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Suppressor of Fused is Critical for Maintenance of Neuronal
Progenitor Identity During Corticogenesis
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1Department of Neurology, University of California San Francisco, San Francisco, CA 94143,
USA

2College of Biotechnology and Bioengineering, Sungkyunkwan University, Suwon, Gyeonggi-do
16419, Republic of Korea

SPrograms in Neuroscience and Developmental Biology, Eli and Edythe Broad Center of
Regeneration Medicine and Stem Cell Research, University of California San Francisco, CA
94143, USA

SUMMARY

Proper lineage progression and diversification of neural progenitor cells (NPCs) ensures the
generation of projection neuron (PN) subtypes in the mammalian neocortex. Here we show that
Suppressor of Fused (Sufu) controls PN specification by maintaining the identity of NPCs in the
embryonic neocortex. Deletion of Sufu in NPCs of the E10.5 mouse neocortex led to improper
specification of progenitors and a reduction in intermediate progenitors (IP) during corticogenesis.
We found that Sufu deletion resulted in unstable Gli2 and Gli3 activity leading to the ectopic
activation of Sonic hedgehog (Shh) signaling. The role of Sufu in maintaining progenitor identity
is critical at early stages of corticogenesis since deletion of Sufu at E13.5 did not cause similar
abnormalities. Our studies revealed that Sufu critically modulates Shh signaling at early stages of
neurogenesis for proper specification and maintenance of cortical NPCs to ensure the appropriate
generation of cortical PN lineages.
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INTRODUCTION

The mammalian neocortex consists of six cortical layers (layer I-VI) of molecularly and
functionally distinct glutamatergic excitatory neurons (projection neurons or PNs)
controlling cognition, sensory perception, and motor control. PNs are generated in a tightly
regulated inside-out order in the embryonic dorsal telencephalon, such that deep layer PNs
are generated prior to upper layer PNs. Whereas deep layer PNs are derived directly from
multipotent radial glial cells (RGC) within the ventricular zone (VZ) or indirectly from
intermediate progenitors (IP) residing within the subventricular zone (SVZ), upper layer
PNs largely originate from IPs (Englund et al., 2005; Kowalczyk et al., 2009; Noctor et al.,
2004; Vasistha et al., 2014). To date, questions remain on the mechanisms regulating PN
specification from RGCs or IPs.

Recent studies indicate that unique transcriptional programs exist and contribute to the
heterogeneity of RGCs in the dorsal telencephalon to influence the fate of its progenies. For
example, the bHLH transcription factors Neurogeninl/2 control the specification of RGCs
into deep layer PNs early in neurogenesis, but require the transcription factors Pax6 and TlIx
for specification of upper layer PNs (Schuurmans et al., 2004). The transcription factor,
Fezf2, is required in RGCs to specify corticofugal PNs that eventually populate layers V-VI
(Chen et al., 2008; Molyneaux et al., 2005). A subset of Cux2-expressing RGCs has also
been identified, which divide to generate IPs and give rise to layer 1I/11l neurons (Franco et
al., 2012) although whether this represents a distinct subset of limited fate progenitors is
controversial (Eckler et al., 2015). Thus, the fates of RGC progenies are at least partially
determined prior to terminal differentiation by molecular events that regulate progenitor
behavior that are yet to be completely elucidated.

Suppressor of Fused (Sufu) is a cytoplasmic protein with critical roles in mammalian
development. Sufu knockout mice fail to survive past E9.5 indicating an essential role in

Cell Rep. Author manuscript; available in PMC 2016 September 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yabut et al.

Page 3

early mammalian development (Cooper et al., 2005; Svérd et al., 2006). At later stages, Sufu
plays an important role in the development of specific central nervous system (CNS)
structures. In the mid-hindbrain, Sufu regulates the processing of the transcription factor
Gli3 into its repressor (Gli3R) to influence cerebellar patterning, morphogenesis, and
neuronal migration (Kim et al., 2011). In the developing spinal cord, Sufu regulates the
stability of full-length Gli2 and Gli3 (Gli2A and Gli3A), and their cleavage into repressor
forms (Gli2R and Gli3R) to regulate dorsoventral patterning and neuronal differentiation
(Liu et al., 2012). Additionally, Sufu is a known target of Sox10 transcription factors to
regulate the generation of oligodendrocyte lineages (Pozniak et al., 2010).

Sufu regulates Gli proteins primarily to antagonize Sonic hedgehog (Shh) signaling, an
evolutionarily conserved pathway crucial in CNS development (Matise and Wang, 2011).
Shh signal transduction begins when extracellular Shh binds to the transmembrane protein
Patched (Ptch), relieving its repressive effects on Smoothened (Smo). Smo is a primary
positive signaling element triggering a cascade of intracellular events that lead to the
accumulation of the gene-activating form, GliA, rather than the repressor form, GliR. In the
developing forebrain, the role of Shh signaling in patterning of ventral telencephalic
structures, where Shh signaling is highly active at embryonic stages, has been well
characterized (Sousa and Fishell, 2010). Shh signaling is characteristically low in the
developing dorsal forebrain. However, loss-of-function studies utilizing conditional Shh,
3Smo, and Ptchl knockout alleles exhibit cell cycle defects in progenitors leading to the
disorganization of cortical neurons (Dave et al., 2011; Komada et al., 2008). A potential role
of Shh signaling in the specification of cortical NPCs was observed through in utero
electroporation studies where removal of Ptchl or overexpression of Shh at later stages of
corticogenesis led to ectopic expression of the ventral progenitor cell marker, DIx2 (Shikata
et al., 2011). However, the effect of endogenous Shh signaling at critical early stages of
cortical neurogenesis, prior to E13.5 in the mouse, is unclear. In part this is due to the
distance of the neocortex from ventral Shh ligand sources although Shh has been detected in
the embryonic CSF (Lehtinen and Walsh, 2011). Interestingly, Shh effectors, Gli2 and Gli3,
are both expressed in the developing neocortex, but Gli3R is predominant and influences
cell cycle dynamics and cortical NPC specification (Fotaki et al., 2006; Palma and Ruiz i
Altaba, 2004; Wang et al., 2011; Wilson et al., 2012). Collectively, these findings suggest
that Shh signaling activity is important for corticogenesis, but must be tightly regulated and
maintained at a very low level. Therefore, we wondered whether Sufu is involved in
maintaining this low level of Shh signaling and its consequences on NPCs during
corticogenesis.

In the present study, we found that Sufu plays a critical role in the specification of cortical
NPCs into all projection neuron subtypes at early stages of corticogenesis, including PNs
that are otherwise born at later stages. This role appears to be in part by modulation of Gli2
and Gli3 activity, thereby affecting Shh signaling activity. These studies emphasize that
fundamental regulatory events occurs at early stages corticogenesis to maintain NPC
program into distinct PN lineages, including the specification of PNs produced at later
stages of corticogenesis.

Cell Rep. Author manuscript; available in PMC 2016 September 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yabut et al.

RESULTS

Page 4

Disrupted dorsal forebrain development in the Sufu-cKOF10-5 put not Sufu-cKOF13:5 mice

The majority of PNs are generated between E11.5 and E16.5 in the mouse neocortex. At this
stage, Sufu is highly expressed in the cortical progenitor zones (Visel et al., 2004) (Figure
S1A). To understand the role of Sufu in cortical NPCs, we generated two conditional Sufu
knockout mice. In the Emx1°e*; Sufu/f (Sufu-cK OF10-5) mice, in which Cre recombinase
was under the control of the Emx1 promoter (Gorski et al., 2002), Sufu was removed from
NPCs in the dorsal forebrain at approximately embryonic day (E) 10.5 and was completely
undetected by E12.5 (Figure S1B). In the hGFAPC e+ Sufufl/fl (Sufu-ck OE135) transgenic
line, Cre-mediated recombination occurs at E13.5 in all multipotent progenitors of the dorsal
forebrain (Zhuo et al., 2001) and completely deleted Sufu by E14.5 (Figure S1C). This
strategy allowed us to differentiate the role of Sufu at early and later stages of neurogenesis,
respectively.

Loss of Sufu in cortical NPCs at E10.5 resulted in striking dorsal forebrain defects. At
postnatal day 7 (P7), Sufu-cKOF10-5 mice lacked olfactory bulbs and exhibited a larger
cortical surface area (Figure 1A). Nissl staining showed absence of recognizable cortical
laminar features, reduced cortical thickness, elongated neocortex, and expanded lateral
ventricles (Figure 1C). The hippocampus was also disrupted although the dentate gyrus was
distinguishable. Additionally, neocortical regions failed to form, such as the barrel fields of
the somatosensory cortex in Sufu-cKOF19-5 mice (Figure 1D). The corpus callosum was
absent and projections were unable to cross the midline of the P7 Sufu-ck OF10-5 neocortex
(Figures 1C, 1H). Similarly, few long-range corticostriatal or corticopontine projections
were detected in the PO Sufu-cKOF19-5 mice (Figures 1E-1G). Sufu-cKOF10-5 mice exhibited
no other somatic abnormalities, except a slightly smaller body size at birth, but experienced
significant growth retardation and died before weaning age.

In contrast, these abnormalities were not found in the Sufu-ckOF13-5 mice. The dorsal
forebrains of the Sufu-cKOF13-5 mice were grossly indistinguishable from control littermates
at P7 and did not display any obvious cortical defects (Figures 1B-1D). These mice did not
exhibit obvious developmental delay and survived well into adulthood. These observations
revealed that Sufu plays a critical role in regulating corticogenesis, prior to E13.5, for proper
development and organization of the dorsal forebrain.

Abnormal specification and lamination of cortical projection neurons in the Sufu-ck OE10-5

neocortex

Specific markers for upper layer PNs (Brn2 and Cux1) and deep layer PNs (Ctip2, Tbrl,
Sox5, and Tle4) allowed for further examination of the neuronal organization of the Sufu-
cKOF105 neocortex. We focused our analysis on the lateral regions of the neocortex (boxed
area in Figure 2A) at PO and found that the positioning of cortical PNs was disrupted in
Sufu-cKOF19-5 neocortex but not in the Sufu-cKOFL35 or controls (Figure 2B and Figure
S2A). Neurons with detectable expression of Cux1, Brn2, Sox5, Ctip2, Tle4, and Thrl were
all abnormally distributed throughout the cortical expanse. In addition, we observed visibly
lower expression of Brn2 or Cux1 and fewer SatB2+ in the Sufu-ck OF10-5 neocortex. In
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contrast, PNs expressing Ctip2, Thrl, Tle4, and Sox5 (which are typically localized in deep
cortical layers) were readily observed at PO. At P7, we found that the neocortex was
significantly thinner but the expression of deep layer markers was comparable between
controls and mutant mice indicating that there was no delay in the production or migration
of PNs (Figure S2B). These findings suggested a deficiency in the production of PNs that
typically occupy the upper cortical layers. Indeed, we found fewer Cux1+ PNs in the PO
Sufu-ckKOF10-5 cortex but not in the density of Ctip2+ cells (Figure 2C). Verifying these
observations, Brn2 and SatB2 protein levels were significantly lower in the Sufu-ck OF10-5
neocortex at PO, whereas Ctip2 and Tle4 protein levels were comparable to controls (Figure
2D-2E). These findings implied that even though cortical lamination as a whole was
disorganized in the Sufu-ck OF10-5 mice, the ability to generate upper layer PNs was
dramatically compromised whereas deep layer PNs were produced.

Next, we examined the molecular properties of existing upper and deep layer PNs.
Interestingly, we found a large fraction of Ctip2+ cells that co-expressed Brn2 or Cux1 and
vice versa in the Sufu-ck OF19-5 neocortex unlike in controls or in the Sufu-ckOF13:5 mice
(Figures 2F-2G). We did not observe any increase in the density of GABA-expressing
neurons in the P7 Sufu-ck OF10-5 neocortex compared to controls, nor did we observe an
increase in GABA expression in Ctip2+ cells (Figure S2C-S2E). These findings indicated
no clear evidence of adoption of ventrally derived interneuron fates in these “confused” cells
in the neocortex but rather adopted mixed PN identities. Supporting this was the comparable
densities of Sox5+, Tbrl+, and Tle4+ neurons, which are typically produced in the dorsal
telencephalon but not in the ventral telencephalon. Thus, the deletion of Sufu at E10.5 in the
Sufu-cKOF19-5 mice disrupted both the lamination and specification of cortical PNs.

Birthdating analysis of cortical projection neurons in the Sufu-cKOF10-5 neocortex

To determine whether the loss of upper layer neurons and the misspecification of PNs
represented problems in the timing PN differentiation, we conducted a series of birthdating
experiments by BrdU treatment, a thymidine analog that labels proliferating cells, at E12.5,
E14.5, or E16.5 followed by examination of their neuronal progenies at PO. The density of
BrdU-labeled neurons was comparable in control and Sufu-cKOF10-5 pQ brains treated at
E12.5 but significantly decreased in Sufu-cKOF10-5 PQ brains treated with BrdU at E14.5 and
E16.5 (Figures 3A-3B). This indicated that the majority of BrdU+ cells at E14.5 and E16.5,
which typically give rise to upper cortical PNs, did not generate postmitotic neurons in the
Sufu-cKOF19-5 neocortex. Furthermore, the surviving BrdU+ cells did not express Cux1
(Figures 3C-3D) but rather mostly generated Ctip2+ neurons in the Sufu-ck OF19-5 mice
(Figures 3E-3F). A proportion of BrdU+ cells did remain in the SVZ of the PO neocortex in
both control and Sufu-cKOF19-5 mice BrdU-treated at E16.5 (Figure S3A), which largely
expressed Ctip2 and not Cux1 (Figure S3B-S3C). These BrdU+ cells were later born Ctip2+
PNs that have yet to migrate into the cortical plate since these cells were undetected in the
SVZ by P7 (data not shown). It is also unlikely that PNs were unable to migrate into the
cortical plate due to abnormalities in Cajal-Retzius (CR) cell development since Reelin-
expressing CR cells were properly positioned along the cortical pial zones (Figure S3E).
However, we found an increase in cell death in the PO Sufu-ck OF10-5 neocortex (Figure
S3D), which indicate failure of cortical PNs to survive postnatally and explain the
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progressive reduction in cortical thickness observed from PO to P7 (Figure 2B and S2B).
Collectively, these findings suggested that Sufu deletion at E10.5 led to the failure to
generate specific subtypes of cortical PNs according to their normal temporal order, and
resulted in abnormally specified PNs that ultimately failed to survive in the postnatal
neocortex.

Patterning of forebrain structures was largely unaffected in the Sufu-cKOF0-5 mice

To better understand the effect of Sufu deletion on cortical NPCs prior to E13.5, we
examined the Sufu-cKOF19-5 dorsal forebrain at E12.5. At this stage, the neocortex was
elongated and the dorsomedial regions were thinner in the Sufu-ck OF10-5 mice (Figures
S4A, S41-S4J). Nevertheless, the regional identity of dorsal forebrain structures was
generally unaffected in the E12.5 embryos. Pax6, which labels RGCs of the dorsal
telencephalon, and Thr2, which labels cortical IPs, were specifically expressed in both Sufu-
cKOF105 and control dorsal forebrain (Figure S4B-S4C). Additionally, visualization of Wnt
signaling, using the BAT-GAL reporter mouse (Maretto et al., 2003) showed comparable
high-dorsomedial to low-lateral expression gradient in the Sufu-cKOF19-> dorsal forebrain as
in controls (Figure S4D). DIx1/2, Mash1, and Olig2, which are normally expressed in the
ganglionic eminence and excluded from the neocortex at E12.5 (Hébert and Fishell, 2008),
also displayed a similar expression pattern in the Sufu-cK OF10-5 mice (Figure S4E-S4G).
Furthermore, the pallial-subpallial boundary labeled with Pax6 and Mash1 were very
distinct and clearly defined (Figure S4H). These findings provided evidence that forebrain
patterning was largely unperturbed in the Sufu-ck OF10-5 mice.

We did find that the cell cycle of NPCs was altered in the E12.5 Sufu-cKOF19-5 dorsal
forebrain at E12.5 in a region-specific manner. The thinning of the dorsomedial pallium of
the Sufu-cK OF10-5 neacortex corresponded to an increase in apically dividing cells in this
region, which likely contributed to the expansion of the Sufu-cKOF19-5 neocortex, while a
decrease was observed in the dorsal regions as detected by Phospho-Histone H3
immunostaining (Figures S4K-S4M). This decrease was not due to premature neuronal
differentiation in the dorsal region since the quit fraction (the fraction of cells labeled with
BrdU at E11.5 that exited the cell cycle by E12.5), nor did the total number of proliferating
cells, did not significantly differ between controls and Sufu-cKOF10-5 vZ/SVZ (Figures
S4N-S4Q). Because of these region-specific differences, we focused all our subsequent
analyses on the dorsal pallium for consistency. Taken together, these observations indicated
that although removal of Sufu at E10.5 in cortical NPCs altered the cell cycle dynamics of
cortical NPCs, the identity of either dorsal or ventral forebrain regions by E12.5 was not
disrupted.

Appearance of ventral progenitor markers in the dorsal forebrain of Sufu-cKOE10-5 mice

Although early patterning of telencephalic structures was unaffected in Sufu-cKOF10-5 mice,
expression of ventral progenitor markers appeared in the developing dorsal forebrain.
Subsequent analysis showed that by E14.5, there were large numbers of DIx2- and Mash1-
expressing cells in the developing neocortical VZ and SVZ of the Sufu-cKOF19-5 mice
(Figures 4A-4D) and increased by E16.5 (Figures 4E—4H). In Sufu-cKOF135 and controls,
these markers were essentially absent at E14.5 and did not appear in the neocortex until
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E16.5 when interneurons and OPCs have migrated from the ventral forebrain. This
suggested that NPCs in the neocortex adopted ventral progenitor characteristics and likely
caused the disruption of neocortical PN production. This raised questions regarding the
phenotype of the NPCs that normally generate neocortical PNs after E14.5.

Abnormal proliferation and specification of Pax6+ progenitors in the Sufu-ckQE10-5
embryonic dorsal telencephalon

Because Mash1+ and DIx1/2+ cells were unexpectedly expressed in the neocortex, we
wondered whether this represented a disruption of progenitor programs that normally make
cortical PNs. We found that Pax6+ regions were thinner in the E16.5 Sufu-cKOF10-5
neocortex, yet no change in Pax6+ cell density was observed (Figure SSA-S5C). However,
we observed a significant reduction in apically-dividing Phospho-Histone H3+ cells in the
VZ of E14.5 and E16.5 Sufu-cKOF19-5 neocortex (Figures 5A-5B). These findings
suggested that the decrease in apically dividing Pax6 NPCs likely contributed to the
reduction in thickness of Pax6+ regions.

Further analysis showed that many apically dividing cells were Mash1+ (Figure 5D) and that
a significant majority of Pax6+ cells co-expressed Mash1l in the E14.5 and E16.5 Sufu-
cKOF105 neocortex (Figures 5F, 5H). These observations suggested that although Pax6+
RGCs were present in the VZ/SVZ of the dorsal forebrain, their specification program has
been compromised, which led us to examine the effect of this disruption on RGC progenies,
particularly the Thr2+ IPs.

Abnormal specification and reduction of Tbr2+ progenitors in the Sufu-cK OE10.5
embryonic dorsal telencephalon

In the Sufu-ckKOF19-5 embryonic neocortex, the density of Thr2+ IPs progressively decreased
by E16.5 unlike in controls, in which a continuous increase in Thr2+ cells was observed
from E12.5 to E16.5, (Figure S5D-S5E). There was no evidence that Thr2+ IPs underwent
cell death due to the absence of any increase in apoptotic cells in the Sufu-ck OF10-5 mice
(Figure S5F). Furthermore, the reduction in Thr2+ cells was not due to lack of proliferation
since we found no difference in the number of basally dividing cells between Sufu-ckK OF10-5
neocortex and controls (Figure 5C). Rather, the majority of basally dividing cells were
Mash1+ (Figure 5E), which we found to largely co-express with Tbr2+ IPs in the Sufu-
cKOF105v/7/SVZ (Figures 5G, 51, and 5SH). Nevertheless, expression of Tbr1 persisted
in the Sufu-ckKOF10-5 neocortex at E14.5 and E16.5 (Figure 5J) indicating that these
“confused” progenitors continued to generate neurons that possessed the identity of dorsal
forebrain PNs. Given that IPs at E14.5-E16.5 give rise to upper cortical PNs, the drastic
decrease in the number of surviving IPs, many of which were misspecified, likely caused the
reduction in upper cortical PNs in the postnatal neocortex of Sufu-cKOF105 mice. Taken
together, these findings indicated that proper specification of Tbr2+ IPs relied on the
function of Sufu at early corticogenesis well before terminally differentiating into neurons.

Deregulation of Gli2 and Gli3 in the Sufu-cKOEF10-5> mouse cortex

The ectopic expression of DIx2 in the dorsal forebrain, the decrease in Tbr2+ cells, and the
continued production of Ctip2+ cells were reminiscent of defects in mice carrying mutations
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in Gli3, Shh, or Patched1 alleles (Komada et al., 2008; Rallu et al., 2002; Shikata et al.,
2011; Wang et al., 2011). These observations prompted us to determine whether Sufu
deletion altered the activity of Gli3 during corticogenesis. We examined Gli3 protein levels
and found undetectable levels of Gli3A and Gli3R in the E12.5 Sufu-cKOF19-5 cortex
(Figure 6A) despite detectable Gli3 mRNA (Figure S6A). The absence of full-length Gli3
suggested that the absence of Sufu destabilized Gli3, which likely resulted in its immediate
degradation and thereby prevented the formation of Gli3R. Similarly, full-length and
cleaved forms of Gli2 were undetected in the E12.5 Sufu-cKOF19-5 neocortex (Figure 6A)
indicating that Sufu deletion similarly affected the stability of Gli2. In contrast, changes in
Gli3 were not observed in the Sufu-cKOF13-> mice, while Gli2 proteins were undetected in
both Sufu-ckOF135 and control E16.5 neocortex as previously observed at late stages of
neurogenesis (Palma and Ruiz i Altaba, 2004) (Figure 6B). These findings indicated that
Sufu function differed at different stages of corticogenesis where it appears to stabilize full-
length Gli3 and Gli2 at early stages but not at later stages.

Ectopic activation of Shh signaling at early neurogenic stages in Sufu-cKOE10-5 mice

The absence of Gli3R in the E12.5 Sufu-cKOF10-5 mice implied possible deregulation of Shh
signaling activity. Indeed, we found that expression of Shh targets, Glil and Ptchl, were
significantly higher in the E12.5 neocortex of Sufu-cKOF19-5 mice (Figure 6C).
Visualization of Shh signaling activity in Sufu-cKOF10-5 mice carrying the Shh-responsive
reporter transgene, Gli1-aZ* (Ahn and Joyner, 2005) also showed ectopic activation of Shh
signaling. In the neocortex of the E12.5 and E14.5 Sufu-cKOF19-5 mice, Shh activity was
highest in the dorsomedial regions, unlike controls or Sufu-ck OE13-5 mice (Figure 6D), but
was also detected in the dorsal and lateral regions (Figures 6E). Expression of f-
Galactosidase progressively decreased by mid- to late- corticogenesis in the Sufu-ckK OF10-5
neocortex and was largely comparable to controls and Sufu-cKOF135 by E16.5, when the
majority of upper layer cortical PNs differentiate (Figure 6F—6G). To determine potential
sources of Shh ligands, we examined the location of cells expressing Shh ligands in the
developing forebrain and found that Shh-expressing cells largely localized in the ventral
forebrain at E12.5 but begin to appear in the neocortex by E14.5 (Figure S6B) as previously
reported (Komada et al., 2008). Additionally, diffusible Shh ligands are also present in the
CSF at these stages (Huang et al., 2010) and may contribute in the behavior of cortical
NPCs, particularly those lining the VZ (Lehtinen and Walsh, 2011). Collectively, these
findings suggested that the differential levels of Shh signaling have distinct effects on the
proliferation and specification of cortical NPCs, prior to E13.5. Furthermore, the lack of
ectopic activation of Shh signaling in the dorsal forebrain of Sufu-cK OF13-5 mice indicated
that the function of Sufu as an inhibitor of Shh signaling was conserved in the dorsal
forebrain particularly in SVZ/VZ NPCs prior to E13.5 but not at later stages.

Overactivation of Shh signaling at early stages of neurogenesis drives abnormal
specification of dorsal forebrain progenitors

To determine whether the increase in Shh signaling at early stages of neurogenesis directly
caused the abnormal specification of cortical NPCs, we generated mice that expressed the
Smoothened allele, SmoM2 (Jeong et al., 2004) in cortical NPCs (Emx1°7¢*: ROSA26-
SmoM21"* or SMoM2E105), rendering Shh signaling constitutively active in the dorsal
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forebrain from E10.5 onwards. We examined the molecular characteristics of cortical NPCs
in the SMOM2E105 prains and found that similar to Sufu-ck OF19-5 mice, markers for ventral
forebrain NPCs such as Mash1 and DIx2 were ectopically expressed in the dorsal forebrain
whereas these markers were absent in controls by E14.5 (Figures STA-S7B). This resulted
in a significant reduction of Pax6+ and Thr2+ NPCs, many of which also coexpressed
Mash1 (Figures 7A-7D). Furthermore, similar to Sufu-ck OF10-5 mice, apically dividing
cells were reduced in the dorsal regions of the E14.5 and E16.5 SmoM2E10-5 neocortex, and
many of apically and basally dividing cells co-expressed Mash1l (Figure S7C). These
provided further evidence that the ectopic activation of Shh signaling was responsible for the
abnormal specification of cortical NPCs observed in the Sufu-cKOF10-5 mice.

The SmoM2E105 postnatal dorsal forebrain also exhibited comparable defects in cortical PN
organization and specification similar to the Sufu-cKOF19-> mice. There was no clear
laminar organization with cells distributed throughout the expanse of the PO SmoM2E10-5
neocortex (Figure 7E). Expression of upper layer markers Brn2, SatB2, and Cux1 were
significantly reduced, whereas expression of deep layer marker Ctip2 was comparable to
controls (Figures 7E-7F). Additionally, cells that distinctly expressed only Brn2 or Cux1
were difficult to detect and indistinguishable from Ctip2-expressing cells (Figures 7H).
Overall, the PN specification defects observed in the SmoM2E10-5 mice were strikingly
similar to those observed in the Sufu-cKOF105 mice. Yet, the defects in the SmoM2E105
mice were more severe and they failed to survive past P1, likely due to the excessive
activation of Shh signaling not achieved in Sufu-cKOF19-5 mice.

We also examined the effect of overexpressing Smo at E13.5, by generating

hGFAPCS€*: ROSA26-SmoM2/* mice (SmoM2E13:5), At PO, the neocortex of these mice
had a relatively normal organization although some Brn2+ PNs were found in the lower
cortical layers, possibly due to a potential delay in migration (Figures 7E, 7H). However at
P7, the SMOM2E13:5 negcortex showed that this delay did not affect the specification or final
positioning of upper and deep layer PNs (Figures S7D). These observations confirmed that
activation of Shh signaling caused the abnormal specification of upper cortical layer neurons
in the Sufu-ckK OF10-5 neocortex. Taken together, these findings showed that modulation of
Shh signaling at early stages of neurogenesis via Sufu activity is critical for specification
and maintenance of cortical NPCs to ensure the proper generation of cortical PNs.

DISCUSSION

Our studies revealed the critical role of Sufu in the specification of cortical PNs during
mammalian corticogenesis. Specifically, deletion of Sufu in cortical NPCs resulted in
deregulation of Gli protein levels and ectopic activation of Shh signaling, which led to
improper NPC maintenance and PN specification. Although constitutive activation of Smo
(SMoM2E105) caused cortical defects that differed in some respects to those observed in
Sufu-ckKOF10-5 mice, misspecified PNs were also observed, confirming that overactivation of
Shh signaling alone disrupted the specification program of cortical NPCs. Surprisingly,
these defects were not present when Sufu was deleted, or Smo was overexpressed, in

cortical NPCs during mid-stages of corticogenesis (E13.5), a time when NPCs begin to
differentiate into upper layer PNs. Thus, Sufu-mediated restriction of Shh signaling activity
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at early stages ensured that cortical progenitor identity was properly maintained and able to
generate distinct cortical PN lineages.

RGCs are generated at the onset of corticogenesis and produce all PNs in the neocortex
(Noctor et al., 2004). RGCs sequentially generate distinct classes of PNs during
neurogenesis through progressive restriction of fate potential and that the ultimate neuronal
fate is specified shortly before neuronal differentiation (Desai and McConnell, 2000). Our
findings showed that Sufu plays an important function in RGCs and its progenies at early
stages of neurogenesis to ensure proper specification of cortical NPCs into distinct PN
lineages. It appears that although cortical NPCs in the Sufu-cK OF105 neocortex continued to
acquire the identity of dorsal telencephalic neurons, Cux1+ or Brn2+ upper cortical PNs
typically derived from Tbr2+ IPs were not generated or failed to acquire distinct molecular
identity. The absence of these defects when Sufu was deleted at E13.5 emphasized that Sufu
maintain cortical progenitor identity in early corticogenesis. Without Sufu, RGCs and IPs
were unable to maintain their stable phenotype and the capacity to generate properly
specified PNs.

Our findings corroborate previous reports on the roles of Shh signaling in the proliferation
and survival of cortical NPCs (Komada et al., 2008; Shikata et al., 2011). However, it is
important to note that in these mouse models, Sufu is still active in cortical NPCs and
therefore able to exert its function as a regulator of Gli activity downstream of Shh
signaling. With the deletion of Sufu, our studies further unraveled the critical effects of
modulating Shh signaling to influence cortical progenitor identity at early stages of
corticogenesis. The exact relationship between the cell cycle dynamics of cortical NPCs and
their subsequent misspecification will be the subject of future investigation.

Our studies revealed that the loss of Sufu at early stages of corticogenesis resulted in the
destabilization of both Gli2 and Gli3. These proteins were likely rapidly degraded, to
prevent the formation of its repressor forms. Preventing the formation of Gli3R, the
predominant form of Gli3 in the neocortex, can influence neuronal specification (Amaniti et
al., 2013; Fotaki et al., 2006; Wang et al., 2011, 2014). However, the severity of laminar or
specification defects in previously reported studies on Gli3 conditional knockouts is not
comparable to those observed in Sufu-cKOF19-5 mice. This is possibly due to compensation
by Gli2, which is also expressed in the developing neocortex and influence cortical
progenitor behavior (Palma and Ruiz i Altaba, 2004; Takanaga et al., 2009). Our studies
showed that loss of both Gli2 and Gli3 activity in early corticogenesis lead to deleterious
effects in the developing neocortex. Given that Gli3R is predominant in the developing
neocortex, one possibility is that Sufu regulates the stability of Gli2 and Gli3 to maintain
appropriate levels of repressors that will effectively inhibit Shh target gene expression,
particularly genes that influence progenitor identity. Additional biochemical studies are
needed to determine how Sufu specifically regulates Gli2 and Gli3 and its downstream gene
targets, and other signaling pathways in addition to Shh signaling.

The Sufu-cKOF10-5 dorsal forebrain exhibited severe defects indicating the importance of
Sufu in other regions. Improper differentiation of cingulate cortex pioneer neurons, which
originate in the medial/dorsolateral regions of the neocortex, may have contributed in the
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failure of the corpus callosum to form (Magnani et al., 2014; Rash and Richards, 2001). The
enlargement of the lateral ventricles may indicate abnormal development of Emx1-
expressing cells in the choroid plexus (von Frowein et al., 2006). These additional defects
may have also contributed to the improper specification of PNs, or the failure of deep layer
PNs to form and establish connections. Detailed examination of the roles of Sufu in specific
dorsal forebrain regions is necessary to further dissect its function in various aspects of
dorsal forebrain development and circuitry formation.

Altered production of specific PN subtypes have been implicated in a number of
neurodevelopmental disorders, such as schizophrenia and autism (Brennand et al., 2012;
Hutsler and Zhang, 2010; Rapoport et al., 2005; Smiley et al., 2009; Stoner et al., 2014). The
etiology of these and many other neurodevelopmental disorders is still not fully understood
due to our limited understanding of how corticogenesis is regulated. Our findings uncovered
an important role of Sufu in regulating the specification and differentiation of specific PN
subtypes during corticogenesis. Understanding how projection neuron subtypes are
generated advance our knowledge of the assembly of functional neuronal networks and how
perturbations in this process may contribute to neurodevelopmental disorders.

EXPERIMENTAL PROCEDURES

Animals

Mice carrying the floxed Sufu allele (Sufuf!) were kindly provided by Dr. Chi-Chung Hui
(University of Toronto, Toronto, Canada) and were genotyped as described (Pospisilik et al.,
2010). Other mice used for this study were described previously. Sources and references are
listed in the Supplemental Experimental Procedures. All animal protocols were in
accordance to the regulations of the National Institute of Health and approved by the
University of California San Francisco Institutional Animal Care and Use Committee
(IACUC).

Immunohistochemistry and Dil Labeling

Perfusion, dissection, immunofluorescence, and Nissl staining were conducted according to
standard protocols as previously described (Siegenthaler et al., 2009). Information on
primary antibodies are listed in the Supplemental Experimental Procedures. For 5-bromo-2-
deoxyuridine (BrdU, Sigma) labeling, pregnant dams were treated with 50 pg/g BrdU by
intraperitoneal injection at indicated timepoints. Dil labeling were conducted by placing
small crystals of the lipophilic tracer (1,1’-dioctadecyl- 3,3,3/,3'-
tetramethylindocarbocyanine; Invitrogen) in the neocortex to target upper layer 2/3 and
remained in 4% PFA. After 5 weeks, brains were sectioned at 100 pm, counterstained with
bisbenzimide, mounted, and imaged.

LacZ Staining and In Situ Hybridization (ISH)

LacZ staining and ISH were conducted according to standard protocols (Siegenthaler et al.,
2009). Probes for Sufu were generated using primers published by Gene Paint (http://
www.genepaint.org) while Gli3 probes were generated from pGli3A plasmid (obtained from
C.C. Hui via Addgene, Plasmid #25733).
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Image Acquisition and Analysis

Images were acquired using a Nikon E600 microscope equipped with a QCapture Pro
camera (Qlmaging). Z-stack images were acquired using a Nikon Spectral C1si Laser
Scanning Confocal (Nikon Imaging Center, UCSF) and scanned at a resolution of 1,024 x
1,024 pixels using the Nikon EZ-C1 software. Adobe Photoshop CS6 was used for image
editing. NIH Image J was used to quantify raw, unedited images. For quantification of
labeled Pax6+, Tbr2+, and Mash1+, and basal-dividing progenitors, the densely populated
DAPI+ regions adjacent to the lateral ventricles was measured to determine the area.
Fluorescently labeled cells within this region were quantified to measure the number of cells
per 100 um?. Apical progenitors were quantified by measuring the number of labeled cells
along the length of the ventricular surface. For quantification of labeled neurons at postnatal
stages, a region of the lateral neocortex, including layer I to layer VI (excluding the SVZ;
defined in Figure 2B) was measured to determine the area. Fluorescently labeled cells within
this region were quantified to measure the number of cells per 100 pm2. At least 2-3 10-um
optical sections, which were histologically matched for rostral-caudal level between
genotypes, were analyzed and quantified per animal.

gPCR Analysis

Total RNA were isolated from dissected E12.5 cortical tissues using the RNEasy Mini Kit
(Qiagen). And used to generate cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Transcript expression was measured via the
incorporation of SYBR Green (Life Technologies) using the Applied Biosystem 7500 Real-
Time PCR System (Life Technologies). Primers for Ptch1 and Glil have been previously
described (Regard et al., 2013). gPCR data were analyzed using the comparative Cy or the
relative standard curve method, with B-actin (Lobo et al., 2009) used as control.

Western Blot Analysis

Statistics

Cortical tissues were lysed in RIPA buffer (Sigma) supplemented with protease (Complete
Mini, Roche) and phosphatase (PhosStop, Roche) inhibitors according to standard protocols.
Quantification and analysis were conducted using the Odyssey System and Image Studio
Software (LI-COR). See Supplemental Experimental Procedures for details on antibodies.

All experiments were conducted in triplicates with a sample size of n=3-6 embryos/animals
per genotype. For pairwise analysis of control and mutant genotypes, the Student t-test was
used. The standard error of the mean (SEM) was reported in all graphs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeted deletion of Sufu in cortical progenitors at early stages of neurogenesis
disrupted dorsal forebrain development

A. Targeted deletion of Sufu in cortical NPCs at E10.5 (Sufu-cKOF10-5) which leads to
complete ablation of Sufu protein by E12.5 in cortical NPCs (Figure S1A-B), caused
striking defects in dorsal forebrain formation.

B. Targeted deletion of Sufu in cortical NPCs at E13.5 (Sufu-cKOF139) |ed to complete loss
of Sufu protein by E14.5 (Figure S1C) but did not cause any gross morphological defects in
the dorsal forebrain.

C. Nissl staining of coronal sections of the forebrain showed enlarged lateral ventricles,
elongation of the cortex, reduction in cortical thickness, and cellular disorganization in the
P7 cortex of Sufu-cKOF105 mice (middle). These defects were not apparent in Sufu-
cKOF135 mice (right), which exhibited anatomical features comparable to age-matched
controls (left). Scale bars = 1Imm.

D. Vglut2 immunostaining of the somatosensory cortex, which labels the thalamocortical
projections forming the barrel cortex, showed the absence of gross barrel formation in the P7
Sufu-cKOF19:5 neocortex but not in control or Sufu-ckOF135 mice. Scale bars = 200 pm.
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E. Whole mount images of the ventral side of control and Sufu-cK OE105 PQ brains of mice
that carry the Rosa-Ai14 conditional allele (Madisen et al., 2010) show missing long-range
corticospinal projections (white arrows) and fewer corticostriatal projections (black arrows)
in the Sufu-ckK OF105 PQ brains. Scale bars = 1mm.

F-G. Sagittal sections verified that significantly less corticostriatal (white arrows, F) and
corticospinal (white arrows, G) projections in the Sufu-cKOF10-5 PQ brains. Scale bars = 500
pm.

H. Dil tracing of callosal projections showed the inability of cortical projections to cross the
midline in the Sufu-cKOF10-5 P7 neocortex unlike controls. Scale bars = 500 pm.

cbl, cerebellum; cx, neocortex; h, hippocampus; hyp, hypothalamus; mh, medullary
hindbrain; lv, lateral ventricle; st, striatum; vf, ventral forebrain. See also Figure S1.
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Figure 2. Defects in the laminar architecture and cortical pr%jection neuron specification in the
postnatal cortex of Sufu-ckOF10-5 mice but not in Sufu-cKOF135 mice

A. Schematic diagram showing the red box, which defines the region analyzed in all
postnatal experiments.

B. Immunostaining of upper cortical PN markers showed Cux1+ and Brn2+ neurons were
expressed at visibly low levels and distributed throughout the neocortical wall of Sufu-
cKOF105 neocortex unlike controls or Sufu-cKOF135 mice. Immunostaining of deep layer
PN markers Ctip2, Tbrl, and Sox5, showed abnormal distribution throughout the Sufu-
cKOF105 neocortex. SatB2-expressing neurons, which highly populate the upper layers and
are also found in deep layers, were present in the Sufu-cKOF10-5 cortex albeit at visibly
lower numbers. Scale bars = 100 pum.

C. Quantification of Cux1+ and Ctip2+ neurons in the PO neocortex showed a significant
decrease in Cux1+ cells in the Sufu-cKOF10-5 mice compared to controls whereas no
difference was observed in the number of Ctip2+ cells between mutants and controls.

D. Western blot analyses of cortical layer markers showed that the expression of upper layer
markers Brn2 and SatB2 were visibly low in the PO Sufu-cKOF19-> neocortex compared to
control littermates while the expression of Ctip2 and Tle4 were comparable.

E. Quantification of protein levels showed that Brn2 and SatB2 expression were
significantly reduced in the cortex of Sufu-cKOF10-5 whereas Ctip2 and Tle4 levels were
comparable between Sufu-cKOE13-5 mice and controls.

F. Double-immunostaining against Brn2 and Ctip2 or Cux1 and Ctip2 showing that Brn2+
or Cux1+ cells in the Sufu-ckKOF19-5 neocortex co-expressed Ctip2 (boxed inset). In contrast,
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the majority of Brn2+ or Cux1+ cells did not co-express Ctip2 in the neocortex of control
(boxed inset) and Sufu-cKOF135 mice (boxed inset). Scale bars = 200 pm.

G. Quantification of double-labeled cells verified that a significantly higher percentage of
Brn2+ or Cux1+ cells co-expressed Ctip2, and vice versa, in the Sufu-cKOF10-5 cortex
compared to littermate controls. No significant difference was observed between Sufu-
cKOF135 mice and age-matched controls.

***p-value < 0.01, Students’ t-Test; Bar graphs display mean + SEM. See also Figure S2.
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Figure 3. Birthdating analysis of cortical projection neurons in the Sufu-cKOF105 neocortex
A, B. BrdU immunostaining showed that Brdu+ cells in PO Sufu-ck OF10-5 cortex did not

differ from controls when BrdU-treated at E12.5. However, BrdU+ cells were significantly
reduced in the PO cortex of Sufu-cKOF19-5 mice that were treated with BrdU at E14.5 or
E16.5 compared to controls.

C, D. BrdU-labeled cells in the PO control and mutant Sufu-cKOF19-5 cortex (C) of mice that
were BrdU-treated at E12.5 did not express Cux1 (boxed inset). Double-labeled cells were
still not apparent in the cortex of Sufu-cKOF195 mice treated with BrdU at E14.5 or E16.5,
whereas the majority of BrdU+ cells in control mice coexpressed Cuxlincluding those that
have not completed migration to layer 11/111 as seen in the lower cortical layers of mice that
were BrdU-treated at E16.5 (arrowheads, boxed inset). A significantly lower percentage of
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BrdU cells expressed Cux1 in the neocortex of Sufu-cKOF10-> mice treated with BrdU at
E14.5 or E16.5 compared to control littermates (D).

E, F. Cells labeled with BrdU at E12.5, E14.5, or E16.5 generated Ctip2+ neurons in the PO
Sufu-cKOF10-5 cortex throughout neurogenesis (E). An increased likelihood of Ctip2
expression in BrdU-labeled cells in mice treated at E14.5 or E16.5 was observed in the Sufu-
cKOF105 cortex compared to controls (arrowheads, boxed inset). A significantly higher
percentage of BrdU+ cells labeled at E12.5, E14.5, or E16.5 were Ctip2+ in Sufu-ckK OE10-5
neocortex compared to controls (F).

Scale bars = 50 um; Regions quantified are defined by red notches in Figure 3A. ***p-value
< 0.001, **p-value < 0.01, Students’ t-Test; Bar graphs display mean + SEM. See also
Figure S3.
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Fi_gure 4. Emergence of ectopic ventral progenitors in the embryonic cortex of Sufu-ck OF105
mice

A-D. Immunostaining at E14.5 showed that DIx2+ (A, B) and Mash1+ (C, D) cells were
present in the Sufu-cKOF19-5 cortex whereas DIx2+ and Mash1+ cells were absent in the
cortex of age-matched controls and Sufu-cKOF13> mice. Higher magnification images (B,
D) showed that DIx2+ and Mash1+ cells were confined within the VZ/SVZ of the cortex
where cortical NPCs reside in the Sufu-cK OF10-5 neocortex but not in the progenitor zones
of the controls and Sufu-ckOF13-5 mice.

E-H. Cells that express DIx2 (E, F) and Mashl (G, H) were detected in the 1Z of the E16.5
cortex of control and Sufu-ckKOE13-5 mice as interneurons and oligodendrocytes that
migrated from the ventral forebrain. In contrast, a larger number of DIx2 and Mash1 —
expressing cells in the E16.5 Sufu-cKOF10-5 cortex were localized in the VZ/SVZ as
detected in higher magnification images (F, H). Scale bars = 100 pm. lv, lateral ventricle; iz,
intermediate zone; vz, ventricular zone; SVZ, subventricular zone. See also Figure S4.
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Figure 5. Abnormal specification of Pax6+ and Thr2+ progenitors in the Sufu-cKOF105
embryonic dorsal telencephalon

A-E. Immunostaining and quantification of Phospho-Histone H3+ cells showed that
apically dividing cells in the VZ of E14.5 and E16.5 Sufu-cKOF10-5 cortex were significantly
reduced and largely co-expressed Mash1 compared to controls (A, B, D). No significant
difference in the number of basally dividing cells were observed between control and mutant
E14.5 and E16.5 Sufu-ckOE10-5 neocortex (C), although a significantly higher proportion of
basally dividing cells co-expressed Mash1 in the mutants (E). Scale bars = 100 pm.
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F-1. Confocal imaging and quantification of double-labeled cells showed a large number of
Pax6+ (F, H) and Thr2+ neurons (G, 1) that co-expressed Mash1 at E14.5 and E16.5 in the
Sufu-cKOF19.5v/Z/SVZ in contrast to controls.

J. Expression of Tbrl+ early postmitotic neurons were detected in the E14.5 Sufu-ck OF10-5
cortex and were also expressed by postmitotic neurons localized within the 1Z and CP of the
E16.5 Sufu-ckKOE10-5 cortex, as observed in controls.

Scale bars = 100 pm. ***p-value < 0.01, Students’ t-Test. Graphs display mean £ SEM. lv,
lateral ventricle; iz, intermediate zone; vz, ventricular zone; svz, subventricular zone. See
also Figure S5.
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Figure 6. Deregulated Gli2 and Gli3 activity, and ectopic activation of Shh signaling, in the
embryonic cortex of Sufu-ckOF105 mice

A, B. Western blot analysis of cortical protein extracts from the E12.5 cortex showed that
relative to the loading control alpha-tubulin (a-Tub), very low levels of detectable full-
length Gli3A or Gli2A and cleaved Gli3R or Gli2R, were observed in the Sufu-ck OF10-5
cortex compared to controls. Cortical protein extracts from the E16.5 Sufu-cK OF13-5
neocortex showed presence of both Gli3A and Gli3R similar to controls, whereas Gli2A was
undetected in both genotypes (B).

C. gPCR analysis showed significant upregulation of Ptchl and Glil expression in the
neocortex of E12.5 Sufu-ckKOF19-5 mice compared to control littermates. ***p-value < 0.01,
Students’ t-Test. Graphs display mean = SEM.

D-G. Shh signaling, visualized through the activity of -galactosidase in control, Sufu-
cKOF105 and Sufu-cKOE13:5 mice that carry the Glil-LacZ transgene, was ectopically
active in the E12.5 (D-E) and in a smaller region of the E14.5 cortex (F) of Sufu-ck OF10-5
mice but not at E16.5. Higher magnification of boxed regions in D showed that -
galactosidase activity was detectable along the VZ/SVZ of the Sufu-cKOF105 dorsolateral
cortex (E). In contrast, activation of Shh signaling is not detected in controls or Sufu-
cKOF135 mice. Scale bars = 150 pum. See also Figure S6.
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Figure 7. Abnormal specification of cortical progenitors and projection neurons in the
SmoM2E10:5 mice

A-D. Confocal imaging of the E14.5 control and SmoM2E10-5 cortex double-labeled with
Mash1 and Pax6 or Thr2 showed that Pax6+ cells (A) or Tbr2+ cells (C) in the SmoM2E105
cortex co-expressed Mash1 unlike controls. Quantification of double-labeled cells confirmed
these observations and showed that despite a decrease in the number of Pax6+ or Thr2+
cells in the E14.5 SmoM2E10-5 neocortex, a significant proportion of Pax6+ cells (B) or
Thr2+ cells (D) co-expressed Mash1 compared to controls. Scale bars = 100 pm; lv, lateral
ventricle; iz, intermediate zone; vz, ventricular zone; svz, subventricular zone.

E. Immunostaining of PO brains showed that Brn2 and Cux1 were expressed at visibly low
levels, whereas Ctip2+ and Tbr1+ cells were readily observed in the PO SmoM2E10.5
neocortex compared to SmoM2E135 or controls. Labeled PNs were also abnormally
distributed throughout the neocortical wall of the PO SmoM2E10-5 mice. Scale bars = 200
pm.

F, G. Western blot analyses of cortical layer markers showed low protein expression of
Brn2 and SatB2 in the PO SmoM2E19-5 mice compared to control littermates, while the
expression of Ctip2 was comparable between controls and SmoM2E10-5 mice (F).
Quantification of protein levels verified that Brn2 and SatB2 expression were significantly
reduced in the cortex of SMOM2E105 whereas Ctip2 levels were comparable between
SmoM2E13:5 mice and controls (G).
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H. Double-immunostaining against Brn2 or Cux1 and Ctip2, showed that detectable Brn2+
cells was indistinguishable in the SmoM2E10-5 neocortex from Ctip2-expressing cells (boxed
inset). In contrast, the majority of Brn2+ cells did not co-express Ctip2 in the neocortex of
control (boxed inset) and SMOM2E13:5 mice (boxed inset). Scale bars = 200 pm.

***p-value < 0.01, Students’ t-Test. Bar graphs display mean + SEM. See also Figure S7.
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