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Abstract

Neural progenitors in the embryonic neocortex must be tightly regulated in order to generate the 

correct number and projection neuron subtypes necessary for the formation of functional 

neocortical circuits. In this study, we show that the intracellular protein Suppressor of Fused 

(Sufu) regulates the proliferation of intermediate progenitor (IP) cells at later stages of 

corticogenesis to affect the number of Cux1+ upper layer neurons in the postnatal neocortex. This 

correlates with abnormal levels of the repressor form of Gli3 (Gli3R) and the ectopic expression of 

Patched 1 (Ptch1), a Sonic Hedgehog (Shh) target gene. These studies reveal that the canonical 

role of Sufu as an inhibitor of Shh signaling is conserved at later stages of corticogenesis and that 

Sufu plays a crucial role in regulating neuronal number by controlling the cell cycle dynamics of 

IP cells in the embryonic neocortex.
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1. Introduction

The generation of molecularly diverse glutamatergic projection neurons in the adult 

mammalian neocortex is dynamically regulated by spatial and temporal events during 

embryonic cortical development. Virtually all glutamatergic projection neurons originate 

from neural progenitors in the ventricular (VZ) and subventricular zone (SVZ), which are 
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derived from multipotent radial glial (RG) cells [1]. At early stages of corticogenesis, the 

majority of RGs initially expand through self-renewing symmetric divisions at the apical 

surface of the VZ. As corticogenesis progresses, RG cells undergo asymmetric neurogenic 

divisions to self-renew and generate intermediate progenitors (IP) or short neural precursors 

(SNP) [2,3]. IP cells that populate the SVZ at later stages of corticogenesis will undergo one 

or more symmetric divisions before terminally differentiating to produce a pair of (or four) 

neurons that will largely populate the upper layers of the neocortex [4]. This temporal 

sequence is a fundamental feature of neocortical development, which ensures the generation 

of correct number of projection neurons, necessary for precise formation of local and long-

range circuits in the adult neocortex.

Specialized molecular cascades incorporate intrinsic and extrinsic cues to direct the 

expansion and differentiation of neural progenitors in the telencephalon. Sonic Hedgehog 

(Shh) signaling is centrally involved in this process and is required during distinct 

developmental windows to direct patterning, specification, and proliferation of progenitors 

[5]. In the dorsal telencephalon, Shh signaling activity is relatively low during 

corticogenesis, yet deregulation of Shh signaling in the embryonic neocortex profoundly 

affects the behavior of neural stem/progenitor cells. In particular, we recently found that 

when modulation of Shh signaling is lost at early stages of corticogenesis, neocortical 

progenitors are improperly specified, which results in the misspecification of projection 

neurons [6]. Tightly regulating Shh signaling is also likely crucial in late corticogenesis, 

since loss of transcription repressor activity of Gli3, a downstream effector of Shh signaling, 

leads to abnormal proliferation and specification of cortical progenitors [7]. Similarly, forced 

overexpression of Shh at this stage results in the abnormal specification of cortical 

progenitors [8]. However, the implications of deregulating endogenous Shh signaling in late 

corticogenesis have not been yet fully examined.

Suppressor of Fused (Sufu) is a critical antagonist of Shh signaling that influences 

patterning, specification, differentiation, and migration of neural progenitors and their 

progenies in the developing central nervous system [6,9–11]. Sufu exerts this role by directly 

acting on Gli transcription factors downstream of the Shh signaling cascade via control of 

their stability, degradation, and the formation of Gli repressors [11–14]. At early stages of 

corticogenesis, we have shown that Sufu modulates Shh signaling by controlling the stability 

of full-length Gli2 and Gli3 [6]. These defects were absent at later stages of corticogenesis, 

where Gli3, the predominant Gli at this stage, was not similarly affected and all projection 

neurons of the neocortex were properly specified. However, in-depth studies on the state of 

cortical progenitors at later stages of corticogenesis and the effect of endogenous Shh 

signaling are needed, particularly since additional Shh-expressing cells are present in a 

subset of progenitors lining the lateral ventricles, Cajal-Retzius neurons, and in ventrally 

derived interneurons that have migrated into the neocortex [15]. Furthermore, loss of 

function studies indicate that Shh signaling continues to play a role in regulating the cell 

cycle dynamics of cortical progenitors [15]. In this study, we show that Sufu continues to 

function as a regulator of Shh signaling activity at later stages of corticogenesis. Specifically, 

loss of Sufu deregulates the proliferation program of basally dividing cortical progenitors 

resulting in an increase in the number of upper layer neurons in the postnatal neocortex. 

These observations correlate with an increase in Shh activity, in part due to an imbalance 
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between the full-length Gli3 activator (Gli3FL) and the cleaved Gli3R repressor (Gli3R) 

levels. These studies elucidate an important role for Sufu in regulating Shh signaling activity 

in late corticogenesis.

2. Materials and Methods

2.1. Animals

Mice carrying the floxed Sufu allele (Sufufl) were kindly provided by Dr. Chi-Chung Hui 

(University of Toronto, Toronto, ON, Canada) and were genotyped as described [16]. The 

hGFAP-Cre (Stock #004600) was obtained from Jackson Laboratories (Bar Harbor, ME, 

USA). All animal protocols were in accordance with the regulations of the National Institute 

of Health and approved by the University of California San Francisco Institutional Animal 

Care and Use Committee (IACUC).

2.2. Immunohistochemistry and DiI Labeling

Perfusion, dissection, and immunofluorescence staining were conducted according to 

standard protocols as previously described [17]. The following are the antibodies used: 

mouse anti-BrdU (1:50 dilution; BD Pharmingen, Franklin Lakes, NJ, USA), rabbit anti-

Cux1 (1:100 dilution; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-Phospho-

Histone H3 (1:250 dilution; Millipore, Billerica, MA, USA), rabbit anti-Pax 6 (1:500 

dilution; Covance, Princeton, NJ, USA), rabbit anti-Tbr2 (1:500 dilution; Abcam, 

Cambridge, UK), mouse anti-Tuj1 (1:500 dilution; Covance, Princeton, NJ, USA), rabbit 

anti-Gli3 (1:100 dilution; Santa Cruz Biotechnology, Dallas, TX, USA), and rabbit anti-

Cleaved Caspase 3 (1:300 dilution; Cell Signaling, Madison, WI, USA).

For 5-bromo-2-deoxyuridine (BrdU, Sigma, St. Louis, MO, USA) labeling, pregnant dams 

were treated with 50 μg/g BrdU by intraperitoneal injection for 4 h prior to dissection at 

E16.5. DiI labeling was conducted by placing small crystals of the lipophilic tracer (1,1′-
dioctadecyl-3,3,3′, 3′-tetramethylindocarbocyanine; Invitrogen, Waltham, MA, USA) in the 

neocortex to target the upper layer (2/3) and then remained in 4% paraformaldehyde (PFA). 

After 6 weeks, brains were sectioned at 100 μm, counterstained with bisbenzimide, 

mounted, and imaged.

2.3. In Situ Hybridization

Patched 1 (Ptch1) in situ hybridization (ISH) was conducted according to standard protocols 

[17] using probes generated from mouse ptc probe M2-3, a gift from Matthew Scott 

(Addgene plasmid #58701).

2.4. Image Acquisition and Analysis

Images were acquired using a Nikon E600 microscope equipped with a QCapture Pro 

camera (QImaging) or Zeiss Axioscan Z.1 (Zeiss, Thornwood, NY, USA) using the Zen 2 

blue edition software (Zeiss, Thornwood, NY, USA. Z-stack images were acquired using a 

Nikon Spectral C1si Laser Scanning Confocal (Nikon Imaging Center, UCSF) and scanned a 

10 μm section at a resolution of 1024 × 1024 pixels using the Nikon EZ-C1 software v3.8 

(Nikon Instruments, Melville, NY, USA). Adobe Photoshop CS6 was used for image editing 
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with brightness/contrast levels adjusted equally in control and mutant tissues. NIH Image J 

was used to quantify raw, unedited images. For measurement of VZ/SVZ thickness, the 

length of densely populated 4′,6-diamidino-2-phenylindole (DAPI)+ regions adjacent to the 

lateral ventricles to the SVZ/intermediate zone (IZ) boundary was measured. For 

measurement of BrdU-labeled cells in the VZ or SVZ, the VZ was defined as the area within 

70 μm from the lateral ventricles, while the SVZ was defined as the rest of the DAPI-dense 

regions along the progenitor zones. Pax6+, Tbr2+, and BrdU+, and phospho-Histone H3+ 

cells were quantified within the VZ/SVZ, which was characterized by the densely populated 

DAPI+ regions adjacent to the lateral ventricles or by where Tuj1 staining was sparse. 

Fluorescently labeled cells within this region were quantified to measure the number of cells 

per 100 μm2. Apical progenitors were quantified by measuring the number of labeled cells 

along the length of the ventricular surface. For quantification of labeled Cux1+ neurons at 

postnatal stages, layers 2/3/4 were measured to determine the area. Fluorescently labeled 

cells within this region were quantified to measure the number of cells per 100 μm2. Two to 

three optical sections at 10 μm-thick each, which were histologically matched for rostral-

caudal level between genotypes, were analyzed.

2.5. Quantitative PCR Analysis

Total RNA was isolated from dissected E16.5 cortical tissues using the RNEasy Mini Kit 

(Qiagen, Venlo, The Netherlands). cDNA was generated using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). Transcript expression 

was measured via the incorporation of SYBR Green (Life Technologies, Carlsbad, CA, 

USA) using the Applied Biosystem 7500 Real-Time PCR System (Life Technologies, 

Carlsbad, CA, USA). Primers for Ptch1 and Gli1 have been previously described [18]. 

Quantitative PCR (qPCR) data were analyzed using the comparative CT or the relative 

standard curve method, with β-actin [19] used as control.

2.6. Western Blot Analysis

Cortical tissues were lysed in radioimmunoprecipitation assay (RIPA) buffer (Sigma) 

supplemented with protease (Complete Mini, Roche, Basel, Switzerland) and phosphatase 

(PhosStop, Roche) inhibitors according to standard protocols. Western blot analyses were 

conducted according to standard protocols. Briefly, soluble extracts were loaded onto 

Criterion, 4%–15% Tris-HCI 4 sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) gels (Bio-Rad, Berkeley, CA, USA), separated at 120 V, and transferred to 

polyvinylidene difluoride (PVDF) membrane (Bio-Rad) at 30 V for 2 h or overnight at 4 °C. 

Membranes were blocked with 5% BSA/1X TBS-T (Tris-buffered saline with 0.1% Tween 

20) for 1 h at room temperature, and incubated with primary antibodies diluted in blocking 

buffer overnight at 4 °C, and secondary antibodies (1:5000 dilution; IR-Dye antibodies, LI-

COR, Lincoln, NE, USA) for 1 h at RT. Membranes were washed in 1X TBS-T and scanned 

using the Odyssey Infrared Imaging System (LI-COR). Primary antibodies were used as 

follows: goat anti-Gli3 (1:500; R&D Systems) and α-Tubulin (1:5000, Abcam). 

Quantification and analysis were conducted using the Odyssey System and Image Studio 

Software version 4.0.21 (LI-COR, Lincoln, NE, USA).
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2.7. Statistics

All experiments were conducted in triplicate 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. Graphs display the mean ± standard error of the mean (SEM).

3. Results

3.1. Expansion of the VZ and SVZ in the E16.5 Neocortex of hGFAPcre/+;Sufufl/fl Mice

We previously determined that Sufu has critical functions at early stages of corticogenesis 

particularly in the specification of cortical progenitors into distinct neuronal lineages [6]. 

Since Sufu remains specifically expressed in the VZ/SVZ of the embryonic neocortex mid-

corticogenesis [6], we postulated that it continues to play important roles in cortical 

progenitors at this stage. To identify the function of Sufu, we examined how loss of Sufu 

affected the behavior of cortical progenitors within the dorsolateral regions of the rostral 

neocortex (Figure 1A) in hGFAPcre/+;Sufufl/fl mice, in which Sufu deletion in all cortical 

progenitors occurred mid-corticogenesis (~E13.5) [20]. In hGFAPcre/+;Sufufl/fl mice, the 

specification of cortical progenitors was relatively normal [6]. However, we observed an 

expansion of the VZ/SVZ at E16.5 in the dorsolateral neocortex of hGFAPcre/+;Sufufl/fl mice 

(Figure 1B). The thickness of the VZ/SVZ, defined as the DAPI-dense regions with sparse 

Tuj1 staining along the lateral ventricles, was significantly increased in the 

hGFAPcre/+;Sufufl/fl neocortex compared to controls (Figure 1C). The expansion of VZ/SVZ 

did not correlate with an increase in the thickness of Pax6+ VZ regions (Figure 1D,E). 

Rather, we observed an increase in the thickness of Tbr2+ SVZ regions (Figure 1F,G). These 

findings prompted examination of the proliferative state of the neocortical progenitors in the 

VZ/SVZ.

3.2. Abnormal Proliferation of Cortical Progenitors in the E16.5 Neocortex of 
hGFAPcre/+;Sufufl/fl Mice

At E16.5, the VZ and SVZ are composed of RG and IP cells, respectively [21]. The 

embryonic neocortex has accumulated a larger population of IPs at this stage as a result of 

RG cell expansion at earlier stages of corticogenesis. IP cells will undergo one or more cell 

divisions prior to differentiating into projection neurons that will eventually populate the 

upper cortical layers [2,4]. To determine whether the expansion of VZ/SVZ in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex was due to deregulated proliferation of cortical progenitors, 

we conducted BrdU treatments to label proliferating cells. Examination of BrdU-treated 

embryos 4 h after treatment showed a visible increase in BrdU-labeled cells in the SVZ of 

the E16.5 hGFAPcre/+;Sufufl/fl neocortex compared to control (Figure 2A,B). Quantification 

of BrdU-labeled cells verified these observations in which a significantly higher density of 

BrdU+ cells was evident in the SVZ of the E16.5 neocortex of hGFAPcre/+;Sufufl/fl mice, 

while a slight reduction in BrdU+ cells was observed in the VZ when compared to controls 

(Figure 2C). These findings indicated that a larger proportion of progenitors were actively 

dividing in this period in the hGFAPcre/+;Sufufl/fl neocortical SVZ.
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3.3. Increase in Basally Dividing Progenitors in the E16.5 hGFAPcre/+;Sufufl/fl Neocortex

RGs are typically undergoing asymmetric cell division in the apical lining of the VZ, while 

IPs are undergoing symmetric division in the basal SVZ regions, prior to differentiating into 

upper layer projection neurons mid-corticogenesis [2]. The increase in density of BrdU+ 

cells in the SVZ of hGFAPcre/+;Sufufl/fl mice (Figure 2B) indicates a potential increase in 

basally dividing progenitors. However, because BrdU is incorporated during the S-phase of 

the cell cycle along the VZ/SVZ, including RGs that may be undergoing interkinetic nuclear 

migration [1], BrdU-labeled cells in the SVZ may not be exclusively IPs. We therefore 

conducted immunofluorescence staining against the mitosis marker, Phospho-Histone H3, to 

distinguish between RGs undergoing mitosis in the apical lining of the VZ, and IPs that 

undergo mitosis in the basal or SVZ regions of the neocortical progenitor zone. These 

experiments showed a dramatic increase in basally dividing cells in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex (boxed inset, Figure 3A). Indeed, we quantified a significant 

increase in basally dividing progenitors in the E16.5 hGFAPcre/+;Sufufl/fl neocortex but not 

in apically dividing cells (Figure 3B). These findings indicated that loss of Sufu promoted 

the mitotic division of progenitors within the SVZ.

To determine the identity of proliferating cells in the VZ/SVZ, we conducted double 

immunofluorescence staining with antibodies against BrdU and Pax6, a marker for both 

apical RG cells and basal RG cells (those that localize in the SVZ), or Tbr2, a specific 

marker for IPs [4]. As expected, we found an increase in BrdU-labeled Tbr2+ cells in the 

VZ/SVZ of the E16.5 hGFAPcre/+;Sufufl/fl neocortex (Figure 4D,F). Surprisingly, we also 

found an increase in BrdU-labeled Pax6+ cells (Figure 4C), particularly those that localized 

in the SVZ (boxed areas in Figure 4A). Despite this, we did not observe any changes in the 

density of Pax6+ RG cells or Tbr2+ IP cells in the VZ/SVZ regions (Figure 4B,E). Since we 

observed an expansion of Tbr2+ regions (Figure 1F,G), an increase in basally dividing cells 

(Figure 3), and that Pax6 expression is typically found in newly generated IP cells [21], our 

findings suggested that loss of Sufu not only promoted the proliferation of basally dividing 

progenitors, but also likely triggered the transition of Pax6+ RG cells into Tbr2+ IP cells, in 

the E16.5 neocortex.

3.4. Reduced Levels of Gli3R in the E16.5 hGFAPcre/+;Sufufl/fl Neocortex

Deletion of Sufu in the mid-corticogenesis stage does not affect the stability of total Gli3 

protein because both Gli3FL and its cleaved Gli3R isoform were detectable in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex [6]. We conducted immunostaining against Gli3 in the E16.5 

control and hGFAPcre/+;Sufufl/fl neocortex and found that Gli3 was indeed expressed in the 

progenitor zones of mice from both genotypes (Figure 5A). Examination of the subcellular 

localization of Gli3 showed that in both control and mutant neocortex, Gli3 was largely 

cytoplasmic along the VZ lining (white arrows, Figure 5B) but usually localized in the 

nucleus as cells transition into the SVZ (yellow arrows, Figure 5B). Western blot analysis of 

Gli3 proteins showed that both Gli3FL and Gli3R were present in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex, as we previously observed (Figure 5B) [6]. However, 

quantification of these isoforms showed that Gli3R protein levels were significantly reduced 

in the E16.5 hGFAPcre/+;Sufufl/fl neocortex. These findings indicated that in the mid-

corticogenesis stage, Sufu does not affect the stability of Gli3FL, nor did it affect the 
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subcellular localization of Gli3R, the predominant form of Gli3 in the embryonic neocortex 

[7]. Rather, loss of Sufu mid-corticogenesis resulted in the failure to maintain levels of 

Gli3R in the progenitor zones of the E16.5 hGFAPcre/+;Sufufl/fl neocortex.

3.5. Activation of Shh Signaling in the E16.5 hGFAPcre/+;Sufufl/fl Neocortex

Since Gli3R is known to inhibit transcription of Shh targets, we examined the activity of Shh 

signaling in the E16.5 hGFAPcre/+;Sufufl/fl neocortex. We previously did not observe ectopic 

Gli1 expression in the E16.5 hGFAPcre/+;Sufufl/fl neocortex in mice that also carried the 

Shh-responsive Gli1-LacZ transgene [6,22]. Because the responsiveness of Gli1-LacZ might 

be tissue- and age- specific, we examined the expression of another Shh target, Ptch1, in the 

E16.5 neocortex of control and mutant mice by conducting qPCR. As a control, we 

conducted qPCR using Sufu-specific probes, which verified reduced mRNA expression 

levels of Sufu in the E16.5 hGFAPcre/+;Sufufl/fl neocortex (Figure 6A). We also confirmed 

our previous observation that Gli1 was not ectopically expressed in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex (Figure 6B). However, a significant increase in Ptch1 

expression was observed in the E16.5 hGFAPcre/+;Sufufl/fl neocortex compared to controls 

(Figure 6C). This was verified by in situ hybridization using Ptch1-specific riboprobes 

showing ectopic expression of Ptch1 in the VZ/SVZ of the E16.5 hGFAPcre/+;Sufufl/fl 

neocortex (Figure 6D). These findings indicated that loss of Sufu resulted in the 

upregulation of the Shh target Ptch1, a potential consequence of reduced Gli3R levels. Thus, 

in the E16.5 neocortex, Sufu continues to function as a modulator of Shh signaling in 

cortical progenitors within the neurogenic zones.

3.6. Increase in Cell Death in the E16.5 hGFAPcre/+;Sufufl/fl Neocortex

We previously observed that loss of Sufu at early stages of corticogenesis resulted in cortical 

progenitors or neurons that were unable to survive [6]. Given that there is a significant 

increase in IP cells in the E16.5 hGFAPcre/+;Sufufl/fl neocortex, we examined whether these 

progenitors and their progenies were able to survive in the developing neocortex. By 

immunolabeling with the cell death marker, cleaved-Caspase 3, we found that there was a 

dramatic increase in apoptotic cells in the dorsolateral neocortex of the E16.5 

hGFAPcre/+;Sufufl/fl mice (within dashed lines, Figure 7A) compared to controls, 

particularly in the VZ/SVZ regions (Figure 7B). Quantification of cleaved-Caspase 3+ cells 

confirmed these observations, in which a significantly higher number of apoptotic cells were 

found in the dorsolateral neocortex of the E16.5 hGFAPcre/+;Sufufl/fl mice compared to 

controls (Figure 7C). These findings indicated that the deletion of Sufu in cortical 

progenitors affected its ability to survive during corticogenesis.

3.7. Increase in the Number of Cux1+ Upper Layer Neurons in the P7 hGFAPcre/+;Sufufl/fl 

Neocortex

At E16.5, RGs and IPs largely generate projection neurons that eventually populate upper 

layers 2–4 of the postnatal neocortex. We wondered whether the expansion of IPs at E16.5 

resulted in an increase in the number of upper layer neurons in the postnatal 

hGFAPcre/+;Sufufl/fl neocortex. To test this, we conducted immunofluorescence staining 

against Cux1, a marker for upper neocortical layers as observed in the control brains. Cux1+ 

neurons in the P7 hGFAPcre/+;Sufufl/fl neocortex were properly localized as with controls 
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(Figure 8A). However, we detected a modest increase in the density of Cux1+ neurons in 

layers 2–4, particularly in layer 4, of the P7 hGFAPcre/+;Sufufl/fl neocortex compared to 

controls (Figure 8B). Thus, despite the increase in cell death at E16.5 (Figure 7), the 

expansion of basally-dividing progenitors in the E16.5 hGFAPcre/+;Sufufl/fl neocortex still 

resulted in an increase in Cux1+ projection neurons. These observations also verified that 

the differentiation capacity of surviving cortical progenitors in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex were not compromised. These Cux1+ projection neurons 

were able to migrate out of the progenitor zones and setlle into the upper cortical layers, 

particularly in layer 4, of the postnatal hGFAPcre/+;Sufufl/fl neocortex.

3.8. Normal Formation of Callosal Projections in the P15 hGFAPcre/+;Sufufl/fl Neocortex

Cux1+ projection neurons of the upper layers of the neocortex form callosal projections, 

which interconnect the two cortical hemispheres via the corpus callosum [23]. To examine 

whether callosal projections were affected in the hGFAPcre/+;Sufufl/fl neocortex as a 

consequence of the increase in Cux1+ cells, we embedded DiI crystals in the upper cortical 

layers of the P15 control and mutant mice to anterogradely label axons crossing the midline 

along the corpus callosum. As with the controls, we found that DiI-labeled projections in the 

hGFAPcre/+;Sufufl/fl neocortex were present in the corpus callosum (Figure 8C) and were 

able to cross the midline (Figure 8D). These findings indicated that callosal projections 

typically formed by Cux1+ upper layer neurons were properly generated and projected into 

the contralateral hemisphere of the hGFAPcre/+;Sufufl/fl neocortex similar to control 

littermates.

4. Discussion

During neocortical development, the proliferation and differentiation of neural progenitors 

are tightly controlled to generate predetermined numbers of specific projection neuron 

subtypes [24]. Although key developmental signaling pathways are known to regulate these 

processes, modulators of these signaling events have yet to be identified and characterized, 

particularly those that exert fine control over the behavior of specific progenitor populations. 

In this study, we provide evidence that the cytoplasmic protein, Sufu, plays a significant role 

in controlling IP cell number in the progenitor zones of the embryonic neocortex, possibly 

through its antagonistic role on the Shh signaling pathway.

Our studies show that loss of Sufu specifically affects the generation and proliferation of IPs. 

At E16.5, most IP cells generate Cux1+ projection neurons that migrate and settle into 

cortical layers 2–4 of the postnatal neocortex. In the hGFAPcre/+;Sufufl/fl embryonic 

neocortex, Sufu deletion led to the expansion of Tbr2+ IP cells in the SVZ. These 

observations are consistent with previous studies, where elevated or deregulated Shh 

signaling resulted in the expansion of basal radial glial cells and Tbr2+ IP cells, leading to 

changes in the mouse neocortex that resemble processes underlying gyrification in the 

human brain [25]. Our findings are also in line with previous findings by Shikata et al. 

where the upregulation of Shh signaling enhanced the transition of RG progenitors into IPs 

[8]. The increase in IP cells contributed to the expansion of VZ/SVZ regions of the E16.5 
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hGFAPcre/+;Sufufl/fl neocortex. Therefore, our studies pinpoint a specific role for Sufu in 

regulating the cell cycle dynamics of RG and IP cells during mid-corticogenesis.

Shh signaling is essential in the developing forebrain, with established roles in axis 

formation and maintenance of cortical interneuron progenitor identity [5]. In the dorsal 

forebrain, Shh activity is maintained at low levels since an increase in Shh activity, 

particularly at early stages of corticogenesis, leads to severe malformation of the neocortex 

[6,26]. However, in the mid-corticogenesis stage (E14.5 to E17.5), there are more sources of 

Shh ligands in the neocortex where it functions as a mitogen for cortical progenitors and is 

subject to modulation by known Shh antagonists [27]. Our findings show that Sufu 

continues to be an important modulator of Shh activity in the neocortex during mid-

corticogenesis. This provides another level at which Shh signaling is tightly regulated by 

Sufu during cortical development.

Regulating the stability, localization, and transcriptional activity of Gli transcription factors 

are the primary modes by which Sufu exerts its antagonistic function on Shh signaling 

[10,13,28–31]. During corticogenesis, the repressor activity of Gli3 is predominant [7]. Our 

studies showed that although both Gli3FL and Gli3R were generated in the 

hGFAPcre/+;Sufufl/fl neocortex at later stages of corticogenesis, a reduction in Gli3R levels 

were apparent in the VZ/SVZ. We did not observe any changes in Gli3FL levels suggesting 

that the stability of full-length Gli3 was not compromised in the absence of Sufu, in contrast 

to its role in early corticogenesis [6]. Additionally, we also did not observe differences in the 

nuclear localization of Gli3 in control and mutant mice. Thus, Sufu primarily functions to 

maintain Gli3R levels, perhaps by preventing its degradation [13,29,32] during mid-

corticogenesis.

The reduction in Gli3R levels in the E16.5 hGFAPcre/+;Sufufl/fl neocortex correlated with an 

increase in the proliferation of IP cells, which subsequently resulted in the expansion of 

Cux1+ upper layer neurons. These findings are contrary to the effect of completely 

abolishing Gli3 early in corticogenesis when there were fewer Cux1+ upper layer neurons 

because IPs exited the cell cycle prematurely [7]. This discrepancy is likely due to the timing 

of Gli3 ablation. Furthermore, our findings are consistent with the growing evidence that 

neural progenitors elicit differential responses to Gli3R or Shh signaling in a dose-dependent 

manner [33,34]. It would be interesting to determine whether reduced Gli3R levels (i.e., in 

Gli3 heterozygous knockout mice) during mid-corticogenesis similarly result in the 

expansion of IP cells. Based on our results, we postulate that the effect of Shh signaling in 

neural progenitor cells in the embryonic neocortex is crucially dependent on the appropriate 

Gli3R protein levels that must be maintained by Sufu throughout corticogenesis. However, 

we also cannot exclude the possibility that Sufu regulates additional signaling pathways, 

besides its regulatory role in Gli3, to control the behavior of cortical progenitors. Indeed, 

Sufu has been shown to regulate components of Wnt signaling [35,36], another important 

regulator of progenitor proliferation and differentiation in the neocortex [37].

In the postnatal hGFAPcre/+;Sufufl/fl neocortex, we found only a modest increase of Cux1+ 

projection neurons. This modest increase is likely the result of the dramatic increase in 

apoptotic cells in the E16.5 hGFAPcre/+;Sufufl/fl neocortex. Although it is possible that Sufu 
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directly regulates cell death signaling pathways, it is also likely that the limited amounts of 

growth factors within the VZ/SVZ are unable to sustain the dramatic increase in IPs in the 

VZ/SVZ. Nevertheless, a significant proportion of progenitors were able to differentiate 

particularly into Cux1+ layer 4 projection neurons. This hints at the possibility that Sufu 

specifically affects a subset of Tbr2+ cortical progenitors that are destined to become layer 4 

projection neurons. Indeed, recent studies have shown that upper layer neurons originate 

from distinct IP subpopulations [38,39]. Future studies should take into consideration that 

distinct subsets of IPs and their neuronal progenies may be differentially regulated by 

molecular factors, such as Sufu.

Investigating the functional consequences of an increase in projection neurons in the 

neocortex could prove useful in a number of neurodevelopmental disorders, such as autism, 

in which alterations in neuronal numbers have been observed [40,41]. Our gross analysis of 

callosal axons showed no obvious defects in the ability of Cux1+ neurons to form these 

projections. However, we cannot rule out the possibility that callosal projections in the 

hGFAPcre/+;Sufufl/fl neocortex inappropriately target neurons in the contralateral 

hemisphere, disrupt local connections, or exhibit electrophysiological deficits. Furthermore, 

Cux1+ upper layer neurons represent several subpopulations of projection neurons in the 

neocortex [23]. Overall, in-depth analysis is necessary to determine how altered production 

of Cux1+ neurons during corticogenesis, due to Sufu dysfunction and deregulated Shh 

signaling, affect neuronal connectivity, function, and behavior. These studies could provide a 

better understanding and diagnosis of neurological abnormalities that relate to abnormal 

callosal projection neuron development and function.

Acknowledgments

We thank members of the Pleasure Lab for helpful discussions, Trung Huynh for genotyping, and Kurt Thorn and 
DeLaine Larsen at the UCSF Nikon Imaging Center for assistance with imaging. This work was supported by the 
NIH R01 NS075188 (S.J.P.) and a Ruth L. Kirschstein National Research Service Award F32NS087719 (O.R.Y.).

References

1. Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein AR. Neurons derived from radial 
glial cells establish radial units in neocortex. Nature. 2001; 409:714–720. [PubMed: 11217860] 

2. Noctor SC, Martínez-Cerdeño V, Ivic L, Kriegstein AR. Cortical neurons arise in symmetric and 
asymmetric division zones and migrate through specific phases. Nat Neurosci. 2004; 7:136–144. 
[PubMed: 14703572] 

3. Stancik EK, Navarro-Quiroga I, Sellke R, Haydar TF. Heterogeneity in ventricular zone neural 
precursors contributes to neuronal fate diversity in the postnatal neocortex. J Neurosci. 2010; 
30:7028–7036. [PubMed: 20484645] 

4. Kowalczyk T, Pontious A, Englund C, Daza RAM, Bedogni F, Hodge R, Attardo A, Bell C, Huttner 
WB, Hevner RF. Intermediate neuronal progenitors (basal progenitors) produce pyramidal-
projection neurons for all layers of cerebral cortex. Cereb Cortex. 2009; 19:2439–2450. [PubMed: 
19168665] 

5. Sousa VH, Fishell G. Sonic hedgehog functions through dynamic changes in temporal competence 
in the developing forebrain. Curr Opin Genet Dev. 2010; 20:391–399. [PubMed: 20466536] 

6. Yabut OR, Fernandez G, Huynh T, Yoon K, Pleasure SJ. Suppressor of Ffused is critical for 
maintenance of neuronal progenitor identity during corticogenesis. Cell Rep. 2015; 12:2021–2034. 
[PubMed: 26387942] 

Yabut et al. Page 10

J Dev Biol. Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Wang H, Ge G, Uchida Y, Luu B, Ahn S. Gli3 is required for maintenance and fate specification of 
cortical progenitors. J Neurosci. 2011; 31:6440–6448. [PubMed: 21525285] 

8. Shikata Y, Okada T, Hashimoto M, Ellis T, Matsumaru D, Shiroishi T, Ogawa M, Wainwright B, 
Motoyama J. Ptch1-mediated dosage-dependent action of Shh signaling regulates neural progenitor 
development at late gestational stages. Dev Biol. 2011; 349:147–159. [PubMed: 20969845] 

9. Pozniak CD, Langseth AJ, Dijkgraaf GJP, Choe Y, Werb Z, Pleasure SJ. Sox10 directs neural stem 
cells toward the oligodendrocyte lineage by decreasing Suppressor of Fused expression. Proc Natl 
Acad Sci USA. 2010; 107:21795–21800. [PubMed: 21098272] 

10. Liu J, Heydeck W, Zeng H, Liu A. Dual function of suppressor of fused in Hh pathway activation 
and mouse spinal cord patterning. Dev Biol. 2012; 362:141–153. [PubMed: 22182519] 

11. Kim JJ, Gill PS, Rotin L, van Eede M, Henkelman RM, Hui CC, Rosenblum ND. Suppressor of 
fused controls mid-hindbrain patterning and cerebellar morphogenesis via GLI3 repressor. J 
Neurosci. 2011; 31:1825–1836. [PubMed: 21289193] 

12. Lin C, Chen MH, Yao E, Song H, Gacayan R, Hui C, Chuang PT. Differential regulation of Gli 
proteins by Sufu in the lung affects PDGF signaling and myofibroblast development. Dev Biol. 
2014; 392:324–333. [PubMed: 24886827] 

13. Wang C, Pan Y, Wang B. Suppressor of fused and Spop regulate the stability, processing and 
function of Gli2 and Gli3 full-length activators but not their repressors. Development. 2010; 
137:2001–2009. [PubMed: 20463034] 

14. Shahi MH, Rey JA, Castresana JS. The sonic hedgehog-GLI1 signaling pathway in brain tumor 
development. Expert Opin Ther Targets. 2012; 16:1227–1238. [PubMed: 22992192] 

15. Komada M, Saitsu H, Kinboshi M, Miura T, Shiota K, Ishibashi M. Hedgehog signaling is 
involved in development of the neocortex. Development. 2008; 135:2717–2727. [PubMed: 
18614579] 

16. Pospisilik JA, Schramek D, Schnidar H, Cronin SJF, Nehme NT, Zhang X, Knauf C, Cani PD, 
Aumayr K, Todoric J, et al. Drosophila genome-wide obesity screen reveals hedgehog as a 
determinant of brown versus white adipose cell fate. Cell. 2010; 140:148–160. [PubMed: 
20074523] 

17. Siegenthaler JA, Ashique AM, Zarbalis K, Patterson KP, Hecht JH, Kane MA, Folias AE, Choe Y, 
May SR, Kume T, et al. Retinoic acid from the meninges regulates cortical neuron generation. 
Cell. 2009; 139:597–609. [PubMed: 19879845] 

18. Regard JB, Malhotra D, Gvozdenovic-Jeremic J, Josey M, Chen M, Weinstein LS, Lu J, Shore EM, 
Kaplan FS, Yang Y. Activation of Hedgehog signaling by loss of GNAS causes heterotopic 
ossification. Nat Med. 2013; 19:1505–1512. [PubMed: 24076664] 

19. Lobo S, Wiczer BM, Bernlohr DA. Functional analysis of long-chain acyl-CoA synthetase 1 in 
3T3-L1 adipocytes. J Biol Chem. 2009; 284:18347–18356. [PubMed: 19429676] 

20. Zhuo L, Theis M, Alvarez-Maya I, Brenner M, Willecke K, Messing A. hGFAP-cre transgenic 
mice for manipulation of glial and neuronal function in vivo. Genesis. 2001; 31:85–94. [PubMed: 
11668683] 

21. Englund C, Fink A, Lau C, Pham D, Daza RAM, Bulfone A, Kowalczyk T, Hevner RF. Pax6, 
Tbr2, and Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and 
postmitotic neurons in developing neocortex. J Neurosci. 2005; 25:247–251. [PubMed: 15634788] 

22. Ahn S, Joyner AL. In vivo analysis of quiescent adult neural stem cells responding to Sonic 
hedgehog. Nature. 2005; 437:894–897. [PubMed: 16208373] 

23. Fame RM, MacDonald JL, Macklis JD. Development, specification, and diversity of callosal 
projection neurons. Trends Neurosci. 2011; 34:41–50. [PubMed: 21129791] 

24. Greig LC, Woodworth MB, Galazo MJ, Padmanabhan H, Macklis JD. Molecular logic of 
neocortical projection neuron specification, development and diversity. Nat Rev Neurosci. 2013; 
14:755–769. [PubMed: 24105342] 

25. Wang L, Hou S, Han YG. Hedgehog signaling promotes basal progenitor expansion and the growth 
and folding of the neocortex. Nat Neurosci. 2016; 19:888–896. [PubMed: 27214567] 

26. Lien WH, Klezovitch O, Fernandez TE, Delrow J, Vasioukhin V. alphaE-catenin controls cerebral 
cortical size by regulating the hedgehog signaling pathway. Science. 2006; 311:1609–1612. 
[PubMed: 16543460] 

Yabut et al. Page 11

J Dev Biol. Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Dahmane N, Sanchez P, Gitton Y, Palma V, Sun T, Beyna M, Weiner H, Ruiz i Altaba A. The Sonic 
Hedgehog-Gli pathway regulates dorsal brain growth and tumorigenesis. Development. 2001; 
128:5201–5212. [PubMed: 11748155] 

28. Humke EW, Dorn KV, Milenkovic L, Scott MP, Rohatgi R. The output of Hedgehog signaling is 
controlled by the dynamic association between Suppressor of Fused and the Gli proteins. Genes 
Dev. 2010; 24:670–682. [PubMed: 20360384] 

29. Chen MH, Wilson CW, Li YJ, Law KKL, Lu CS, Gacayan R, Zhang X, Hui C, Chuang PT. 
Cilium-independent regulation of Gli protein function by Sufu in Hedgehog signaling is 
evolutionarily conserved. Genes Dev. 2009; 23:1910–1928. [PubMed: 19684112] 

30. Liu X, Wang X, Du W, Chen L, Wang G, Cui Y, Liu Y, Dou Z, Wang H, Zhang P, et al. Suppressor 
of fused (Sufu) represses Gli1 transcription and nuclear accumulation, inhibits glioma cell 
proliferation, invasion and vasculogenic mimicry, improving glioma chemo-sensitivity and 
prognosis. Oncotarget. 2014; 5:11681–11694. [PubMed: 25373737] 

31. Kise Y, Morinaka A, Teglund S, Miki H. Sufu recruits GSK3β for efficient processing of Gli3. 
Biochem Biophys Res Commun. 2009; 387:569–574. [PubMed: 19622347] 

32. Makino S, Zhulyn O, Mo R, Puviindran V, Zhang X, Murata T, Fukumura R, Ishitsuka Y, Kotaki 
H, Matsumaru D, et al. T396I mutation of mouse Sufu reduces the stability and activity of Gli3 
repressor. PLoS ONE. 2015; 10:e0119455. [PubMed: 25760946] 

33. Petrova R, Garcia ADR, Joyner AL. Titration of GLI3 repressor activity by Sonic hedgehog 
signaling is critical for maintaining multiple adult neural stem cell and astrocyte functions. J 
Neurosci. 2013; 33:17490–17505. [PubMed: 24174682] 

34. Tong CK, Fuentealba LC, Shah JK, Lindquist RA, Ihrie RA, Guinto CD, Rodas-Rodriguez JL, 
Alvarez-Buylla A. A Dorsal SHH-Dependent Domain in the V-SVZ Produces Large Numbers of 
Oligodendroglial Lineage Cells in the Postnatal Brain. Stem Cell Rep. 2015; 5:461–470.

35. Min TH, Kriebel M, Hou S, Pera EM. The dual regulator Sufu integrates Hedgehog and Wnt 
signals in the early Xenopus embryo. Dev Biol. 2011; 358:262–276. [PubMed: 21839734] 

36. Meng X, Poon R, Zhang X, Cheah A, Ding Q, Hui CC, Alman B. Suppressor of fused negatively 
regulates beta-catenin signaling. J Biol Chem. 2001; 276:40113–40119. [PubMed: 11477086] 

37. Harrison-Uy SJ, Pleasure SJ. Wnt signaling and forebrain development. Cold Spring Harb Perspect 
Biol. 2012; 4:a008094. [PubMed: 22621768] 

38. Tyler WA, Medalla M, Guillamon-Vivancos T, Luebke JI, Haydar TF. Neural precursor lineages 
specify distinct neocortical pyramidal neuron types. J Neurosci. 2015; 35:6142–6152. [PubMed: 
25878286] 

39. Mihalas AB, Elsen GE, Bedogni F, Daza RAM, Ramos-Laguna KA, Arnold SJ, Hevner RF. 
Intermediate Progenitor Cohorts Differentially Generate Cortical Layers and Require Tbr2 for 
Timely Acquisition of Neuronal Subtype Identity. Cell Rep. 2016; 16:92–105. [PubMed: 
27320921] 

40. Courchesne E, Mouton PR, Calhoun ME, Semendeferi K, Ahrens-Barbeau C, Hallet MJ, Barnes 
CC, Pierce K. Neuron number and size in prefrontal cortex of children with autism. JAMA. 2011; 
306:2001–2010. [PubMed: 22068992] 

41. Casanova MF, van Kooten IAJ, Switala AE, van Engeland H, Heinsen H, Steinbusch HWM, Hof 
PR, Trippe J, Stone J, Schmitz C. Minicolumnar abnormalities in autism. Acta Neuropathol. 2006; 
112:287–303. [PubMed: 16819561] 

Yabut et al. Page 12

J Dev Biol. Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Expansion of the progenitor zones in E16.5 hGFAPcre/+;Sufufl/fl mice. (A) The experiments 

presented here analyzed the dorsolateral region of the neocortex (boxed region), obtained 

from the rostral forebrain spanning between these representative images; (B,C) Targeted 

deletion of Suppressor of Fused (Sufu) in cortical progenitors at E13.5 (hGFAPcre/+;Sufufl/fl) 

led to the expansion of the VZ/SVZ by E16.5 as defined by immunofluorescence staining. 

Regions marked by DAPI-dense (blue) cells and reduced Tuj1 (red) immunostaining along 

the lateral ventricles showed expansion of the hGFAPcre/+;Sufufl/fl VZ/SVZ compared to 

controls (B); The thickness of the VZ/SVZ was determined as the distance between the 

ventricular lining along the lateral ventricles and the IZ, which was identified by densely 

packed DAPI+ cells and minimal Tuj1 staining within the dorsolateral neocortex. These 

measurements confirmed that the hGFAPcre/+;Sufufl/fl VZ/SVZ was significantly thicker 

than those of control littermates (C); (D,E) Immunofluorescence staining against the RG cell 

marker, Pax6 (red), showed no visible differences between the E16.5 control and 

hGFAPcre/+;Sufufl/fl Pax6+ regions as defined by the dashed lines (D); This observation was 

verified when the thickness of Pax6+ regions was measured (E); (F,G) Immunofluorescence 

staining against the intermediate progenitor (IP) cell marker, Tbr2 (red), showed a visible 

expansion of Tbr2+ regions (between dashed lines) in the E16.5 hGFAPcre/+;Sufufl/fl 

VZ/SVZ when compared to controls (F); Quantification of the thickness of Tbr2+ regions 

verified these observations (G); *** p-value < 0.01. Scale bars = 50 μm; VZ, ventricular 

zone; SVZ, subventricular zone; IZ, intermediate zone; DAPI, 4′,6-diamidino-2-

phenylindole.
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Figure 2. 
Abnormal proliferation of cortical progenitors in the E16.5 hGFAPcre/+;Sufufl/fl neocortex; 

(A,B) Immunofluorescence staining with anti-BrdU showed that after 4 h of BrdU-

treatment, BrdU+ cells were greater in the E16.5 hGFAPcre/+;Sufufl/fl neocortex compared to 

control littermates (A); Boxed areas in (A) showed that this increase was apparent in the 

SVZ of the E16.5 hGFAPcre/+;Sufufl/fl neocortex (B); Scale bars = 100 μm; CP, cortical 

plate; BrdU, 5-bromo-2-deoxyuridine (C) Quantification of BrdU+ cells within the VZ were 

mildly, yet significantly reduced, in the E16.5 hGFAPcre/+;Sufufl/fl neocortex. In contrast, a 

significant increase in the density of BrdU+ cells were quantified in the SVZ of the E16.5 

hGFAPcre/+;Sufufl/fl neocortex compared to controls; * p-value < 0.05, *** p-value < 0.01.
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Figure 3. 
Basally dividing progenitors dramatically increased in the neocortex of E16.5 

hGFAPcre/+;Sufufl/fl mice. (A) Labeling of mitotically active cells by immunofluorescence 

staining against Phospho-Histone H3 (P-His H3) showed an obvious expansion of cells 

undergoing mitosis in the SVZ of the hGFAPcre/+;Sufufl/fl neocortex compared to control 

littermates (boxed inset). Scale bars = 200 μm; (B) Quantification of mitotically active cells 

along the apical lining of the VZ, as labeled by P-His H3, showed no difference between 

control and hGFAPcre/+;Sufufl/fl mice. However, a significant almost two-fold increase in P-

His H3+ cells were quantified in the SVZ of the hGFAPcre/+;Sufufl/fl neocortex compared to 

controls; *** p-value < 0.01.

Yabut et al. Page 15

J Dev Biol. Author manuscript; available in PMC 2017 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Loss of Sufu led to expansion of Pax6+ and Tbr2+ basally dividing cells. (A–C) Pax6 and 

BrdU double immunostaining (A) did not show obvious differences in the density of Pax6+ 

RG cells in the VZ/SVZ between control and hGFAPcre/+;Sufufl/fl mice at E16.5 and verified 

by quantification (B); On the other hand, BrdU-labeled Pax6+ cells were visibly obvious 

(boxed insets, A) and significantly increased in the E16.5 hGFAPcre/+;Sufufl/fl neocortex 

compared to controls (C); (D–F) Tbr2 and BrdU double immunostaining (D) did not show 

obvious differences in the density of Tbr2+ IP cells in the VZ/SVZ between control and 

hGFAPcre/+;Sufufl/fl mice at E16.5. This was verified by quantification of Tbr2+ cell density 

(E); However, a greater number of BrdU-labeled Tbr2+ cells was observed within the 

VZ/SVZ of hGFAPcre/+;Sufufl/fl mice at E16.5 (boxed inset, D); Quantification of double-

labeled IP cells was measured and yielded a significantly higher percentage of BrdU-labeled 

Tbr2+ cells in the E16.5 hGFAPcre/+;Sufufl/fl VZ/SVZ compared to control littermates (F); 

** p-value < 0.03; *** p-value < 0.01. Scale bars = 200 μm; LV, lateral ventricle.
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Figure 5. 
Reduced Gli3R levels in the VZ/SVZ of the E16.5 hGFAPcre/+;Sufufl/fl neocortex. (A,B) 

Gli3 immunostaining showed highly specific expression in the VZ/SVZ of the E16.5 

neocortex of control and hGFAPcre/+;Sufufl/fl mice (A); Confocal z-stack imaging showed 

that the subcellular localization of Gli3 did not significantly differ between control and 

hGFAPcre/+;Sufufl/fl VZ/SVZ, where Gli3 appeared to be cytoplasmic along the ventricular 

lining (white arrows) and nuclear localized in the SVZ (yellow arrows) (B); Scale bars = 200 

μm in (A); 50 μm in (B); GE, ganglionic eminence; (C) Western blot analysis of protein 

extracts from the E16.5 neocortex showed the presence of both Gli3FL and cleaved Gli3R 

proteins, with Gli3R being predominant in both control and hGFAPcre/+;Sufufl/fl mice. 

However, quantification of Gli3FL and Gli3R (D) showed significantly reduced Gli3R 

protein levels in the hGFAPcre/+;Sufufl/fl neocortex compared to controls. α-Tubulin (α-Tub) 

was used as a loading control; *** p-value < 0.01; Gli3FL, full-length Gli3; Gli3R, cleaved 

Gli3R repressor.
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Figure 6. 
Ectopic expression of Ptch1 in the E16.5 hGFAPcre/+;Sufufl/fl VZ/SVZ. (A–C) quantitative 

PCR (qPCR) analysis of mRNA extracted from the neocortex showed downregulation of 

Sufu as expected in the E16.5 hGFAPcre/+;Sufufl/fl neocortex (A); No changes in Gli1 

expression were detected between control and mutant neocortex as previously reported (B); 

However, a significant increase in the expression of Ptch1 was detected in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex compared to controls (C) indicating activation of Sonic 

Hedgehog (Shh) signaling; *** p-value < 0.01; (D) In situ hybridization using Patched-1 

(Ptch1)-specific riboprobes showed ectopic expression of Ptch1 in the VZ/SVZ of the E16.5 

hGFAPcre/+;Sufufl/fl neocortex. Scale bars = 200 μm.
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Figure 7. 
Increased cell death in the E16.5 hGFAPcre/+;Sufufl/fl dorsolateral neocortex. (A,B) 

Immunostaining against the cell death marker, cleaved-Caspase 3 showed an increase in 

apoptotic cells within the dorsolateral neocortex (defined by dashed lines in A); and as 

marked by yellow arrows in high magnification images (B); in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex. Scale bars = 500 μm (A); 100 μm (B); (C) Quantification of 

cleaved-Caspase 3–positive cells in the dorsolateral region of the neocortical hemispheres 

confirmed the significant and dramatic increase in apoptotic cells in the E16.5 

hGFAPcre/+;Sufufl/fl neocortex compared to controls; *** p-value < 0.01.
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Figure 8. 
Mild increase in Cux1+ projection neurons and normal callosal projections in the postnatal 

hGFAPcre/+;Sufufl/fl neocortex. (A,B) Cux1 immunolabeling of upper layer projection 

neurons showed a comparable distribution of Cux1+ neurons, with a densely packed layer 4, 

in the P7 hGFAPcre/+;Sufufl/fl neocortex (A); Quantification of Cux1+ projection neurons 

(B) yielded comparable densities of Cux1+ neurons in Layer 2/3 between control and 

hGFAPcre/+;Sufufl/fl neocortex. A borderline increase in the density of Cux1+ neurons were 

quantified in layers 2–4 of the P7 hGFAPcre/+;Sufufl/fl neocortex (p-value = 0.054) and 

appears to be due to a mild increase in the density of Cux1+ neurons in layer 4 (p-value = 

0.058). Scale bars = 200 μm. CC, corpus callosum; LV, lateral ventricles; FI, fimbria; (C,D) 

DiI tracing showed that callosal projections that originate from upper cortical layers were 

grossly unaffected in the P15 hGFAPcre/+;Sufufl/fl neocortex and is comparable with control 

littermates (C); Callosal projections were able to project across the midline into the 

contralateral hemisphere (boxed, D); Scale bars = 500 μm. DiI, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine.
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