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SUMMARY

Here, we ask how neural stem cells (NSCs) transition in the developing neocortex from a rapidly to a slowly
proliferating state, a process required to maintain lifelong stem cell pools. We identify LRIG1, known to regulate receptor tyrosine kinase signaling in other cell types, as a negative regulator of cortical NSC proliferation.
LRIG1 is expressed in murine cortical NSCs as they start to proliferate more slowly during embryogenesis
and then peaks postnatally when they transition to give rise to a portion of adult NSCs. Constitutive or acute
loss of Lrig1 in NSCs over this developmental time frame causes stem cell expansion due to increased proliferation. LRIG1 controls NSC proliferation by associating with and negatively regulating the epidermal
growth factor receptor (EGFR). These data support a model in which LRIG1 dampens the stem cell response
to EGFR ligands within the cortical environment to slow their proliferation as they transition to postnatal adult
NSCs.

INTRODUCTION
During development, rapidly proliferating embryonic precursor
cells transition to slowly proliferating/quiescent postnatal stem
cells that will last the lifetime of the organism. The developing rodent neocortex (cortex) is one system in which this transition has
begun to be characterized. In this system, embryonic cortical
radial precursor cells (RPs) expand and then generate excitatory
neurons and glia. A subset of cortical RPs also persist as postnatal
neural stem cells (NSCs) in the forebrain ventricular-subventricular
zone (V-SVZ) niche. This developmental progression involves
several distinct proliferative transitions. RPs initially undergo rapid
proliferative cell divisions to expand the precursor pool, and at
approximately embryonic day 12 (E12), these give way to slower
neurogenic divisions (Gao et al., 2014; Homem et al., 2015; Noctor
et al., 2004; Calegari et al., 2005; Takahashi et al., 1995). Then at
roughly E15, some cortical RPs transition to slow-dividing/quiescent postnatal V-SVZ stem cells (Fuentealba et al., 2015; Furutachi et al., 2015; Yuzwa et al., 2017; Borrett et al., 2020).
What mechanisms determine the slowing of cortical RP proliferation? Extrinsic niche-derived signals are thought to be

important for enforcing adult, but not developing, NSC quiescence (reviewed in Urbán et al., 2019). Moreover, developing
forebrain precursors must transition to a slow-dividing/quiescent state while expressing receptors for proliferative niche
cues such as EGF and FGF2, implying the presence of mechanisms that silence these proliferation-inducing receptors
and/or their downstream pathways. In this regard, we recently
used single-cell RNA sequencing (scRNA-seq) to show that
murine cortical RPs are, on a global level, transcriptionally
similar as they transition from rapidly to slowly proliferating
between E11.5 and E17.5 (Yuzwa et al., 2017). We therefore
hypothesized that the proliferative slow-down might involve
expression of one or more genes that repress the cortical
RP response to extrinsic proliferative cues. We therefore
analyzed our data for regulators/suppressors of proliferative
receptors in other cells and identified expression of the gene
encoding LRIG1 (Nilsson et al., 2001), a transmembrane protein that negatively regulates members of the ErbB family
such as EGF receptor (EGFR) by promoting their degradation
(Gur et al., 2004; Laederich et al., 2004). Notably, LRIG1 is
necessary for quiescence of both epidermal and intestinal
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Figure 1. LRIG1 Is Expressed in Forebrain Neural Precursors as They Transition to NSCs during Late Embryonic and Perinatal Development
(A) LRIG1 western blot from the E14.5, E16.5, P1, P3, P5, P8, and adult cortex. GAPDH is a loading control.
(B) t-SNE gene expression overlays for Lrig1 on E13.5, E15.5, and E17.5 cortical single-cell transcriptomes color-coded from no (yellow) to highest (blue)
expression.

(legend continued on next page)
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stem cells (Jensen and Watt, 2006; Jensen et al., 2009; Wong
et al., 2012).
Here we have tested the hypothesis that LRIG1 is important for
the embryonic slowing of cortical RP proliferation. We show that
LRIG1 expression increases in cortical RPs during late embryogenesis and peaks in perinatal V-SVZ NSCs as they transition to
their dormant adult stem cell state (Borrett et al., 2020). Moreover, we show that LRIG1 negatively regulates proliferation of
embryonic cortical RPs and perinatal V-SVZ NSCs. Finally, we
show that LRIG1 mediates these effects by associating with
and negatively regulating EGFR. These data support a model
in which LRIG1 dampens the stem cell response to EGFR ligands
within the cortical environment to slow their proliferation as they
transition to postnatal adult NSCs.
RESULTS
Lrig1 Is Expressed in Cortical RPs as They Transition to
Postnatal Forebrain NSCs
To ask if LRIG1 is expressed as embryonic cortical RPs transition
to postnatal NSCs, we performed western blots from the embryonic to adult cortex (Figure 1A). LRIG1 was detectable by E14.5,
peaked at postnatal day 1 (P1) to P8, and declined in the adult.
To determine the cell types that express Lrig1 mRNA, we
analyzed scRNA-seq data of the embryonic cortex (Yuzwa
et al., 2017) and the postnatal V-SVZ (Borrett et al., 2020).
Lrig1 mRNA was largely limited to non-proliferative cortical
RPs from E13.5–E17.5 and to slow-dividing/quiescent V-SVZ
NSCs postnatally, with the highest proportion of positive cells
at P2, when RPs are transitioning to dormant adult NSCs (Figures 1B and 1C). Lrig1 mRNA was also expressed in developing
astrocytes postnatally (not shown).
We confirmed these findings in two ways. First, we analyzed
mice with CreERT2 knocked in to the Lrig1 locus crossed to
TdTomato reporter mice (Lrig1CreERT2/+;R26-LSL-TdT). Tamoxifen (TMX) was injected at P7 and the forebrain immunostained
at P10 for SOX2 and GFAP, which together identify NSCs. Lrig1CreERT2-TdT-positive, SOX2-positive, GFAP-positive NSCs
were distributed along the P10 V-SVZ (Figure 1D), including
the cortically derived dorsal and dorsal-lateral areas (Young
et al., 2007; Borrett et al., 2020). As in the scRNA-seq analysis,
some glia, including GFAP-positive, SOX2-negative astrocytes,
were also TdT-positive. Similar results were obtained with P56
TMX treatment, although TdT-positive NSCs were more scattered (Figure S1A).
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Second, we immunostained for LRIG1 protein. At E13.5 and
E15.5 (Figure 1E), LRIG1 immunoreactivity was predominantly
localized to apical endfeet of PAX6-positive cortical RPs. By
E17.5, LRIG1 immunoreactivity was also present around RP
cell bodies in a punctate pattern consistent with membrane
localization. Immunostaining of the cortically derived dorsal
and dorsolateral V-SVZ at P7 (Figure 1F) identified detectable,
punctate LRIG1 in SOX2-positive, GFAP-positive NSCs adjacent
to the lateral ventricles. As in the other analyses, LRIG1 immunoreactivity was also seen in GFAP-positive, SOX2-negative
astrocytes at P7. This immunostaining was specific, as it
was not seen in the E17.5 Lrig1CreERT2/CreERT2-knockout (KO)
cortex (Figure S1B).
We next asked if LRIG1-positive embryonic cells contributed to
postnatal V-SVZ NSCs. We administered TMX and EdU (5-ethynyl-20 -deoxyuridine) to pregnant Lrig1CreERT2/+;R26-LSL-TdT
mothers at gestational day 15.5 to label Lrig1-expressing RPs
and proliferating cells, respectively. Analysis of the P21 V-SVZ
of their progeny (Figure 1G) identified SOX2-positive, TdT-positive dorsolateral V-SVZ cells. Some of these were EdU positive,
indicating that they originated from embryonic Lrig1-expressing
cortical RPs that proliferated at E15.5. Thus, Lrig1-expressing
embryonic cortical RPs contribute to V-SVZ NSCs.
Constitutive Loss of Lrig1 Causes Enhanced
Proliferation of Embryonic Cortical RPs
To ask about LRIG1 function, we analyzed Lrig1CreERT2/CreERT2KO mice. These mice die at birth in a strain-dependent manner,
so we focused on embryogenesis, injecting pregnant mothers
with EdU at gestational day 17 and analyzing cortices of their
wild-type (Lrig1+/+; WT) and KO (Lrig1CreERT2/CreERT2) progeny
6 h later (Figures 2A–2C). In WT cortices, PAX6-positive RPs
were limited to the VZ, where EdU-positive and EdU-negative
RPs were intermingled. In KO cortices, the thickness of the
PAX6-positive domain was comparatively increased, and both
total PAX6-positive RPs and the proportion of EdU-positive proliferative RPs were significantly increased. Consistent with this
RP expansion, cortical VZ-SVZ thickness was increased, with
the largest increase occurring ventrally (Figures 2D and 2E).
Thus, LRIG1 normally suppresses embryonic cortical RP
proliferation.
We also asked about intermediate progenitors (IPs), the
cortical neurogenic transit-amplifying cells, by analyzing similar
sections for EdU and the IP marker TBR2 (Figures 2F–2H). In
E17.5 WT cortices, TBR2-positive cells were localized to a thin

(C) Histogram of the proportion of non-proliferative embryonic RPs or postnatal slowly proliferating/quiescent NSCs that express Lrig1 in scRNA-seq data from
the embryonic cortex and postnatal V-SVZ (Borrett et al., 2020).
(D) Forebrain sections from Lrig1CreERT2/+;R26-LSL-TdT mice injected with tamoxifen from P7–P9 and analyzed for TdT and immunostained for SOX2 and GFAP.
Low-magnification image (left) shows the region around the lateral ventricles (LVs), and boxes capture the dorsal (1) and dorsolateral (2) V-SVZ. (1) and (2) are
shown at higher magnification (right) indicating triple-labeled cells (inset). Also shown are TdT+ cells outside of the V-SVZ (arrows, low-magnification image) and
TdT+GFAP+SOX2 astrocytes close to the V-SVZ (double arrows, high-magnification images).
(E) E13.5, E15.5, and E17.5 cortex immunostained for LRIG1 and PAX6.
(F) P7 dorsal V-SVZ immunostained for LRIG1, SOX2, and GFAP.
(G) Pregnant mice injected with tamoxifen and EdU on gestational day 15, and forebrain sections from their P21 Lrig1CreERT2/+;R26-LSL-TdT offspring were
analyzed for TdT, EdU, and SOX2 immunoreactivity. Shown are high-magnification images of the dorsolateral V-SVZ.
For (D)–(G), hatched white lines outline the LV, and for (E)–(G), regions imaged are indicated by schematics. Scale bars, 100 and 20 mm for low and high
magnification in (D) and 20 mm in (E)–(G). Inset scale bars, 5 mm in (D). Arrowheads denote double-labeled (E and F) and triple-labeled (D and G) cells. Also see
Figure S1.
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Figure 2. Constitutive Knockout of Lrig1 Causes Expansion and Increased Proliferation of Cortical Precursor Populations at the Expense of
Later Born Neurons
(A–K) Pregnant mice were injected with EdU at gestational day 17.5, and Lrig1CreERT2/CreERT2 (KO) and Lrig1+/+ (WT) embryos were analyzed 6 h later. (A) Caudal
cortical sections analyzed for EdU and PAX6 immunoreactivity (higher magnification inset) and (B) and (C) quantification of the total relative number of PAX6+ cells
(B) and the %PAX6+EdU+ cells (C). (D) Representative images of E17.5 KO and WT caudal cortical sections counterstained with Hoechst to visualize nuclei. The
hatched white lines delineate the VZ, SVZ, and cortical plate. (E) VZ-SVZ thickness at the dorsal, lateral, and ventral aspects as defined in Figure S2A. (F) Caudal
cortical sections analyzed for EdU and TBR2 immunoreactivity and (G) and (H) quantification of the total relative number of TBR2+ cells (G) and %TBR2+EdU+
cells (H). The boxed regions in (F) are shown at higher magnification (insets). (I) Cortical plate thickness at the dorsal, lateral, and ventral aspects as defined in

(legend continued on next page)
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SVZ band, and few of these were EdU positive. In KO cortices,
the TBR2-positive IP band was wider, and both total IPs and
the proportion of proliferative EdU-positive IPs were increased
more than 2-fold.
Finally, we characterized the newborn cortical neurons that
are generated by both RPs and IPs during later embryogenesis.
Analysis of cortices at E17.5 showed that cortical plate width
(Figure S2A) was reduced by 1.5- to 2-fold over the entirety of
the E17.5 KO cortex (Figure 2I). Immunostaining for the later
born superficial layer cortical neuron marker SATB2, together
with two deeper layer neuron markers, CTIP2 and TBR1 (Figure 2J), showed that lamination was similar in WT and KO
cortices, with SATB2-positive neurons more superficially localized than CTIP2-positive and TBR1-positive neurons. However,
in KO cortices, the number of SATB2-positive cortical plate
neurons was decreased, and the SATB2-positive neuronal
layer was thinner (Figure 2K; Figure S2B). This reduction was
not due to increased apoptosis (Figure S2C) and instead
potentially resulted from a delay in neurogenesis caused by RP
and IP expansion.
Acute Loss of Lrig1 in Culture Increases Embryonic
Cortical RP Proliferation and Self-Renewal
To determine if increased proliferation caused by Lrig1 KO occurs cell-intrinsically, we knocked down Lrig1 in cultured E14.5
cortical precursors (CPs) that generate neurons and glial
sequentially in culture as they do in vivo (Yuzwa et al., 2016).
Analysis of these cultures by western blots (Figure 3A) showed
that LRIG1 was expressed at low levels from 0 to 3 days in culture and then was increased from 3 to 7 days (Figure 3A). Immunostaining of these cultures (Figure 3B) indicated that LRIG1 was
expressed in CPs positive for PAX6, SOX2, or Nestin, but not in
bIII tubulin-positive neurons, similar to what was seen in vivo.
We next asked about LRIG1 function in these cultured CPs. To
do so, we generated murine Lrig1-targeting small hairpin RNAs
(shRNAs), as well as control luciferase shRNAs (shControl/
shCon) in a PiggyBac expression cassette that also encodes
turbo-GFP (tGFP). These constructs enable genomic integration
and permanent expression in precursors and their progeny when
co-transfected with a PiggyBac transposase (PBase). We validated two Lrig1 shRNAs by co-transfecting them with a murine
Lrig1 expression plasmid into HEK293 cells. Western blots
showed that Lrig1 but not control shRNAs effectively knocked
down Lrig1 expression (Figure 3C). We then transfected the
shRNAs into CPs and immunostained cultures after 7 days (Figures 3D–3F). Lrig1 knockdown (KD) increased the proportions of
tGFP-positive, PAX6-positive RPs and tGFP-positive, Ki67-positive proliferating precursors.
We performed two additional analyses to characterize the
enhanced precursor proliferation caused by Lrig1 KD. First, we
measured cell cycle exit. We transfected E14.5 CPs with Lrig1
or control shRNAs, added EdU at 7 days, and analyzed cultures
after a further 24 h (Figure S3A). In controls, about 25%–30% of
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cells were tGFP positive, EdU positive, and Ki67 negative, indicating they had divided at least once over the previous 24 h
but were no longer in the cell cycle. By comparison, Lrig1 KD
reduced tGFP-positive, EdU-positive, Ki67-negative cells to
13%, indicating that LRIG1 was necessary for cell cycle exit.
Second, we asked if self-renewal was altered by performing
clonal analysis of similar cultures containing a small number of
transfected cells. Analysis after 7 days showed that both Lrig1
shRNAs increased the sizes of isolated tGFP-positive presumptive clones relative to control shRNA (Figures 3G and 3H).
Acute Loss of Lrig1 Enhances Proliferation of
Embryonic and Perinatal Neural Precursor Cells In Vivo
To ask if acute Lrig1 KD had similar effects on cortical RPs in vivo,
we used in utero electroporation (IUE) to transduce E13.5
cortical RPs with plasmids encoding PBase and either Lrig1
(shLrig1V1) or control shRNA. Analysis 5 days later showed
that Lrig1 KD caused an almost 2-fold increase in both tGFPpositive, Pax6-positive RPs and tGFP-positive, Ki67-positive
proliferating precursors (Figures 3I–3K).
These data indicate that LRIG1 acts within cortical RPs to slow
their proliferation during late embryogenesis and thus might be
important for their transition to postnatal NSCs. To further test
this idea, we used CRISPR-Cas9 gene editing to disrupt the
Lrig1 gene in P1 V-SVZ NSCs. We generated two guide RNAs
(gRNAs) targeting Lrig1 in plasmids containing Cas9 linked to
mCherry under the control of the Prom1 promoter. Expression
of these plasmids will cause Lrig1 deletion and mCherry expression in Prom1-positive postnatal NSCs and their progeny (A.G.
et al., unpublished data). To validate these Lrig1 gRNAs, we
transfected them into CP cultures under control of the CMV promoter. LRIG1 immunoreactivity was seen in SOX2-positive,
mCherry-positive CPs transfected with a control LacZ gRNA
plasmid but not with either Lrig1 gRNA (Figures S3B and S3C).
We therefore electroporated the two Prom1-driven Lrig1 gRNAs
into cells lining the P1 V-SVZ along with a third plasmid containing a Gfap promoter-driven GFP; this strategy allows NSC
identification using two known NSC markers, Prom1 and Gfap
(Beckervordersandforth et al., 2010; Codega et al., 2014). Immunostaining 10 days later at P10 demonstrated that Lrig1 gene
disruption increased mCherry-positive, GFP-positive, Ki67-positive proliferating NSCs from 6% to 21% (Figures 3L and 3M).
Thus, LRIG1 suppresses proliferation of perinatal NSCs as they
transition to adult NSCs.
LRIG1 Suppresses Cortical RP Proliferation by
Negatively Regulating EGFR
LRIG1 inhibits proliferation of other cells by negatively regulating
receptor tyrosine kinases (RTKs). To ask if this mechanism might
be relevant in neural precursors, we used the biotinylation
by antibody recognition (BAR) proximity labeling approach
(Bar et al., 2018) to identify potential RTK targets of LRIG1 in
CPs. In this method, an LRIG1 primary antibody linked to a

Figure S2A. (J) Images of E17.5 KO (left) and WT (right) caudal cortical sections immunostained for SATB2, CTIP2, and TBR1 (higher magnification inset). (K)
Quantification of the total relative number of SATB2+ cells in the cortical plate as defined in Figure S2B. Scale bars, 100 mm in (A) and (F) and 200 mm in (D) and (J).
Inset scale bars, 20 mm in (A) and (F) and 100 mm in (J). Arrowheads denote double-labeled cells. N = 6 (WT) and 4 (KO) mice in (B), (C), (G), and (H), and n =
3 mice/condition in (E), (I),and (K). Also see Figure S2.
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horseradish peroxidase-labeled secondary antibody guides
biotin onto proteins in proximity to LRIG1. We applied BAR to
5 day embryonic CP cultures and pulled down biotinylated proteins using streptavidin-labeled beads. Western blots showed
that biotinylated proteins were only seen in the presence of
LRIG1 antibody (Figure 4A), with 473 such proteins identified
by mass spectrometry. Many of these were associated with
cell adhesion and cytoskeletal binding (Figure S4A). Notably,
EGFR was the third most frequently identified protein and was
the only RTK (Table S1).
EGFR is a known proliferative receptor for CPs (Tropepe et al.,
1999; Kilpatrick and Bartlett, 1995; Burrows et al., 1997), suggesting that it might be an important target for LRIG1 in this
context. Consistent with this idea, western blots showed that
the EGFR and LRIG1 have similar expression patterns in both
CP cultures and the developing cortex (Figures 1A, 3A, 4B,
and 4C). Moreover, immunostaining of 5 day CP cultures
showed that EGFR was detectable in almost all LRIG1-positive
cells and that the large majority of these were bIII tubulin-negative precursors (Figure 4D). We therefore asked whether LRIG1
and EGFR were located within 40 nm of each other in cultured
CPs using proximity ligation assays (PLAs). We did this with
and without EGF, after confirming that EGF added to CP medium
for 20 min caused EGFR activation as monitored with a phosphorylation-specific EGFR antibody (pEGFR) (Figure 4E). As
controls, we performed PLA assays with no or only one primary
antibody; in all cases, few or no dots were identified on individual
cells (Figure S4B). In contrast, when both LRIG1 and EGFR antibodies were used, there were on average 3.7 dots/cell in the
absence of EGF, which increased to 8.7 in the presence of
EGF (Figure 4F; Figure S4B).
These results indicate that LRIG1 and EGFR are closely associated in embryonic CPs and that ligand binding enhances this
association. We therefore asked if LRIG1 inhibits EGFR activation and downstream signaling in cortical RPs. Immunostaining
(Figures 4G and 4H) showed that in E17.5 WT cortices,
pEGFR-positive puncta were present and largely localized to
the apical-most region of SOX2-positive RPs. By comparison,
there were about 3-fold more pEGFR-positive punctae in KO
cortices, and these were seen throughout the entire VZ around
SOX2-positive RP cell bodies. These changes were not due to

altered receptor localization, as total EGFR was distributed in a
similar symmetric localization pattern in dividing WT versus KO
cortical RPs (Figure S4C), consistent with a previous report
that 90% of embryonic cortical RPs display symmetrically localized EGFR (Sun et al., 2005).
We also examined a major downstream target of EGFR in the
V-SVZ, the MEK-ERK1/2 signaling pathway (Gampe et al., 2011),
using an antibody that recognizes activated, phosphorylated
ERK1/2 (pERK1/2). Immunostaining (Figures 4I and 4J) showed
that in E17.5 WT cortices, 40%–45% of SOX2-positive precursors were pERK1/2-positive and that this was significantly
increased to ~55% in KO cortices.
Last, we performed rescue experiments to ask if the increased
EGFR activation following LRIG1 loss was responsible for the
coincident RP expansion. To do so, we knocked down Lrig1 in
CP cultures using the shLrig1 plasmid (shLrig1V1) and at the
same time co-transfected a dominant-inhibitory, kinase-deficient EGFR that has been shown to inhibit EGFR activation (Du
et al., 2004; Lee et al., 2004). This co-expression of dominantinhibitory EGFR rescued the Lrig1 KD-induced expansion of
tGFP-positive, PAX6-positive RPs seen after 7 days (Figure 4K).
Thus, LRIG1 inhibits EGFR activation and signaling in cortical
RPs, and in so doing suppresses their proliferation as they transition to postnatal NSCs.
DISCUSSION
Here, we present evidence supporting the conclusion that LRIG1
regulates the developmental transition from a rapidly proliferating embryonic cortical RP to a slowly proliferating postnatal
NSC. First, we show that LRIG1, a negative regulator of proliferation/quiescence in stem cells (Jensen and Watt, 2006; Jensen
et al., 2009; Wong et al., 2012), is expressed in embryonic
cortical RPs as they slow their proliferation and is then maintained in postnatal V-SVZ NSCs. Second, our genetic ablation
studies indicate that LRIG1 acts in a cell-intrinsic fashion to
dampen the proliferation of CPs as they transition to postnatal
NSCs. Third, we provide evidence that EGFR, an important proliferative receptor for developing and adult neural precursors
(Burrows et al., 1997; Kornblum et al., 1997; Tropepe et al.,
1999; Kilpatrick and Bartlett, 1995; Craig et al., 1996; Tropepe

Figure 3. Acute Knockdown of Lrig1 in Culture and In Vivo Increases Proliferation of Embryonic RPs and Postnatal NSCs
(A) LRIG1 western blot of cultured cortical precursors (CPs) at the time of plating (0) and 1, 3, or 7 days in vitro (DIV). GAPDH is a loading control.
(B) CPs cultured for 5 DIV and immunostained for LRIG1, PAX6, SOX2, Nestin (NES), or bIII tubulin and counterstained for Hoechst.
(C) LRIG1 western blot of HEK293 cells co-transfected with the murine Lrig1 expression plasmid (or empty vector [EV]), PBase, and one of two Lrig1 shRNA
(shLrig1V1 or V2) or control shRNA (shControl [shCon]) constructs. ERK1 is used as a loading control.
(D) CPs were co-transfected with PBase and shControl or shLrig1V1 and immunostained for tGFP and PAX6 or Ki67 at 7 DIV.
(E and F) Quantification of cultures as in (D) for %tGFP+PAX6+ and %tGFP+Ki67+ cells.
(G) Representative images of E14.5 CP colonies. CPs were co-transfected with PBase and shCon or shLrig1V1 and immunostained for tGFP at 7 DIV.
(H) Quantification of cultures as in (G) for the size distribution of tGFP+ colonies.
(I) E18.5 cortices electroporated at E13.5 with plasmids encoding PBase and shCon or shLrig1V1 (shLrig1), immunostained for tGFP, PAX6, and Ki67. Images
show tGFP immunoreactivity (left) from the ventricle (bottom) to the meninges (top), and the boxed regions are higher magnification (right).
(J and K) Quantification of sections as in (I) for the %tGFP+PAX6+ (J) or %tGFP+Ki67+ (K) cells.
(L) P1 cortices co-electroporated with a Gfap-GFP expression vector and the control or Lrig1 gRNA-Prom1-Cas9-mCherry vector and immunostained for GFP,
mCherry, and Ki67 at P10. Shown are representative images of triple-labeled NSCs in the dorsolateral V-SVZ.
(M) Quantification of sections as in (L) for the %mCherry+GFP+ cells that were also Ki67+.
Scale bars, 20 mm in (B) and (D) and 50 mm in (G), (I), and (C). Arrowheads indicate double-labeled (B, D, and I) and triple-labeled (L) cells. N = 3–6 per condition
(independent experiments) for cultures and n = 4 mice in (M). See also Figure S3.
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Figure 4. LRIG1 Interacts with and Negatively Regulates EGFR in Cortical RPs
(A) Biotinylation by antibody recognition on E14.5 cortical precursors (CPs) cultured for 5 days in vitro (DIV) and incubated overnight with and without anti-LRIG1
antibody (LRIG1 Ab+ and Ab). Following biotinylation and cross-linking reversal, a portion of each sample was probed with streptavidin-HRP by western blot to
detect biotinylated proteins. Representative blot from n = 2 independent experiments.
(B and C) Western blot for EGFR from E14.5, E16.5, P1, P3, P5, P8, and adult cortices (B) and from CPs, collected at the time of plating (0) or at 1, 3, or 7 DIV (C).
GAPDH is a loading control. In (C), at each time point, two technical replicates of cultures are shown that are representative of two independent experiments.
(D) CPs were immunostained for LRIG1, EGFR, and bIII tubulin at 5 DIV. Shown are LRIG1 and EGFR+ precursors that are bIII tubulin (arrowheads).
(E) Western blots for pEGFR and total EGFR of 5 DIV CPs exposed to EGF (+) or to control medium without EGF () for 20 min.
(F) Proximity ligation assays (PLAs) between LRIG1 and EGFR in 5 DIV CPs with and without EGF (20 min) (+ and  EGF). Shown are PLA dots/cell for each
condition.
(G) High-magnification images of caudal cortical sections from E17.5 Lrig1CreERT2/CreERT2 (KO) and Lrig1+/+ (WT) embryos immunostained for pEGFR and SOX2.
(H) Quantification of sections as in (G) for the number of pEGFR puncta per SOX2+ cell in the VZ-SVZ.
(I) High-magnification images of caudal cortical sections from E17.5 KO and WT embryos immunostained for pERK and SOX2.

(legend continued on next page)
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et al., 1997; Pastrana et al., 2009), is a major target for LRIG1 in
cortical RPs. Together, these data support a model in which
LRIG1 is induced in rapidly proliferating cortical RPs during
late embryogenesis, when it acts to suppress RTKs like EGFR
and in so doing ‘‘blinds’’ RPs to proliferative niche cues while
they are adopting a quiescent/slowly proliferating postnatal
NSC state.
With the exception of a number of cell cycle regulators, the
mechanisms regulating the transition to dormant postnatal
NSCs are still not well understood (Urbán et al., 2019). In this regard, developing forebrain RP/NSCs are exposed to a plethora
of cues within a rapidly evolving niche environment, including
well-established proliferative ligands such as EGF, FGF2, and
IGF1, which are necessary to instruct their expansion and differentiation (Burrows et al., 1997; Kornblum et al., 1997; Seroogy et
al., 1995; Tropepe et al., 1999; Kilpatrick and Bartlett, 1995; Martens et al., 2000; Popken et al., 2004; Rash et al., 2011). Nevertheless, a subset of cortical RPs somehow transition to a slowdividing/quiescent state, a change that takes place over a protracted period from ~E15 to P6 (Borrett et al., 2020). How does
this transition occur in an environment that is rich in proliferative
cues? Our data support a model in which cortical RPs upregulate
proteins such as LRIG1 that actively ‘‘blind’’ precursors to the
proliferative environment by suppressing growth factor-mediated signaling. Specifically, we show that LRIG1 associates
with EGFR in RPs during late embryogenesis and in so doing
downregulates its activity and suppresses the activity of ERK1/
2, a downstream target important for RP proliferation and differentiation (Barnabé-Heider and Miller, 2003). The net effect is that
RP proliferation is slowed despite exposure to EGF ligands
within the niche.
LRIG1 may be also be important for a second aspect of
cortical RP development that involves a lengthening of the cell
cycle. During embryogenesis, RPs slow their cycling time as
they start to divide asymmetrically to make neurons (Gao et al.,
2014; Noctor et al., 2004, Calegari et al., 2005; Takahashi
et al., 1995). When this switch is perturbed by expression of activated Notch (Chambers et al., 2001) or by the overexpression of
cyclins/cyclin-dependent kinases (Lange et al., 2009; Pilaz et al.,
2009), this results in enhanced neural precursor numbers and
proliferation as well as impaired neurogenesis. These phenotypes are reminiscent of what we observed here with loss
of Lrig1. Thus, in addition to slowing proliferation as RPs
transition to postnatal NSCs, LRIG1 may also be important
for allowing precursors to slow their cell cycle as part of cortical
neurogenesis.
How does LRIG1 slow the proliferation of cortical RPs? Our
data suggest that it does so, at least in part, via EGFR, as
seen in other cell types (Jensen and Watt, 2006; Powell et al.,
2012). Importantly, we showed that EGFR and LRIG1 display
very similar expression patterns in the developing cortex, that
both proteins are expressed in embryonic cortical RPs, and

that the association between LRIG1 and EGFR in cultured
RPs increases following EGF-dependent activation of EGFR.
This LRIG1-EGFR association is important in cortical RPs
because loss of Lrig1 in these cells led to significant increases
in activated pEGFR and pERK1/2, consistent with similar increases observed in intestinal (Powell et al., 2012; Wong
et al., 2012) and tracheal epithelia (Lu et al., 2013). Moreover,
a dominant-inhibitory form of EGFR rescued the increased RP
proliferation that was observed following Lrig1 KD, indicating
that this increased proliferation was due to aberrant activation
of EGFR in the absence of LRIG1.
A final question is whether LRIG1 is important for maintenance of quiescent adult NSCs where it is also expressed at
lower levels, as described here and by Nam and Capecchi
(2020). We show here that EGFR is the primary target for
LRIG1 in developing NSCs, but EGFR is expressed only in activated and not quiescent adult NSCs. Although it is possible that
LRIG1 may act in adult NSCs by interacting with proliferative
RTKs, that (1) quiescence niche-enforcing factors have been
identified (Imayoshi et al., 2010; Furutachi et al., 2013; reviewed
in Urbán et al., 2019; Gauthier-Fisher and Miller, 2013) and (2)
adult NSC quiescence requires downregulation of proliferative
genes such as Egfr suggests that the mechanisms regulating
maintenance of quiescence may differ between developing
and adult NSCs. In the adult, quiescence-enforcing factors
may be dominant over proliferative niche factors, while the
transition to quiescence involves proteins such as LRIG1 that
can ‘‘blind’’ RPs to growth factors such as EGF, thereby
allowing them to slow down their proliferation in a niche
that is rich in proliferative cues.
In summary, our data reveal LRIG1 as an important negative
regulator of CP proliferation during development when the niche
is rapidly evolving, and yet the precursors must slow proliferation
and ultimately transition to postnatal NSCs. Deciphering how
developing neural precursors integrate niche signals and decide
to divide, differentiate, or become quiescent is critical both for
understanding how the brain develops and for understanding
how adult NSC pools are established.
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Gampe, K., Brill, M.S., Momma, S., Götz, M., and Zimmermann, H. (2011). EGF
induces CREB and ERK activation at the wall of the mouse lateral ventricles.
Brain Res. 1376, 31–41.

Alsina, F.C., Hita, F.J., Fontanet, P.A., Irala, D., Hedman, H., Ledda, F., and
Paratcha, G. (2016). Lrig1 is a cell-intrinsic modulator of hippocampal dendrite
complexity and BDNF signaling. EMBO Rep. 17, 601–616.

Gao, P., Postiglione, M.P., Krieger, T.G., Hernandez, L., Wang, C., Han, Z.,
Streicher, C., Papusheva, E., Insolera, R., Chugh, K., et al. (2014). Deterministic progenitor behavior and unitary production of neurons in the neocortex.
Cell 159, 775–788.

10 Cell Reports 33, 108257, October 13, 2020

ll
Report
Gauthier-Fisher, A., and Miller, F.D. (2013). Environmental cues and signalling
pathways that regulate neural precursor development. In Comprehensive
Developmental Neuroscience, J. Rubenstein and P. Rakic, eds. (New York:
Elsevier), pp. 355–383.
Gur, G., Rubin, C., Katz, M., Amit, I., Citri, A., Nilsson, J., Amariglio, N., Henriksson, R., Rechavi, G., Hedman, H., et al. (2004). LRIG1 restricts growth factor signaling by enhancing receptor ubiquitylation and degradation. EMBO J.
23, 3270–3281.
Homem, C.C., Repic, M., and Knoblich, J.A. (2015). Proliferation control in
neural stem and progenitor cells. Nat. Rev. Neurosci. 16, 647–659.
Imayoshi, I., Sakamoto, M., Yamaguchi, M., Mori, K., and Kageyama, R.
(2010). Essential roles of Notch signaling in maintenance of neural stem cells
in developing and adult brains. J. Neurosci. 30, 3489–3498.
Jensen, K.B., and Watt, F.M. (2006). Single-cell expression profiling of human
epidermal stem and transit-amplifying cells: Lrig1 is a regulator of stem cell
quiescence. Proc. Natl. Acad. Sci. U S A 103, 11958–11963.
Jensen, K.B., Collins, C.A., Nascimento, E., Tan, D.W., Frye, M., Itami, S., and
Watt, F.M. (2009). Lrig1 expression defines a distinct multipotent stem cell
population in mammalian epidermis. Cell Stem Cell 4, 427–439.
Kilpatrick, T.J., and Bartlett, P.F. (1995). Cloned multipotential precursors from
the mouse cerebrum require FGF-2, whereas glial restricted precursors are
stimulated with either FGF-2 or EGF. J. Neurosci. 15, 3653–3661.
Kornblum, H.I., Hussain, R.J., Bronstein, J.M., Gall, C.M., Lee, D.C., and Seroogy, K.B. (1997). Prenatal ontogeny of the epidermal growth factor receptor
and its ligand, transforming growth factor alpha, in the rat brain. J. Comp. Neurol. 380, 243–261.

OPEN ACCESS

Noctor, S.C., Martı́nez-Cerdeño, V., Ivic, L., and Kriegstein, A.R. (2004).
Cortical neurons arise in symmetric and asymmetric division zones and
migrate through specific phases. Nat. Neurosci. 7, 136–144.
Pastrana, E., Cheng, L.C., and Doetsch, F. (2009). Simultaneous prospective
purification of adult subventricular zone neural stem cells and their progeny.
Proc. Natl. Acad. Sci. U S A 106, 6387–6392.
Pilaz, L.-J., Patti, D., Marcy, G., Ollier, E., Pfister, S., Douglas, R.J., Betizeau,
M., Gautier, E., Cortay, V., Doerflinger, N., et al. (2009). Forced G1-phase
reduction alters mode of division, neuron number, and laminar phenotype in
the cerebral cortex. Proc. Natl. Acad. Sci. U S A 106, 21924–21929.
Popken, Hodge, R.D., Ye, P., Zhang, J., Ng, W., O’Kusky, J.R., and D’Ercole,
A.J. (2004). In vivo effects of insulin-like growth factor-I (IGF-I) on prenatal and
early postnatal development of the central nervous system. Eur. J. Neurosci.
19, 2056–2068.
Powell, A.E., Wang, Y., Li, Y., Poulin, E.J., Means, A.L., Washington, M.K., Higginbotham, J.N., Juchheim, A., Prasad, N., Levy, S.E., et al. (2012). The panErbB negative regulator Lrig1 is an intestinal stem cell marker that functions
as a tumor suppressor. Cell 149, 146–158.
Rash, B.G., Lim, H.D., Breunig, J.J., and Vaccarino, F.M. (2011). FGF signaling
expands embryonic cortical surface area by regulating Notch-dependent neurogenesis. J. Neurosci. 31, 15604–15617.
Seroogy, K.B., Gall, C.M., Lee, D.C., and Kornblum, H.I. (1995). Proliferative
zones of postnatal rat brain express epidermal growth factor receptor
mRNA. Brain Res. 670, 157–164.
Sun, Y., Goderie, S.K., and Temple, S. (2005). Asymmetric distribution of EGFR
receptor during mitosis generates diverse CNS progenitor cells. Neuron 45,
873–886.
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The Jackson Laboratory

Cat#JAX:007909; RRID:IMSR_JAX:007909

Murine Lrig1 shRNA sequence
(Lrig1shRNAv1): 50 TCAGTCACATTGCTGAAG-30

Alsina et al., 2016

N/A

Murine Lrig1 shRNA sequence
(Lrig1shRNAv2): 50 GCCTGAGACGACCATGGC-30

This paper

N/A

Luciferase shRNA sequence (shControl): 50 GGATTTCAGTCGATGTACA-30

Voronova et al., 2017

N/A

Lrig1 gRNA (Lrig1-gRNA1) sequence: 50 GCGTTCCAGACAAGATGGCG-30

Arman Saghatelyan Lab

N/A

Lrig1 gRNA (Lrig1-gRNA2) sequence: 50 CACAGGCTGCGCGTCCAGGA-30

Arman Saghatelyan Lab

N/A

LacZ gRNA (LacZ-gRNA, Control)
sequence: 50 TGCGAATACGCCCACGCGAT-30

Arman Saghatelyan Lab

N/A

PiggyBac tGFP and Super Piggybac
Transposase plasmids

SBI

Cat# PBSI506A-1 and PB210PA-1

pU6-(Bbsl)_CBh_Cas9_T2A_mCherry
plasmid

Gift from Dr. Kuehn, BIH

RRID:Addgene_64324

pFLAG-Egfr (Velvet) plasmid

Gift from Dr. Bruce Beutler

RRID:Addgene_18788

Adobe Photoshop 2020

Adobe Systems

https://www.adobe.com/products/
photoshop.html; RRID:SCR_014199

Adobe Illustrator 2020

Adobe Systems

https://www.adobe.com/products/
illustrator.html; RRID:SCR_010279

Volocity Image Acquisition Software
(Version 6.3)

Perkin Elmer

https://www.perkinelmer.com/
lab-solutions/resources/docs/
BRO_VolocityBrochure_PerkinElmer.pdf;
RRID:SCR_002668

Zen Image Acquisition Software (Version
2.3)

Zeiss Microscope

https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html;
RRID:SCR_013672

Oligonucleotides

Recombinant DNA

Software and Algorithms

(Continued on next page)
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SOURCE

IDENTIFIER

ImageJ

NIH

https://imagej.nih.gov/ij/;
RRID:SCR_003070

GraphPad Prism 8

GraphPad

https://www.graphpad.com/
scientific-software/prism/;
RRID:SCR_002798

Seurat R Package (Multiple versions)

Laboratory of Rahul Satija

https://satijalab.org/seurat/;
RRID:SCR_016341

R Project for Statistical Computing

R Foundation

https://www.r-project.org/;
RRID:SCR_001905

Gorilla Gene Ontology Tool

Eden et al., 2009

http://cbl-gorilla.cs.technion.ac.il/);
RRID:SCR_006848

RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Scott
Yuzwa (scott.yuzwa@utoronto.ca).
Materials Availability
Plasmids generated in this study will be made available on request from the Lead Contact.
Data and Code Availability
The published article includes all datasets generated or analyzed during this study and no new code was produced.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
All animal use was approved by the Animal Care Committee of the Hospital for Sick Children or the Local Animal Care Committee at
the University of Toronto, in accordance with the Canadian Council of Animal Care policies. In all cases, mice were maintained on a
12-hour light/dark cycle with free access to rodent chow and water. Mice used for experiments were healthy with no obvious behavioral phenotypes, and none were immune compromised. For all studies, mice of either sex were used, and were randomly allocated to
experimental groups. The ages of mice used for experiments ranged from embryonic day 13 (E13) to adulthood (6-8 weeks). The
specific end-point ages for each experiment are indicated in the figure legends. Wild-type CD1 mice purchased from Charles River
Laboratories were used for all western blot, culture, and electroporation experiments. Lrig1CreERT2 (Lrig1tm1.1(cre/ERT2)Rjc/J; RRID:IMSR_JAX:018418) (Powell et al., 2012) and R26-LSL-TdTomato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; RRID:IMSR_
JAX:007909) (Madisen et al., 2010) mice were obtained from Jackson Laboratories. For constitutive Lrig1 deletion experiments,
two Lrig1CreERT2/+ mice were crossed to generate Lrig1CreERT2/CreERT2 knockout and Lrig1+/+ wild-type embryos. For lineage tracing
experiments, Lrig1CreERT2/+ mice were crossed with R26-LSL-TdT+/+ mice. All mice were bred and genotyped as recommended by
Jackson Laboratories.
Cortical precursor cell cultures
Cultures were prepared as previously described (Voronova et al., 2017 and Yuzwa et al., 2016). Briefly, cortices were dissected from
pooled E13 (for gRNA validation) and E14.5 CD1 mouse embryos (all other culture experiments) of either sex from the same mother.
Meninges were removed to expose the cortical tissue that was then collected and mechanically triturated. Dissociated cortical precursor cells were plated at a density of 50,000 cells/cm2 on glass coverslips pre-coated with 2% laminin (Corning) and 1% poly-Dlysine (Sigma). Until analysis, cultures were maintained at 37 C in the Neurobasal medium (GIBCO) supplemented with 2% B27 (Life
Technologies), 0.5 mM L-glutamine (Lonza), 40 ng/mL FGF2 (Corning), and 1% penicillin and streptomycin (Lonza).
METHOD DETAILS
EdU and tamoxifen administration
For pulse-chase experiments with postnatal Lrig1CreERT2;R26-LSL-TdT mice (Figure 1D), lactating females were injected intraperitoneally with 3 mg of tamoxifen (Sigma) dissolved in a sunflower oil/ethanol mixture (9:1) to 30 mg/mL, twice daily for three days when
the pups were P7-P9. Perinatal mice were collected at P10.
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For pulse-chase experiments with adult Lrig1CreERT2;R26-LSL-TdT mice (Figure S1A), mice at P56 received tamoxifen prepared
as above via intraperitoneal injections, once daily for three consecutive days (P56-P58), and collected at P59. For lineage tracing
experiments with Lrig1CreERT2;R26-LSL-TdT mice (Figure 1G), timed pregnant females at gestational day 15 received a single
oral gavage of 0.5 mg tamoxifen dissolved in sunflower oil to 3.33 mg/mL and two intraperitoneal injections of 50 mg/kg 5-Ethynyl-20 -deoxyuridine (EdU) (Carbosynth) 6 hours apart. Pups were collected via a Caesarean-section at gestational day 18 and
fostered by a CD1 lactating mother until analysis at P21. For acute proliferation analysis of Lrig1CreERT2/CreERT2 knockout and
Lrig1+/+ wild-type mice at E17.5 (Figures 2A, 2C, 2F, and 2H), timed pregnant females at gestational day 17 received a single
intraperitoneal injection of 150 mg/kg EdU, six hours prior to collection.
Stable knockdown plasmid generation
The PiggyBac expression vector (PBSI506A-1) and the Super PiggyBac transposase (sub-cloned into pUC19) plasmid were
purchased from SBI Biosciences and prepared as previously described (Voronova et al., 2017). The short-hairpin sequences
(shRNA) targeting the murine Lrig1 mRNA (GenBank: NC_000072.6) were: 50 -TCAGTCACATTGCTGAAG-30 (Lrig1shRNAv1)
(Alsina et al., 2016), and 50 -GCCTGAGACGACCATGGC-30 (Lrig1shRNAv2). The target sequence generated against luciferase
for the control shRNA was: 50 -GGATTTCAGTCGATGTACA-30 (shCon) (Voronova et al., 2017). Annealed oligos were inserted into
the PiggyBac expression vector via EcoRI and BamHI restriction sites. All plasmids were verified by sequencing.
Cortical precursor cell culture transfections
For plasmid transfection of murine cortical precursors, Lipofectamine LTX with Plus Reagent was used as described by the manufacturer (Thermo Fisher). Briefly, 1 mg of total DNA (1:1 ratio of PiggyBac shRNA-encoding plasmid to Super PiggyBac transposase
expression plasmid for acute Lrig1 knockdown experiments), 1.0 mL Lipofectamine, and 0.5 mL Plus Reagent was prepared in
Opti-MEM (GIBCO) for each well of a 24-well plate. The mix was incubated at room temperature for 5 minutes for DNA-lipid
complex formation. The DNA-lipid complex was then added to the wells of precursor cultures that were plated three hours
prior. For the dominant-negative EGFR rescue experiments, the same procedure was used along with expression of the
pFLAG-Egfr (Velvet) plasmid (gift from Dr. Bruce Beutler; RRID:Addgene_18788) in a 1.5:1:1.5 (shLrig1V1: Super PiggyBac transposase: DN-EGFR) ratio using 1 mg of total DNA.
In utero electroporation
CD1 pregnant mothers were used for in utero electroporation at gestational day 13.5 (E13.5) as described (Gallagher et al., 2015;
Yuzwa et al., 2016; Voronova et al., 2017). 1 mg of PiggyBac transposase expression plasmid and 1 mg of PiggyBac shRNA-encoding
plasmid were injected into the lateral ventricle of each embryo. 0.5% Tryphan Blue was used as a visual tracer. A square wave
electroporator CUY EDIT (TR Tech, Japan) was used to deliver five 50 ms pulses of 40-50 V with 950 ms intervals across the
embryonic cortex. Embryos were collected five days after electroporation (E18.5).
CRISPR target site selection and electroporation
The gRNAs were designed and selected using the ChopChop online software (Labun et al., 2019). The following gRNA sequences were used: 50 -GCGTTCCAGACAAGATGGCG-30 (Lrig1-gRNA1), 50 -CACAGGCTGCGCGTCCAGGA-30 (Lrig1-gRNA2),
and 50 -TGCGAATACGCCCACGCGAT-30 (LacZ-gRNA, control). The gRNAs were cloned in the BbsI site of the PU6-BbsICBh-Cas9-T2AmCherry plasmid (Kindly provided by Dr. Kuehn, Berlin Institute of Health; RRID:Addgene_64324) in which CBh
was replaced either by the CMV (for culture validation of gRNAs) or by Prom1 promoters (kindly provided by Dr. Gotz, Ludwig-Max€nchen; for in vivo). Since NSCs can be defined by a coincident activity of Gfap and Prom1 promoters
imilians-Universität Mu
(Beckervordersandforth et al., 2010; Codega et al., 2014), a plasmid where GFP expression is driven by the Gfap promoter was
€nchen). Two different gRNAs were used for Lrig1
also introduced (kindly provided by Dr. Gotz, Ludwig-Maximilians-Universität Mu
and plasmids were electroporated together in order to increase the efficiency of the CRISPR editing. gRNA for LacZ was used as
the control.
For the electroporation, CD1 pups of postnatal day 1-2 were anesthetized by hypothermia. Plasmids (1 mL, 3-6 mg/mL total) were
then injected into the lateral ventricle using the following coordinates (with respect to the lambda): anterior-posterior (AP) 1.8 mm,
medio-lateral (ML) 0.8 mm, and dorso-ventral (DV) 1.6 mm. Immediately after the injection, an electric field (five 50-ms 100-mV pulses
at 950-ms intervals) was applied using electrodes positioned on the surface of the bones. Pups were collected at postnatal day 10,
deeply anesthetized, and perfused intracardially with 0.9% NaCl followed by 4% paraformaldehyde (PFA). Brains were extracted and
were kept overnight in 4% PFA. Sagittal sections (40 mm) were cut using a vibratome (Leica).
Antibodies
Primary antibodies used were as follows: goat anti-LRIG1 (1:50, R&D Systems, RRID:AB_2138836), goat anti-SOX2 (1:250, R&D Systems, RRID:AB_355110), rabbit anti-SOX2 (1:250, Cell Signaling, RRID:AB_2194037), rat anti-GFAP (1:500, Thermo Fisher Scientific,
RRID:AB_ 2532994), rabbit anti-PAX6 (1:250, Biolegend, RRID:AB_2565003), rabbit anti-RFP (1:250, Abcam, RRID:AB_945213),
rabbit anti-TBR2 (1:250, Abcam, RRID:AB_778267), mouse anti-SATB2 (1:200, Abcam, RRID:AB_882455), rat anti-CTIP2 (1:250, Abcam, RRID:AB_2064130), rabbit anti-TBR1 (1:400, Abcam, RRID:AB_2200219), chicken anti-tGFP (1:500, OriGene, cat#TA150075),
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rabbit anti-Nestin (1:500, Abcam, RRID: AB_10561437), mouse anti- b-III tubulin (1:1000, R&D Systems, RRID:AB_357520), chicken
anti-GFP (1:500, Aves Labs, RRID:AB_2307313), rabbit anti-mCherry (1:500, BioVision, RRID: AB_1975001), rabbit anti-Ki67 (1:500,
Abcam, RRID: AB_443209), mouse anti-Ki67 (1:200, BD Biosciences PharMingen, RRID:AB_393778), rabbit anti-EGFR (1:200 immunostaining, 1:500 western blotting, Santa Cruz, RRID:AB_631420), rabbit anti-pEGFR (1:250, Abcam, RRID:AB_732110), rabbit antiEGFR (1:100, Abcam, RRID:AB_11156941), rabbit anti-pERK1/2 (1:250, Cell Signaling, RRID:AB_331646), and rabbit anti-cleaved
caspase3 (1:500, Cell Signaling, RRID:AB_2341188). Alexa488, Cy3, Alexa555, and Alexa647-conjugated secondary antibodies
were obtained from Jackson ImmunoResearch Laboratories. Biotin-conjugated donkey anti-goat secondary antibody was purchased from Abcam (RRID: AB_954842). HRP-conjugated donkey anti-goat IgG (RRID:AB_2340390) and anti-rabbit IgG
(RRID:AB_10015282) were purchased from Jackson ImmunoResearch Laboratories. All secondary antibodies were used at
1:500-1:1000 dilution for immunostaining and 1:5000 for western blots.
Immunocytochemistry
Immunocytochemistry on cultured cells was performed as previously described (Voronova et al., 2017; Zahr et al., 2018). Briefly, cells
on glass coverslips were fixed for 15 minutes with 4% PFA and then permeabilized for 5 minutes with 0.2% NP-40 (or 0.3% Triton
X-100) in PBS. Cells were subsequently blocked with 2% bovine serum albumin (BSA) and 6% normal donkey serum (Jackson ImmunoResearch Laboratories) in PBS for one hour at room temperature and incubated with primary antibodies in PBS overnight at
4 C. After washing three times with PBS, samples were incubated with fluorophore-conjugated secondary antibodies (1:1000) for
one hour at room temperature. Nuclei were counterstained with 0.5 mg/mL Hoechst 33258 (Sigma-Aldrich) for two minutes. Coverslips were mounted onto glass slides using PermaFluor mounting media (Thermo Scientific).
Tissue preparation, immunohistochemistry, and EdU analysis
Unless stated otherwise, embryonic (E13.5-E17.5) and postnatal (under P21) brains were fixed in 4% PFA overnight upon collection.
Brains were then cryopreserved in 30% sucrose for 48-72 hours, mounted in O.C.T. compound (Tissue-tek), and cryo-sectioned after
storage at 80 C to produce 16 mm (embryonic) or 18 mm (postnatal) thin coronal sections. P21 and older brains were collected
following a whole-animal perfusion with 30 mL of PBS and 30 mL 4% PFA. Brains were then post-fixed, cryoprotected, and sectioned
as the postnatal brains. All sections were stored at 80 C until use. Immunohistochemistry on tissue sections was performed as previously described (Yuzwa et al., 2017). Briefly, frozen sections were dried for 30 minutes at 37 C, rehydrated in PBS for 5 minutes, and
blocked and permeabilized in a 5% BSA solution with 0.3% Triton X-100 (Thermo Fisher Scientific) for one hour at room temperature.
Sections were incubated in primary antibody in 2.5% BSA overnight, at 4 C in a humidified chamber. For primary antibodies raised in
mouse, a MOM (mouse-on-mouse) kit was used according to the manufacturer’s protocol (Vector Laboratories). After three washes
in PBS, sections were incubated with fluorescently labeled secondary antibody at 1:1000 dilution in PBS for one hour at room temperature. When immunostaining sections with goat anti-LRIG1 primary antibody, sections were incubated instead with biotin-conjugated donkey anti-goat IgG secondary antibody at 1:1000 dilution in PBS for 1 hour at room temperature, which was followed by an
additional 30 minute incubation at room temperature with AlexaFluor488-conjugated Streptavidin (Thermo Fisher Scientific) at
1:1000 dilution in PBS. Sections were then counterstained with 0.5 mg/mL Hoechst 33258 for 5 minutes at room temperature and
mounted on glass slides using PermaFluor. For EdU experiments, sections were taken after the secondary antibody incubation
step and treated with 4% PFA for 20 minutes at room temperature. After three washes in PBS, EdU was detected using the Molecular
Probes Click-It EdU reaction kit as described by the manufacturer (Invitrogen). Following the Click-It reaction, sections were counterstained with 1 mg/mL Hoechst 33258 for one hour and mounted as stated above.
Western blotting
Lysates were prepared from mouse E13 to adult mouse cortices (in Tris-buffered Saline, pH 7.4, 0.5% b-octyl-D-glucopyranoside,
0.5% Triton X-100, 1 mM NaF, 1mM b -glycerophosphate, 1 mM Na3VO4 1 cOmplete, mini, EDTA-free protease inhibitor tablet per
10 ml) incubated on ice for 20 min, centrifuged for 20 min at 12,000 rpm in an Eppendorf 5415 D centrifuge and the resultant supernatants were combined with 1X SDS-PAGE sample loading buffer and heated for 10 min at 70 C. HEK293 cells were lysed directly in
1X SDS-PAGE sample loading buffer and heated for 5 min at 95 C. Samples were loaded into 10% SDS-PAGE gels in SDS-PAGE
sample loading buffer and following transfer to 0.45 mm nitrocellulose membrane (Bio-Rad), membranes were blocked in 2% BSA in
PBS containing 0.1% Tween-20 (PBS-T). Primary antibodies were incubated overnight at 4 C, membranes were washed extensively
with PBS-T and then incubated with the appropriate HRP-conjugated secondary antibody at 1:5,000 dilution. Following washing with
PBS-T, blots were visualized using enhanced chemiluminesence with the Bio-Rad Clairity Western ECL Detection Reagent on a MicroChemi 4.2 chemiluminesence imaging system (DNR Bio-Imaging Systems) or a Syngene G:Box Imager.
Biotinylation by antibody recognition (BAR)
BAR was conducted similar to previously described (Bar et al., 2018). Briefly, cortical precursor cultures (5 DIV), 637,000 cells/well in
6-well plates were washed once with 1X PBS, and then fixed with 4% PFA for 10 min. Following three washes with 1X PBS, cells were
permeabilized with 0.3% Triton X-100 in 1X PBS for 7 min and then washed two more times with 1X PBS. Cells were then treated with
0.5% H2O2 in 1X PBS for 10 min, washed twice with 1X PBS and blocked for 1 hour at room temperature (RT) with 1X PBS containing
0.3% Triton X-100 and 5% BSA. LRIG1 antibody was then added to two wells of a six well plate while no antibody was added to two
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additional wells of the 6-well plate as a negative control and incubated overnight at 4 C. Wells were then washed three times with
PBS-T for 15 minutes and Donkey anti-Goat HRP secondary antibody (1:1000) was then added in 1% BSA for 1 hour at RT. Four
30 minute washes with PBS-T were then completed and cells were treated with 0.0001% Biotinyl Tyramide (Sigma) in 0.05M Borate
Buffer pH 8.5 containing 0.003% H2O2 for 20 min at RT (Krabichler et al., 2017). Cells were then washed 3 times with PBS-T for 15 min
and then scraped from the wells (two wells combined per sample) into PBS-T containing 2% SDS and heated for 60 min at 99 C.
Following a 5 minute centrifugation at 12000 rpm supernatants were diluted to 1.3 mL in PBS-T and loaded onto 50 ul of Streptavidin
Sepharose Beads (Cell Signaling) and rotated end-over-end overnight at 4 C. Beads were then washed once with PBS-T, twice with
PBS-T containing 1M NaCl, twice with 20 mM Tris pH 8.5 and 2M Urea, once with PBS and beads were finally resuspended in 100 ul
of PBS. 20% of the beads were heated at 95 C in 2X SDS-PAGE sample loading buffer, loaded on 10% SDS-PAGE gels and probed
with Streptavidin-HRP. The remaining 80% of the sample was prepared for proteomics at the SPARC BioCentre (The Hospital for
Sick Children) as described below.
Streptavidin Sepharose Beads were treated with 10 mM DTT at 60 C for 1 h, followed by alkylation with 20 mM iodoacetamide at
RT for 45 min in the dark and trypsinized (Pierce) using 2 mg per sample, 1:50-1:100 at 37 C overnight. Peptides were then collected,
dried using a speed-vac and desalted using Millipore C18 Ziptips according to the manufacturer’s protocol using elution in 0.1%
formic acid. Peptides were then run on a Thermo Scientific Q Exactive mass spectrometer coupled to a Thermo Scientific UltiMate
3000 RSLCnano system housing a 75 mm x 50 cm PepMax RSLC EASY-Spray column filled with 2 mM C18 beads (ThermoFisher, San
Jose, CA, pressure 900 Bar at 60 C) using gradient elution from 0.1% formic acid to 80% acetonitrile and 0.1% formic acid over 60 minutes. Mass spectra were searched against the Uniprot database using Scaffold software and proteins were considered identified
using a Protein Threshold of 99%, requiring a minimum of 2 peptides at 1% false-discovery rate. Identified proteins were ranked by
normalized spectral counts and only proteins which were identified in the presence of the LRIG1 antibody and were not identified
without the LRIG1 antibody from two independent biological replicates were considered to be identified.
Gene ontology was carried out using all 473 identified protein (gene symbols) using the GOrilla gene ontology tool (Eden et al.,
2009, http://cbl-gorilla.cs.technion.ac.il/) for Molecular Function terms with a P value cutoff of 103. P values were corrected for multiple comparisons using the Benjamini and Hochberg method to produce the q-values shown here.
Proximity ligation assay (PLA)
Following fixation (10 min in 4% PFA), washing three times with PBS and permeabilization (PBS containing 0.3% Triton X-100) of 5
DIV cortical precursor cultures in 24 well plates, cells were blocked with 5% BSA containing 0.3% Triton X-100 in PBS and incubated
with 1:250 LRIG1 antibody and 1:200 EGFR antibodies at 4 C overnight. Cells were then washed three times for 10 minutes with
Wash Buffer A (0.01 M Tris, 0.15 M NaCl and 0.05% Tween-20) and then incubated with the Duolink In Situ PLA Probe Anti-Goat
PLUS (Sigma) and Duolink In Situ PLA Probe Anti-Rabbit MINUS (Sigma) for 1 hour at 37 C in a humidified chamber. Ligation, detection, and amplification wash then completed using the Duolink In Situ Detection Reagents Orange kit (Sigma) as recommended by the
manufacturer followed by labeling of nuclei with Hoechst as described above. For quantification, perinuclear puncta in ~100 cells
across three fields of view were counted for each condition from three independent experiments.
scRNA-Seq analysis
scRNA-seq data collected from the embryonic cortex using the Drop-sequencing (Yuzwa et al., 2017) (GEO:GSE107122) and from
the postnatal V-SVZ using the 10X Genomics sequencing (Borrett et al., 2020) (GEO: GSE152281) were analyzed with the same
computational pipeline as described in Yuzwa et al. (2017). scRNA-seq datasets from embryonic time points E13.5, E15.5, and
E17.5 were visualized by t-distributed stochastic neighbor embedding (t-SNE) projections, with specified gene expression overlays
carried out using the FeaturePlot function in Seurat R package (Figure 1B). Cells in the visualizations were color coded according to
the relative gene expression level in each cell, ranging from no detection (yellow) to the highest level of detection (blue). To determine
the proportion of neural precursor cells that express Lrig1 at ages E13.5, E15.5, E17.5, P2, P7, P34 and P61, number of cells with the
Lrig1 expression value greater than 0 in the non-proliferative RP cluster (for embryonic time points) or the non-proliferative NSC cluster (for postnatal time points) was quantified in R and divided by the total number of cells in the cluster at each time point (Figure 1C).
The histogram was plotted using the GraphPad Prism 8 software.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification from embryonic cortical sections
Embryonic cortical sections were imaged with a 20X or a 40X objective, on a Zeiss Axio Imager M2 system with an X-Cite 120 LED
light source and a C11440 Hamamatsu camera or a Quorom spinning disk confocal microscope system. For the number of markerpositive cells in the VZ-SVZ, three anatomically matched sections were quantified per brain from at least four non-littermate embryos.
Marker-positive cells were counted from the same size column spanning the VZ-SVZ, at the dorsal, lateral, and ventral level. Results
are presented as mean number of marker-positive cells per brain. For EdU quantification, results are presented as the percentage
of EdU-positive cells relative to the total marker-positive cells. For quantification of SATB2-positive neuron numbers in the cortical
plate, three anatomically matched sections were quantified per brain from three non-littermate embryos. Marker-positive cells in a
325 mm wide strip extending from the base of the cortical plate to the meninges were counted from each section at the medial-lateral
Cell Reports 33, 108257, October 13, 2020 e6

ll
OPEN ACCESS

Report

level. Results are presented as mean number of marker-positive cells per brain. Quantification of the embryonic VZ-SVZ and cortical
plate thickness were performed as previously described (Cancino et al., 2015). Briefly, cortical sections were measured at the dorsal,
lateral, and ventral level from at least three anatomically matched sections per brain and from at least three non-littermate embryos.
VZ-SVZ and the cortical plate borders were determined from the Hoechst counterstaining, and confirmed by PAX6 and TBR2, or
SATB2, CTIPs, and TBR1 immunostaining for the VZ-SVZ and the cortical plate, respectively. Thickness measurements were taken
using ImageJ software. Results are presented as mean thickness per brain at each level.
Quantification of cortical precursor cultures
Immunostained cell cultures were imaged with a 20X or a 40X objective, on a Zeiss Axio Imager M2 system with an X-Cite 120 LED
light source and a C11440 Hamamatsu camera or a Zeiss Axio Observer system with an Axiocam 506 and an X-Cite 120 LED light
source. In our culture conditions, less than 1% of cells were transfected, allowing for clonal analysis (Gallagher et al., 2015; Yuzwa
et al., 2016). For analysis of transfected cultures, a clone was defined as a cluster of tGFP-positive in close proximity of each other
that were also clearly separated from other tGFP-positive clusters. At least 200 tGFP-positive cells were analyzed per experiment and
at least three independent experiments were conducted. Results are presented as percentage marker-positive cells relative to the
total counted tGFP-positive cells.
Quantification of electroporated cortical sections
For analysis of electroporated brains, at least three anatomically matched sections were quantified per brain from at least three embryos or pups from different mothers. Embryonic brains were imaged using a 20X objective, on a Zeiss Axio Imager M2 system with
an X-Cite 120 LED light source and a C11440 Hamamatsu camera. Postnatal brains were imaged using a 40X air immersion objective,
(UPlanSApoN 40x/NA 0.90; Olympus) on a FV1000 Olympus confocal microscope. From each section, marker and tGFP-positive
cells (embryonic brains), or marker, mCherry, and GFP-positive cells (postnatal brains) were counted from the same size column
spanning from the V-SVZ to the meninges. Results are presented as the percentage of marker-positive cells relative to the total
tGFP-positive cells (embryonic brains) or to the total GFP and mCherry-positive cells (postnatal brains).
Statistical analysis
Sample sizes (n) noted in legends for Figures 3E, 3F, 3H, 3J, 3K, 3M, 4F, and 4K and Figures S3A and S3C refer to the number
of biological replicates analyzed. Sample sizes (n) noted in legends for Figures 2B, 2C, 2E, 2G–2I, 2K, 4H, and 4J refer to the
number of embryos or pups from at least two different mothers. All data were expressed as the mean plus or minus the standard
error of the mean (SEM) unless otherwise indicated. Statistical analyses were performed with either the two-tailed Student’s
t test for two group comparisons, or one-way ANOVA with Dunnett’s post hoc test for multiple group comparisons. All analyses
were conducted using the GraphPadPrism8 software. p < 0.05 was considered statistically significant. In all figures, asterisks
denote statistical significance, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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