Gfp cross at E12.5. The
expression of genes under the BLBP promoter diminished in 48 hr. Further the brains were
isolated at E16.5 and fixed in 3.7%PFA O/N. Tails from the same embryos were used for
genotyping and the brains were sectioned coronally at 70 um thickness on vibratome. The
sections were stained for GFP, NKX2-1, BCL11B, VIM, BLBP and L1CAM (antibodies
details in Key Resources Table). Z stack images (10 stacks/image, 0.5 pm thickness, n = 3
brains/condition) from VIM stained sections were used to create a montage of the radial
processes of the RGCs originating from ganglionic eminences with NeuronJ plugin of
ImageJ. The orientation of the fibers was measured using Orientation J plugin as described
below in section 16 of Dil injections and orientation analyses (Rezakhaniha et al., 2012). For
the single hemisphere rescue, we injected pBLBP-Rnd3into the right ventricle of the pups
and directed it to MGE using the electrode paddles at E12.5. At E16.5, after embedding
dissected tissue in agarose blocks, we marked the right side of the block and sectioned the
brains on a vibrotome at a 70 um thickness. The serial sections collected into 6 wells were
stained with respective antibodies.

Generation of Rnd3 gt/gt; Fezf2-Gfp chimeric mouse—ES cells were harvested
from Rnd3gt/gt, Fezf2-Gfp embryos and frozen in —80° C and stored in liquid N2. 2-3 days
before injection, ES cells were thawed, and media was removed, cells were washed 2—-4
times with 1X PBS to get rid of the dead cells and debris. 0.5 mL of 0.5% trypsin was added
per 6 cm dish and incubate for 3-5 min at 37° C. Trypsin digestion was stopped by adding
1.5 mL ES cell culture medium with FBS. ES cells were dispersed into single-cell
suspension by gentle pipetting, then transferred to 15 mL falcon tube with 3 mL ES medium.
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Cell suspension was centrifuged at 2000 rpm for 5 min and supernatant discarded. The cell
pellets were re-suspended thoroughly in ES cell medium and plate on the gelatinized 6 cm
dish and incubated for 20—30 min at 37° C to let the feeder cell attach to the surface, then the
medium containing ES cells was collected and centrifuged 1000 rpm for 5 min. Pellets were
thoroughly re-suspended in 100-200 pl ES cell injection medium and keep on ice for
injection. 3.5 dpc (days post conception) C57BL/6J embryos were collect on the injection
day and culture in KSOM at 37° C. For each blastocyst, 6-10 ES cells injected, and 15-20
injected blastocysts were transferred to the uterine of 2.5 dpc CD1 pseudopregnant female
recipient.

Bulk RNA-seq—Cortices from PO Fezf2fl/fl;, EmxI1-Creand littermate Fezf2fll+,; EmxI-
Cre pups were collected (n = 3). Total MRNA was extracted using QIAGEN RNAeasy Kit.
For overexpression experiments, P3 cortices from in utero electroporated mice at E15.5 were
collected and dissociated (n = 3). pPCAG-Gfpinjected into littermates were used as controls.
GFP* neurons were sorted and collected. Total MRNA was extracted from the collected
neurons using QIAGEN minElute RNAeasy Kit as per manufacturer’s instructions. Libraries
were prepared with Illumina TruSeq mRNA preparation kit (Illumina RS-122-2101) for
whole cortices, and NUGEN Ovation V2 system (NuGEN, 0510-32) for Fezf2
overexpressing, FAC sorted cells, as per the manufacturer’s instructions. Libraries were
quality-controlled by Tapestation/Bioanalyzer analysis and sequenced on Illumina HiSeq
2000 platform at Yale Center for Genome Analysis (YCGA) to generate 75 bp single reads.
Sequencing data were quality controlled by FastQC and aligned to the mouse genome
(NCBI37/mm9) using STAR (v2.4.0e) (https://doi.org/10.1093/bioinformatics/bts635). To
improve the mapping quality of splice junction reads, mouse gene annotation retrieved from
the GENCODE project (version M1) was additionally provided (https://doi.org/10.1101/
gr.135350.111). Command line “~sjdbOverhang 74 was used to construct splice junction
library. At least 10 million uniquely mapped reads were obtained for each sample.

Differential gene expression (DEX) analysis was performed by R package DESeq?2 (https://
doi.org/10.1186/gh-2010-11-10-r106) and PCA analysis was performed by R package
prcomp. A false discovery rate (FDR) < 0.01 was used to detect statistically significant DEX
transcripts. Integrated analysis was performed with DEX transcripts from Fezf2 fl/fl; Emx1-
Creneocortex and FezfZ-over-expressing upper layer neurons, with the genes that showed
significant expression fold change toward opposite direction (down in Fezf2 fl/fl; EmxI-Cre,
up in Fezf2-overexpression) selected as candidate downstream targets of Fezf2, as shown in
Tables S1 and S2.

Single-cell RNA-seq analysis—Procedure of single cell capture, and data analysis was
described in previous study (Li et al., 2018; Onorati et al., 2016). Briefly, cells were
captured with medium-sized (10-17 pm) RNA-seq IFCs using the Fluidigm C1 system
according to the manufacturer’s instruction. After capture, C1 chips were examined visually
and the number of cells at each capture site was recorded manually. Cells captured by C1
were subsequently processed through lysis, reverse transcription and PCR amplification to
generate single-cell cDNA libraries using the Smarter Ultra Low Input RNA kit for Fluidigm
(Clontech). Libraries of single cells were sequenced for 100 cycles using a single-read recipe
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on Illumina’s HiSeq 2000. We employed STAR (v2.4.0) (Dobin et al., 2013) to uniquely
align the sequencing reads to human reference genome with default parameters. For human
single cells, GRCh38/hg38 was used. The gtf formatted annotations for human (GENCODE,
released version v21) were retrieved from GENCODE project. We used RSEQTools and
SAMtools to calculate the gene expression (Habegger et al., 2011; Li et al., 2009). We used
HTSeq (v0.6.1) to calculate the gene reads count values for each annotation entry. The gene
RPKM values were calculated using in-house R script. In addition to FastQC, we
implemented a series of quality control measures as described by (Li et al., 2018; Onorati et
al., 2016).

Quantitative RT-PCR—Same batch of total RNA that was used for RNA-Seq, was also
used for quantitative RT-PCR validation. cDNA was synthesized using superscript I11 as per
instructions, and quantitative RT-PCR was performed in triplicates for each sample on a
BioRad iQ5 system with pre-designed primer and probe sets that targeting Rnd3 coding
region. The graph was plotted and unpaired two-tailed t test was employed to determine the
pvalue (p < 0.05, *; n = 3 brains each condition). Sequences for primers and probes used are
provided in Table S6.

ChlP-Seg—Due to absence of antibody against the native FEZF2 protein, a V5 tagged-
FEZF2 protein was overexpressed in Neuro2a (N2a) cells to perform ChlIP seq. Briefly,
Neuro2a (N2a) cells were transfected with pCAG-V5-Fezf2 plasmid using Lipofectamine
2000 (Invitrogen, 11668027). 1x 108 Neuro2a cells were transfected by 25 pg plasmid using
Lipofectamine 2000. with a DNA: Lipid ratio = 1: 2. 24 hours (hr) post transfection, cells
were dissociated with 0.25% trypsin, washed with 1X PBS and cross-linked with
formaldehyde solution at a final concentration of 1% at room temperature for 10 min with
constant rotation. Glycine at a final concentration of 125 mM was added to quench cross-
linking for 5 min at room temperature with gentle rotation. Cells were washed by 1X PBS,
disrupted by lysis buffer I (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, pH
8, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100 in Nuclease free H,0O) with freshly
added protease inhibitors for 20 min at 4° C, lysis buffer 11 (200 mM NaCl, 1 Mm EDTA,
pH8, 0.5 mM EGTA pH 8, 10 mM Tris-HCI pH 8 in Nuclease free H,0) with freshly added
protease inhibitors for 10 min at room temperature. Cells are centrifuged at 3000 g, 15 min
at 4° C and pellets were dissolved in 400-600ul lysis buffer 111 (1 mM EDTA, pH 8, 0.5 Mm
EGTA, pH 8, 10 mM Tris-HCI, pH 8, 0.5% Sarkosyl in Nuclease free H,O) with freshly
added protease inhibitors and sheared into 200-500 bp fragments with a Bioruptor. Dyna
beads protein G (Novex, 10003D) was pre-blocked by 5 mg/ml ice-cold BSA and incubated
with 5 g anti-V5 antibody, and 1gG, separately at 4° C with constant rotation for 12 hr. 25
ug chromatin was added to beads-antibody complex per reaction and incubated at 4° C for
16 hr with constant rotation. Beads were washed with ice-cold RIPA buffer for 8 times and
rinsed by 1X TE, and eluted by adding 200 ml ChIP elution buffer (1% SDS in 1X TE) and
incubated in a shaker for 20 min at 65° C. ChIP DNA was incubated for 12 hr at 65° C for
reverse-crosslinking, and subjected to RNase A treatment at 37° C for 1 hr, and Proteinase K
treatment at 55° C for 2 hr, and then purified on PCR purification columns (QIAGEN,
28104). For input control, 5 ug chromatin from each sample whole-cell-extract DNA was
also treated by reverse crosslinking, RNase A and Proteinase K together with IP samples and

Neuron. Author manuscript; available in PMC 2021 September 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaur et al.

Page 17

column purified. DNA amount were quantified by PicoGreen assay (Invitrogen, P11496). 5
ng IP DNA and input from each sample were used to prepare ChlIP libraries with [llumina
Truseq ChlP library preparation kit (Illumina, 1P-202-1012). Libraries were size selected to
enrich size 300-400 bp fragments and quality controlled and sequenced on Illumina Hiseq
2000 platform. Roughly 20 million reads were obtained from each sample. FASTA files
were quality-controlled and mapped to mouse genome (NCBI37/mm9) using Bowtie
(Langmead and Salzberg, 2012). Peaks were called by MACS (Zhang et al., 2008). The
experiments were performed in triplicates and p values were calculated using unpaired two-
tailed t test. P values greater than 0.05 were considered significant.

Luciferase assays—N2a cells were plated into 24 well plates at a density of 0.05 3 106
per well and transfected as described with Firefly luciferase (pGL3-Basic) plasmids
containing each of the Fezf2-bound regions in the mouse Rnd3 locus, together with pRL-
SV40 (Promega). Transfected cells were lysed and assayed 24 hr later using the dual-
luciferase reporter kit (Promega). Relative luciferase activity was calculated by normalizing
the Firefly luciferase luminescence to the Renil/aluciferase luminescence value. Experiment
was performed in triplicates and p value was calculated using unpaired two-tailed t test.
Primers used for amplifying the candidate enhancer and promoter regions are shown in
Table S6.

Immunohistochemistry—The brains isolated from prenatal and early postnatal animals
were fixed overnight in paraformaldehyde (PFA) at 4° C. Immunostaining were performed
on the sections of 6070 um thickness cut on vibratome. Sections were blocked with
blocking buffer (10% Donkey serum + 1% BSA + 0.3% Triton X-100 in 1X PBS) for 1 hr at
RT. After blocking, sections were incubated overnight at 4° C with primary antibodies, Key
Resources Table. Sections were washed with washing buffer (0.3% Triton X-100 in 1X PBS)
thrice, 10 min each and were incubated with secondary antibodies (Jackson Immunoassay)
for 1 hr at RT, followed by three times washing with washing buffer, 10 min each. Sections
were mounted onto glass slides with vector shield (Mector labs, H-1000) and sealed with
nail-polish. All the slides were stored at —20° C for further analyses. Antigen retrieval was
performed on the brain sections prior to NKX2-1, and RND3 immunostaining (Dako
Antigen Retrieval Solution). For acquiring the images, Z stack and tiling was performed
using, LSM 800 (Zeiss Microsystems) was used. Analyses of the images was done using
ZEN software or Fiji using BioFormats plugin.

STED (STimulated Emission Depletion) microscopy—The GFP* and VIM*
sections were mounted using #1.5 coverslips. A super resolution optical CW STED
microscope (Leica TCS SP 8 3X), equipped with white light excitation laser, 590 and 715
nm depletion lasers, 100X/1.4 oil STED objective, and gated HyD detectors, was used to
obtain the detailed structures of the radial glial projections and CST axons interaction. For
GFP an excitation laser wavelength of 470 nm and for the VIM a wavelength of 647 nm
were used. For GFP and VIM, the detection ranges were 478 nm to 504 nm and 656 nm to
708 nm respectively, with a depletion laser at 592 and 715 nm. Stacks of fibers (3-5 pm
thickness) with a slice distance of 130 nm were acquired with a 100x oil objective (Leica
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HCX PL APO 100x/1.4 Qil). The raw data images were processed using spectral unmixing
and deconvoluted using Huygens professional (Scientific Volume Imaging).

X-gal staining—~PO0 brains were fixed with 4% PFA for 10 hr and then rinsed with 1X PBS
and sectioned on vibrotome after embedding into agarose. X-gal solution was freshly
prepared by diluting 100 pl of X-gal stock solution in a buffer containing 1 mL of 5 mM K
ferri, 1 mL of 5 mM K ferro, 20 pl of 1M MgCl,, 40 pl of 25% Triton X-100 and 1X PBS to
final volume of 10 ml. Stock solution of X-gal was prepared by diluting 100 mg of X-gal in
2.7 mL of DMF. The sections were stained in this freshly prepared solution for 2 hr to
overnight at 30° C in dark. Sectioned were then washed and mounted onto glass slides.

Cytochrome oxidase staining—The cortices from Rnd3 gt/+ and Rnd3 gt/gt animals
were isolated at P14 and were flattened between two glass slides. The flattened cortices were
fixed overnight in 4% PFA at 4° C and were sectioned on vibrotome following day at
thickness of 70 um. The tangential sections were incubated at 37° C in a buffer containing 4
g sucrose, 50 mg DAB and 30 mg cytochrome C per 100 mL for 2 to 3 hr until desired
staining is achieved. Sections from Rna3 gt/+ and Rnd3 gt/gt cortices were always treated
for the same amount of time. Sectioned were washed with 1X PBS and mounted into slides.
Images were acquired on a brightfield microscope at 10X magnification.

Thymidine analog labeling—Timed-pregnant mice were injected intraperitoneally with
50 mg per kg of body weight IdU at E11.5 and E12.5, and with 40 mg per kg of body weight
CldU at E15.5 and E16 (n = 3). For antigen retrieval, sections cut on vibrotome, were treated
with 2N HCI for 30 min at 30° C and were washed thrice with 1X PBS, each wash was for 5
min. Following antigen retrieval, same procedure for immunostaining was followed as
describe in section 7. Images were acquired on confocal (LSM 800) at 20X magnification.
For quantification of the CldU or IdU positive cells was performed by counting total number
of cells in one field (n = 5). Six layers of cortex were divided into 10 bins and number of
cells per bin were manually counted for Rnd3gt/gt and Rnd3 gt/+ animals. Percentage of the
cells per bin of total number cells in all the 10 bins were plotted. Unpaired two-tailed t test
per bin was employed to calculate p values for each bin.

Golgi-staining and quantifications—The Golgi staining were performed using FD
Rapid Golgi Stain™ Kit (PK401) as per manufacturer’s protocol on Fezf2fl/fl; Emx1-Cre
and Fezf2fl/+; EmxI-Crebrains and the analyses of Golgi stained sections was performed.
Briefly, P30 brains were isolated after euthanizing the mice and immersed in solution A+ B
for 10 days, followed by immersion in Solution C for 3 days. The brains were then cut on
vibrotome in solution C at 150 pm thickness and were serially mounted onto gelatin coated
slides. The sections were dried overnight, washed and developed by immersing the slides in
solution D and solution E mixed in equal amounts for 10 min. The slides were washed twice
with distilled water and dehydrated in grades of ethanol and xylene. Drying of slides was
always pre-vented to avoid sections from cracking. After mounting the Z stacked images
(~60 images/section), spanning 22 um thickness, optical thickness 0.36 um were acquired
using Nikon microscope at 63X magnification. The Z stack images were opened in the
Reconstruct software (http://synapseweb.clm.utexas.edu/software-0) and a new series was
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created which enabled us to move across different stacks across Z planes in same image.
Dendrites with a minimum length of 10 um were used for analysis. Whole dendrite was
subdivided into segments of 10 um and number of spines across whole thickness were traced
for length and breadth of each spine. All the spines along 10 um length of dendrites was
traced. After tracing the length and breadth of the spines their ratio was used to determine
the spine subtype as described earlier (Risher et al., 2014). After the analysis for each class
of spine, standard error and p values are calculated using unpaired two-tailed t test.

Fluorescence-activated cell sorting (FACS)—/n utero electroporated brains of either
overexpression group (CAG-V5-Fezf2 and pCAG-GIp) or control group (0CAG-G1p only)
were quickly harvested at P3 and neocortical regions marked by GFP were precisely
dissected under a fluorescent microscope and dissociated into single cell suspension using a
papain-based solution, which contains DNase, Papain and Dispase (Sestan et al., 1999). Cell
were washed and re-suspended in 1X PBS and filtered through a 40 um strainer and sorted
by FACS (BD Aria) with a 488 nm laser. Cell were maintained at 4° C during the whole
FACS process. FAC sorted cells were centrifuged down at 1000 rpm at 4° C, flash-frozen by
liquid N2 and stored at —80° C for subsequent RNA extraction.

In situ hybridization—RNA probes for were generated mouse cortical tissue cDNA as
template (Rna3, ENSMUSG00000017144; Arhgap35 ENSMUST00000075845) followed
by TA cloning and /n vitro transcription as per manufacturer’s instructions using similar
probes as reported earlier (Visel et al., 2004). Templates were purified by phenol/chloroform
extraction, and Digoxigenin-labeled probes were synthesized using T7 and RNA labeling
mix (Roche) according to manufacturer’s instructions. Probes were purified by phenol/
chloroform extraction, quantified and quality controlled and stored at —80° C till
hybridization. Primers used for generating probes are shown in Table S6. Slide-mounted
cryo-sections at 30 um thickness were processed using a previously described protocol
(Sousa et al., 2017). Briefly, brains were fixed overnight at 4° C in 4% PFA diluted in 1X
PBS, equilibrated for 12 hr at 4° C in 10% sucrose, and another 12 hr at 4° C in 30% sucrose
in 1X PBS. Fixed brains were then either embedded in OCT, frozen on dry ice and sliced on
a cryostat (Leica Biosystem). Slides were stored at —80° C until processed for /n situ
hybridization. Sections were first post-fixed in 4% PFA in 1X PBS for 15 min at RT, washed
with 1X PBS, treated with proteinase K and submerged in hybridization buffer (5X SSC,
50% formamide, 1% SDS, 200 pg/ml of aBSA, 500 pg/ml of yeast tRNA and 50 pg/ml of
heparin) supplemented with 1000 ng/ml appropriate digoxigenin-labeled probe at 70° C
overnight. Sections were washed two times 45 min at 70° C in 2X SSC, 50% formamide,
1% SDS, followed by washing in 100 mM Tris HCI pH 7.5, 150 mM NaCl, 0.1% Tween,
blocked with 10% sheep inactivated serum (Sigma-Aldrich) and incubated overnight at 4° C
with an anti-digoxigenin antibody conjugated to alkaline phosphatase (1:5000, Roche).
Sections were then rinsed in 100 mM Tris-Cl pH 9.5, 100 mM NaCl, 50 mM MgCl,, 0.1%
Tween before being overlaid with BCIP/NBT substrate (Sigma Aldrich). Revelation was
done at RT in the dark until the desired signal is reached. Finally, sections were rinsed in 1X
PBS, post-fixed with 4% PFA in 1X PBS, washed in water and mounted with paramount
medium. The slides were scanned on Aperio CS2 (Leica Biosystems).
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Primary cell culture and neurite length analysis—The cortices from Rnd3 gt/gt;
Fezf2-Gfpand Rnd3 gt/+; Fezf2-Gfp were harvested and dissociated for primary culture at
PO mice, as previously described (Chen et al., 2005b). Briefly, PO mice were sacrificed and
forebrains were isolated quickly. Using fine forceps, meninges were peeled off; the
neocortices were dissected precisely under a dissecting microscope. The cortices were
chopped into fine pieces using a sterile scalpel blade and were collected into 15 mL tube
containing using a papain-based solution (Sestan et al., 1999). Tissue was incubated at 37° C
for 15 min and triturated by a fire polished glass pipette for 5-10 times to dissociate the
cells. Cells were centrifuged at 300 x g for 5 min at room temperature. After washing with
1X PBS twice, cells were plated onto laminin and poly-D-lysine coated glass coverslips in
Neurobasal medium supplemented with B27, glutamine and antibiotic. The neurons are
stained for SYP and GFP and images are acquired using LSM 800 (Leica). The neurites
were traced using ImageJ plugin, Neuron J. The neurites were categorized into primary,
secondary and tertiary. The total length of each category is normalized to Rnd3 gt/+; Fezf2-
Gip. Unpaired two-tailed t test is calculated for each category of neurites.

3DISCO tissue clearing—Complete 3DISCO technique was performed with the protocol
described by Belle et al., 2014. Samples (~Rnd3 +/+ and Rna3gt/gt E16.5 and PO brains)
were dehydrated using different solutions of methanol diluted in 1X PBS (50%, 80%, 100%)
for 1 hr each step at RT on a rotating shaker, incubated in methanol incubated in 6% H,O5 in
methanol 100% O/N at 4° C in the dark, and finally rehydrated with 100%, 80%, 50%
methanol in PBS for 1.5 hr each step at RT on a rotating shaker. For whole-mount
immunostaining, samples were incubated in a PBSGT solution (0.2% gelatin, 0.5% Triton
X-100 and 0.01% thimerosal in PBS) for 24 hr at RT on a rotating shaker and then incubated
with the primary antibody (Goat anti-7ag1 (Cnitn2); 1: 500; R&D System, AF4439) diluted
in 0.1% saponin (Sigma-S4521) PBSGT solution for 10 days at 37° C (with rotation at 100
rpm). Afterward, samples were washed six times (30 min each) in PBSGT at RT and
incubated O/N at 37° C with conjugated secondary antibodies (anti-Goat Alexa Fluor 647,
Jackson ImmunoResearch). Finally, samples were washed six times in PBSGT for 30 min at
RT. For tissue clearing, samples were dehydrated in increasing concentrations (50%, 80%,
100%) of tetrahydroflurane (THF; anhydrous, Sigma-Aldrich; 186562), 1 hr in each step.
Lipids were removed with dichloromethane (DCM; Sigma-Aldrich; 270997) during 20 min.
Tissue was cleared and stored in dibenzylether (DBE; Sigma-Aldrich; 108014) in the dark
and at RT. 3D imaging was performed with an ultramicroscope (LaVision BioTec) using
InspectorPro software (LaVision BioTec). Images, 3D volume, and movies were generated
using Imaris x64 software (version 8.0.1, Bitplane). Stack images were first converted to
Imaris files (.ims) using ImarisFileConverter. 3D reconstruction of samples was performed
using the “volume rendering” (Imaris). The aAC and LOT were segmented using the
“surface” tool by creating a mask around each volume. 3D pictures were generated using the
“snapshot” and tools.

Dil injections and orientation analyses—TFor lipophilic tracer, Dil, injections
embryonic brains were isolated at E12.5. Tails of each embryo were dissected for
genotyping and the brains were fixed for 4 hr in 1 % PFA in 1X PBS at 4° C. After that, Dil
(Img/ml) was pressure injected using Picospritzer 11 into the ventricles at 20 psi, 3 pulse/
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brain. Brains were then incubated at 37° C for 2 days in 4% PFA and sectioned on
vibrotome at 70 um thickness. Sections are washed in 1X PBS and mounted onto the slides.
The images were acquired on LSM 800 microscope at 10X and 20X magnification. Z stack
images (10 images/section, 0.5 um thickness, n = 4 brains/condition) of the brains were
acquired. The images were imported into Fiji and analyzed by Orientation J plugin
(Rezakhaniha et al., 2012). The images from MGE areas from Rnd3gt/gt and Rnd3 gt/+
brains were cropped to exclude the tracer saturated areas and Dil labeled fibers were in field
of view. This cropped image was used as input for analyses by the Orientation J program
that computes the structure tensor for each pixel by sliding the Gaussian analysis window
over the entire image. The output is a color map in HSB (hue, saturation and brightness)
mode, where hue is orientation, saturation is coherency and brightness were the source
image. For quantitative measure of the orientations, the pixel that have a coherency > 1%
and energy > 1% were considered to reduce the background. The software provided an
output as a text file of orientation as number of pixels per degree ranging from 0° to 180°.
Data was further processed using MATLAB (The MathWorks, Inc., Natick, Massachusetts,
United States). Angles above 90° were renormalized to range from 0° to 90°. Pixel
orientation was further binned in 10° increments for graphical analysis, and in 30°
increments for statistical analysis. Pairwise comparison was performed using two-tailed Chi-
square test with Yates correction to compare ratios of pixels between two experimental
groups for each 30° bin.

Supplementary Material

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

Rnd3is expressed by corticospinal neurons (CSNs) and radial glia/neural
stem cells

FEZF2-driven Rnd3expression helps CSNs to form dendritic spines and
extend axons

RND3 and ARHGAP35 maintain the radial glial scaffold at the striatopallidal
junction

The striatopallidal radial glial scaffold facilitates corticospinal axon
pathfinding
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Figure 1. FEZF2 Transactivates Rnd3 in Developing Corticospinal Neurons (CSNs)
(A) Union of genes (green) downregulated in Fezf2fl/fl; EmxI-Cre (cKO; red) and

upregulated in Fezf2 overexpression (OE; blue) conditions, and their enrichment in mid-fetal
human Fezf2* neocortical excitatory projection neurons.

(B) Left panel: GFP (green) expression in deep-layer (L5 and L6) cortical neurons, including
BCL11B-expressing (red) L5b pyramidal neurons in the PO Rnd3-Gfo BAC transgenic
brain. Scale bar: 20 um. Right panel: sagittal and coronal (inset) views of GFP* corticospinal
tract (CST) in the ventral pons (PN) (arrowheads). Scale bar: 50 um.

(C) Staining of B-galactosidase (X-gal) (blue) in Rna3 gene-trap mice (Rnd3gt) at PO
showing expression in neocortical deep layers (L5 and L6 [L5/6]) and VZ/SVZ and Str. GP,
globus pallidus; Str, striatum. VZ/SVZ, ventricular zone/subventricular zone. Scale bar: 500
pm.
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(D and E) Rnd3expression at PO in conditional Fezf2fl/+; Emx1-Cre (Fezf2Het) (D) and
Fezf2 cKO (E) neocortex and subpallium (Str) detected by /n situ hybridization (n = 3).

(F and G) Rnd3expression change in Fezf2cKO (F) and Fezf2 OE (G), as validated by
gPCR. p < 0.05 (unpaired two-tailed t test, n = 3).

(H) Schematic illustration of the conditional deletion via bihemispheric /n utero
electroporation of Fezf2fl/fl; CAT-Gfp with pNeuroDI1-Cre and either pCALNL-Bfp
(control) or pCALNL-Rnd3-Flag, at E12.5.

(1) BCL11B (red), GFP (green), and BFP (blue) immunolabeling of the pCALNL-Bfpand
the pCALNL-Rnd3-Flag electroporated hemispheres. Scale bar: 50 pm.

(J) LLCAM™ CST axons lacking GFP* or BFP* projections at the pontine level of
electroporated brains.

(K) RND3 localization, marked by FLAG tag immunolabeling (red) at the membrane,
including the dendrites, and synapses of the pCALNL-Rnd3-Flag electroporated projection
neurons (green). The arrowheads point at mature spines. Scale bar: 10 um.

(L and M) Bar graph depicts number of spines in 10 um of dendritic length (insets) in Fezf2
cKO (gray), compared to Fezf2Het (blue) mice (means £ SEs; unpaired two-tailed t test
applied. *p < 0.05, **p < 0.01, n = 11 neurons/3 brains/condition) (L) and in the pCALNL-
Rnd3-Flag neurons (gray) as compared to the pCALNL-Bfp electroporated neurons (blue)
(means * SEs; unpaired two-tailed t test applied. **p < 0.01, n = 10 neurons/4 brains/
condition) (M).

See also Figures S1 and S2.
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Figure 2. CST Axons Misroute at the SPJ in the Absence of RND3

(A and B) X-gal staining (blue) and GFP (DAB; brown) on serial coronal sections of PO
Rnd3 gt/+; Fezf2-Gfp (A1-A6) and Rnd3 gtigt; Fezf2-Gfp (B1-B6) brains depict defects in
the Rnd3 gt/gt brain, including reduced cortical thickness (B1-B3); a thin ACA (B1; open
arrow); the misrouted ACP to the ventral surface (B2 and B3; open arrows); and misrouted
Fezf2-Gfp* subcerebral projections within the striatum and at the SPJ through the GP (B2
and B3; asterisks and open arrowheads), at the cerebral peduncle (CP) and ventral pons
(open arrowheads, B4-B6). Scale bar: 500 pym. CC, corpus callosum; HC, hippocampal
commissure; AC, anterior commissure; IC, internal capsule; ACA, anterior branch of AC;

ACP, posterior branch of AC.

(C-E) Schematic representations of CST area labeled by GFP (Fezf2-Gfp) in the coronal
cross-sections of pontine nuclei from Rnd3 +/+, Rnd3gt/+, and Rnd3 gt/gt mice (C); Rnd3
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Aex3/+; Fezf2-Glp, Rnd3 Aex3/Aex3, Fezf2-Gip, and Rnd3 Aex3lgt; Fezf2-Gfp mice (D);
and Rnd3 DexI1-5Dex1-5; Fezf2-Gfp, and Rnd3 DexI1-5At; Fezf2-Gfp mice (E) at PO.

(F) Quantitative analysis of CST between mice bearing various Rnd3alleles. y axis: groups.
x axis: CST area in mm2. ANOVA Tukey’s test was applied (means + SEs,*p < 0.01, **p <
0.001, and ***p < 0.0001. n = 2 for each group).

See also Figures S3-S5.
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Figure 3. Cortical Projections Defects in the Absence of RND3
(A) Horizontal brain sections of Rna3+/+ (Al and A3) and Rnd3 gt/gt (A2 and A4) from

P15 mice stained for NEFM shows reduced ACP and absent ACA in Rnd3 gt/gt mice. Solid
arrowheads indicate normal and open arrowheads indicate reduced ACA and OB axons.
Scale bar: 200 um. OB, olfactory bulb.

(B) The ACA (NEFM, red) runs parallel to the rostral migratory stream (RMS; DAPI; blue)
at its origin from the OB, both in P15 Rnd3 +/+ (B1) and Rnd3 gt/gt (B2) mice. Solid
arrowheads indicate normal and open arrowheads indicate reduced ACA. Scale bar: 200 um.
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(C) Cytochrome oxidase staining of tangential sections of Rnd3gt/+ and Rnd3gt/gt cortices
from P14 mice depicting barrel cortex (A-E). Scale bar: 200 pm.

(D-G) Whole-mount anti-CNTN2 immunostaining of And3+/+ (D and F) and Rnd3 gt/gt (E
and G) from E16.5 (D and E) and PO (F and G) mice brains followed by 3DiSCO, show
similar LOT (blue) trajectory in both (D2-G2), whereas the ACA (pink) never crossed the
midline in Rnd3 gt/gt mice (E2 and G2). Solid arrowheads indicate normal and open
arrowheads indicate reduced or absent ACA. Scale bar: 500 um. LOT, lateral olfactory tract.
See also Figure S3.
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Figure 4. Concurrent Axonal Misrouting and Altered Radial Glial Scaffold at the Embryonic
SPJ in the Absence of RND3

(A and B) Coronal sections of Rnd3gt/+; EmxI-Cre; CAT-Gfp (A) or Rnd3 gt/gt; Emx1-
Cre; CAT-Gfp (B) brain immunolabeled for GFP (green), NKX2-1 (red), and DAPI (blue).
The solid arrows (AC/ACA/ACP) and the solid arrowheads (IC/GP) in A1-A8 mark the
typical localization of these features, while the open arrows, open arrowheads, and asterisk
(CST) in B1-B8 denote disruption or dislocation. The CST axons appear to project
ventrolaterally in the Rnd3 gt/gt brains, as compared to their normal trajectory in Rnd3 gt/+,
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in addition to their misrouting through the GP toward ventral forebrain surface. Scale bar:
500 pm.

(C and D) Schematic representation of commissural and subcerebral projections in Rna3
gt/+; Fezf2-Gfp (C) and Rnd3 gt/gt; Fezf2-Gfp (D) in (A) and (B), respectively. Th,
thalamus.

(E and F) Coronal sections of E16.5 Rnd3 gt/+; Fezf2-Gfp (E) and Rnd3gt/gt; Fezf2-Gfp
(F) brains co-immunolabeled for NEFM (E1 and F1; green), BCL11B (E1 and F1; red), GFP
(E2 and E3, F2 and F3; green), and VIM (E2 and E3, F2 and F3; red). Scale bars: 100 um
(E1 and E2, F1 and F2) and 200 um (E3 and F3). The solid arrowheads indicate parallel,
fasciculated VIM™ radial glial fibers and the open arrowheads indicate disorganized, non-
fasciculated VIM™ radial glial fibers. LGE, lateral ganglionic eminence; MGE, medial
ganglionic eminence.

(G and H) Super resolution images acquired using STED of Rnd3 gt/+; Fezf2-Gfo (G) and
Rnd3 gt/gt; Fezf2-Gfo (H) sections depicting VIM™ radial glial projections at the SPJ. The
normal ascent of the radial glial fibers is shown by solid arrowheads (G) and the defective
projections are shown by open arrowheads (H). Scale bars: 40 pm (G1 and H1), 20 um (G2
and H2), and 5 um (G3 and H3).

(I'and J) Dil labeled E12.5 Rnd3 gt/+ (1) and Rnd3 gt/gt (J) brains showing radial glial fiber
orientation in the MGE of Rnd3 gt/+ brains (solid arrowheads, 12) and Rnd3 gt/gt brain
(open arrowheads, J2), and in the neocortex (solid arrowheads, 13 and J3). Pia: Pial surface.
Scale bars: 500 pm (11 and J1), 100 um (12 and J2), and 20 um (13 and J3).

(K andL) Tracings of the Dil* radial glial fibers from E12.5 Rnd3 gt/+ (K) and Rnd3 gt/gt
(L). POA, preoptic area.

(M) Polar histogram showing the distribution of orientation of Dil-labeled radial glial fibers
in Rna3gtigt; Fezf2-Gfp (blue), or Rnd3 gt/+; Fezf2-Gfp (red) brains that are orthogonal to
the VZ of the MGE in the coronal sections. Pairwise comparison using two-tailed Chi-
Square tests with Yates correction applied (means, ***p < 0.0001. n = 4/condition).

See also Figures S6-S8.
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Figure 5. Striatopallidal Pathfinding of CST Axons Depends on RND3 in MGE Radial Glial
Cells

(A) Schematic showing /in utero electroporation of pBLBP-Rnd3 and pBLBP-mScarlet-1to
the MGE of Rnd3 gt/gt; Fezf2-Gip brains.

(B) Coronal sections of E16.5 Rnd3 gt/gt, Fezf2-Gip brains with pBLBP-mScarlet-1 (B1) or
PBLBP-mScarlet-I+pBL BP-Rnd3 electroporations (B2) at E12.5, immunolabeled for
BCL11B (white). The dotted line marks the SPJ boundary. Scale bar: 500 pm.

(C and D) Z-stacked images from E16.5 Rnd3 gt/gt; Fezf2-Gfp brain electroporated with
pPBLBP-mScarlet-1(C1 and C2) or pBLBP-mScarlet-I-+pBL BP-Rnd3 (D1 and D2), stained
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for VIM and Fezf2-Gfp, and tracings of the radial glial fibers of the ganglionic eminences
(C3 and D3). Scale bars: 500 mm (C1 and D1) and 100 um (C2 and D2). The open
arrowheads show misoriented Fezf2-Gfo* projections and VIM® radial fibers (C1 and C2).
The solid arrowheads show the rescued Fezf2-Gfo* and VIM™ radial fibers (D1 and D2).
(E) Polar histogram showing the distribution of orientation of VIM?* radial glial fibers in
PBLBP-mScarlet-1(red) or pBLBP-mScarlet-HpBLBP-Rnd3 (blue) brains of Rnd3 gt/gt;
Fezf2-Gip orthogonal to the VZ of the LGE and MGE in the coronal sections. Pairwise
comparison was performed using two-tailed Chi-square test with Yates correction applied
(means, *p < 0.05 and **p < 0.01. n = 3/group).

(F) Coronal sections of Rnd3 gt/gt; Fezf2-Gfp brain showing the CST axons at the CP
following electroporation with pBLBP-Rnd3+pBLBP-mScarlet-1(F2), or pBLBP-mScarlet-1
(F1). Scale bar: 500 um.

(G) Quantitative analysis of the mean integrated intensity of GFP detected at the CP
following pBLBP-Rnd3 in utero electroporation as compared to controls (means + SEs, n =
3; **p < 0.01; unpaired two-tailed t test).

See also Figure S8.
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Figure 6. Rnd3 Axon Guidance Phenotypes in the Ventral Forebrain Are Independent of
Cortical Fezf2 Expression and Rnd3 Expression in Intermediate Progenitors and Interneurons

(A) Rna3gtigt, Fezf2-Gfp cells in a wild-type environment, prepared by a blastocyst
injection chimera and immunolabeled with antibody against BCL11B (red). A branch of
CST showing the decussation defect (open arrow). Scale bars: 2 um (A1) and 500 pm (A2).
(B) Coronal section of Rnd3fl/fl; Emx1-Cre mice and Rnd3fl/+; Emx1-Cre at pons exhibit
the size of the CST. Scale bar: 500 pm.

(C-E) LICAM immunolabeling of Rna3fl/fl; Dix5/6-Cre and Rnd3 gt/fl,; Dix5/6-Cre
showing reduced ACA (C1, D1, and E1), reduced and misrouted ACP (D2 and D3, E2 and
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E3), and stereotypically normal internal capsule (IC), CP, and CST, with deficits highlighted
by open arrows and arrowheads and normal features highlighted by solid arrows and
arrowheads. Scale bar: 500 pum.

(F and G) Rnd3 gt/fl; Emx1-Cre,; DIx5/6-Cre mice showed a reduction of the ACA and
failure to cross the midline of the ACP, and no reduction in CST projections at CP and pons.
Scale bar: 500 pm.

See also Figures S4 and S8.
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Figure 7. Genetic Interaction between Rnd3 and Arhgap35 in Regulating CST Pathfinding
(A and B) Coronal sections from PO Arhigap35+/— (A1-A5) and Arhgap35—/- (B1-B5)

brain stained for LLCAM reveal phenotypes, similar to Rnd3 gt/gt. The deficits are labeled
with open arrows, arrowheads, and asterisks, whereas the normal trajectory is labeled with
solid arrows and arrowheads. Scale bar: 500 pm.

(C and D) Gross morphology is maintained in Arfigap35 +/-; Rnd3 gt/+ brains, but the
ventral brainstem shows thinner medullary pyramids (i.e., CST) as compared to wild-type

=

Arhgap35 +/-; Arhgap35 +/+;

~ Rnd3 gt/+
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controls. The closed arrowheads indicate the presence of the CST. Scale bars: 2 mm (C1 and
C2, D1 and D2) and 1 mm (C3 and D3).

(E-H) Dil injection at P5 into primary motor cortex (M1) labeled the CST in CP and pons at
P20 in Arhgap35 +I-,; Rnd3 gt/+ brain depicting decussation defects in the sagittal (E1-F2)
and in coronal sections (G and H) at medullary pyramids. The solid arrowheads indicate the
CST decussation. SC, spinal cord. Scale bar: 500 pm.

See also Figures S9 and S10.
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Experimental Models: Animals SOURCE IDENTIFIER
Gsx2-iCre The Jackson Laboratory Cat#25806
Nkx2-1-Cre The Jackson Laboratory Cat#8661

Rnad3-Gip The GENSAT Project ID#010612-UCD
Fezf2-Gfp The GENSAT Project (Gong et al., 2003)
Fezf2flIfl Sestan Lab, Yale University (Han etal., 2011)
Emx1-Cre Takuji lwasato Lab (Iwasato et al., 2004)
CAG-Cat-Gfp Melissa Colbert Lab (Kawamoto et al., 2000)
Rnd3 gt/gt Pérez-Roger Lab, Spain (Mocholi et al., 2011)
Arhgap35 —-I1- Koleske Lab, Yale University (Brouns et al., 2000)
Actin-Cre Louvi Lab, Yale University N/A

DIx5/6-Cre Cardin Lab, Yale University N/A

Rnd3fl/fl Sestan Lab, Yale University N/A

Rnd3 Aex3 Sestan Lab, Yale University N/A

Rnd3 Aex1-5 Sestan Lab, Yale University N/A

Antibodies

Rat anti - BCL11B (CTIP2)
Mouse anti - V5

Mouse anti - SATB2

Mouse anti - IDU

Rat anti - CldU

Chicken anti - GFP

Mouse anti - RND3

Mouse anti - RND3

Rat anti - LLICAM

Rabbit anti - NKX2-1
Mouse anti - neurofilament (NEFM)
Mouse anti - ISLET1

Rabbit anti - PRKCG

Goat anti - Vimentin

Rabbit anti - Vimentin
Rabbit anti - CUX1

Rabbit anti - TBR1

Rabbit anti - FABP7 (BLBP)
Rabbit anti - FABP7 (BLBP)
Mouse anti - FLAG M2
Mouse anti - RELN

Mouse anti - SYP

Goat anti - CNTN2 (TAG1)
Mouse anti - MEIS2
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Abcam

Thermo Fisher Scientific
Genway

BD PharMingen

Accurate Chemical
Abcam

Millipore

Abcam

Millipore

Santa Cruz Biotechnology
DSHB

DSHB

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Millipore

Sigma Aldrich

Millipore Sigma

Sigma Aldrich

R&D System

Santa Cruz Biotechnology

Cat# ab18465; RRID: AB_2064130
Cat# R960-25; RRID: AB_2556564

Cat# 20-372-60065; RRID: AB_1029576

Cat# 555627; RRID: AB_395993
Cat# MA3-071; RRID: AB_10986341
Cat# ab13970; RRID: AB_300798
Cat# 05-723; RRID: AB_309937
Cat# ab50316; RRID: AB_2181825
Cat# MAB5272; RRID: AB_2133200
Cat# sc-13040; RRID: AB_10015210
Cat# 2H3; RRID: AB_531793

Cat# 39.4D5; RRID: AB_2314683
Cat# sc-208; RRID: AB_2168668
Cat# sc-7557; RRID: AB_793998
Cat# ab92547; RRID: AB_10562134
Cat# sc-13024; RRID: AB_2261231
Cat# sc-48816; RRID: AB_2287060
Cat# ab32423; RRID: AB_880078)
Cat# ABN14; RRID: AB_10000325
Cat# F1804; RRID: AB_262044

Cat# 553731-50UL; RRID: AB_565117
Cat# S5768; RRID: AB_477523
Cat# AF4439; RRID: AB_2044647
Cat# sc81986; RRID: AB_2143037
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Experimental Models: Animals

SOURCE

IDENTIFIER

Rabbit anti - RFP

Rabbit anti - DARPP32

Alexa Flour 488 donkey Anti-Chicken IgG
Biotin conjugate Anti- Chicken IgG

Cy3 donkey anti-Rabbit 1gG

Experimental Models: Animals

Cy3 donkey anti-Mouse 1gG

Alexa Fluor 488 donkey Anti-Mouse 1gG
Alexa Fluor 488 donkey Anti-Goat IgG
Alexa Fluor AMCA donkey Anti-Goat 1gG
Alexa Fluor 647 donkey Anti- Rat 1gG
Alexa Fluor 647 donkey Anti- Rabbit 1gG
Alexa Fluor 647 donkey Anti- Mouse 1gG

Rockland Antibodies and Assays

Santa Cruz Biotechnology
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
SOURCE

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Jackson ImmunoResearch

Cat# 600-401-379; RRID: AB_2209751
Cat# sc11365; RRID: AB_639000
Cat#703-545-155
Cat#703-065-155
Cat#711-165-152

IDENTIFIER

Cat#715-165-150
Cat#715-545-150
Cat#714-545-147
Cat#705-155-147
Cat#712-605-153
Cat#711-605-152
Cat#715-605-150

CHEMICALS

Lipofectamine 2000
MEGAscript® T7 Transcription Kit
Dnase

Papain

Dispase

Vectarshield

RNase A

Proteinase K

QIAquick PCR Purification Kit
Poly D-Lysine

Illumina TruSeq mRNA kit
NuGEN Ovation V2 system
QIAGEN RNAeasy kit
QIAGEN minElute RNAeasy kit
Illumina TruSeq CHIP kit

Dual Luciferase reporter kit

FD Rapid Golgi Stain kit
Smarter Ultra Low Input RNA kit
Kapa genotyping kit

DIG RNA labeling mix
BCIP/NBT substrate

VECTASTAIN® Elite® ABC HRP Kit (Peroxidase,

Universal)

Tissue-Tek® O.C.T. Compound, Sakura® Finetek

Phosphate-buffered saline
1M Tris (pH 7.40)

L-glutamine
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Invitrogen
Thermofisher Scientific

Sigma Aldrich

Worthington Biochemical Co

Sigma Aldrich

Vector Laboratories
Sigma Aldrich

Sigma Aldrich
QIAGEN

Thermofisher Scientific
Illumina

NuGEN

QIAGEN

QIAGEN

Illumina

Promega

FD NeuroTechnologies, Inc
Takara
Kapabiosystems

Sigma Aldrich

Sigma Aldrich

Vector Laboratories
VWR

ThermoFisher
American Bioanalytical

ThermoFisher

Cat#11668027
Cat#AM1334
Cat#4716728001
Cat#L.S003127
Cat#4942078001
Cat#H-1000
Cat#10109134001
Cat#3115801001
Cat#28104
Cat#A3890401
Cat# RS-122-2101
Cat#7102-32
Cat#74104
Cat#74204
Cat#1P-202-1012
Cat#E1910
Cat#PK401
Cat#634891
Cat#7961804001
Cat#11277073910
Cat#B1911

Cat#PK-6200
Cat#4583
Cat#14190-144
Cat#AB14044
Cat#25030-081
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Experimental Models: Animals

SOURCE

IDENTIFIER

Penicillin and streptomycin
Lipofectamine 2000
NHDF Nucleofector Kit
Pyruvate
Paraformaldehyde

Bovine serum albumin
Normal donkey serum
DAB-nickel

Cytochrome Oxidase

DAPI

X-gal

Neurobasal medium

B-27 supplement

Insulin solution, human
MEM non-essential amino acids

Mouse Natural Laminin

ThermoFisher
ThermoFisher

Lonza

Sigma Aldrich

J.T. Baker

Sigma

Jackson ImmunoResearch
Vector Laboratories
Sigma

ThermoFisher
American Bioanalytical
ThermoFisher
ThermoFisher

Sigma Aldrich
ThermoFisher

ThermoFisher

Cat#15140-122
Cat#11668-019
Cat#VPD-1001
Cat#P-2256
Cat#S898-07
Cat#A9647
Cat#017-000-121
Cat#SK-4100
Cat# C5499
Cat#D3571
Cat#AB02400
Cat#21103-049
Cat#17504-044
Cat#19278
Cat#11140-050
Cat#23017-015

Gelatin subbed slides SouthernBiotech Cat#SLDO01
Sodium azide Alfa Aesar Cat#14314
Dil Stain Invitrogen Cat#D282
Cresyl violet acetate MP Biomedicals Cat#150727
RECOMBINANT DNA

pX330 Addgene Cat#42230
PCALNL-Gfp Addgene Cat#13770
PCAGEN Addgene Cat#11160
PCAG-Gfp Addgene Cat#11150
pNeuroD1-iresGfp Addgene Cat#45025
PBLBP- mCherry Addgene Cat#63721
pmScarlet-i_ C1 Addgene Cat#85044
PGL3 basic Promega Cat#E1751
PRL-SV40 Promega Cat#E2231
pPCAG-Bfp Rakic Lab, Yale University N/A
PCAG-V5-Fezf2 Sestan Lab, Yale University N/A
pNeuroDI1-Cre Sestan Lab, Yale University N/A
PCALNL- Rnd3-Flag Sestan Lab, Yale University N/A
PBLBP- Rnd3 Sestan Lab, Yale University N/A
PBLBP-mScarlet-1 Sestan Lab, Yale University N/A
PCALNL-Bfp Sestan Lab, Yale University N/A
INSTRUMENTS

Tapestation Agilent N/A
Ilumina HiSeq 2000 platform Illumina N/A
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Experimental Models: Animals SOURCE IDENTIFIER
Fluidigm C1 Fluidigm N/A

BTX Harvard apparatus Harvard Appartus N/A

cryostat (Leica Biosystem) Leica Biosystem N/A

BioRad iQ5 system Biorad N/A

Ilumina HiSeq 2000 platform Illumina N/A
Vibrotome Leica N/A

SDC microscope Nikon N/A

Aperio CS2 Leica Microsystems N/A

Leica TCS SP 8 3X Leica Microsystems N/A

Zeiss LSM 800 confocal Zeiss Microscopy N/A

G:Box Chemi XRQ Syngene N/A

96/384 microplate reader Ascent N/A
Ultramicroscope La Vision Biotec N/A
SOFTWARES

Gene Tools Syngene N/A

Imaris X 64 (version 8.0.1) Bitplane RRID:SCR_007370
ZEN Zeiss Microscopy N/A

Aperio ImageScope v12 Leica N/A

Human Brain Transcriptome exonarray data

BrainSpan and PsychEncode RNA-seq data

Experimental Models: Animals

BrainSpan and PsychEncode RNA-seq data

ImageJ

Reconstruct

Fiji

Neuron J
Orientation J
MATLAB
TopHat (v.1.0.13)
Bowtie 2

MACS

R
TRANSFAC
PROMO

(Kang et al., 2011)
(Mi etal., 2018)
SOURCE
(Lietal., 2018)
NIH

NA
NIH

NIH

NIH

MathWorks

N/A

(Langmead and Salzberg, 2012)
(Zhang et al., 2008)

The R Project for Statistical
Computing

GeneXplain GmbH

alggen.lsi.upc.es

GEO: GSE25219

GEO: GSE109796
IDENTIFIER

N/A
https://imagej.nih.gov/ij/

https://synapseweb.clm.utexas.edu/
software-0

https://imagej.net/Fiji

https://imagescience.org/meijering/

software/neuronj/
(Rezakhaniha et al., 2012)
https://www.mathworks.com
RRID:SCR_013035
RRID:SCR_016368
RRID:SCR_013291

RRID:SCR_001905
RRID:SCR_005620
RRID:SCR_016926

DEPOSITED DATA

Fezf2RNA/ChIP Seq data

This paper

GSE152611

BIOLOGICAL SAMPLES
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Experimental Models: Animals SOURCE IDENTIFIER
PCW?22 Brain Sestan Lab, Yale University N/A
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