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Lrig1 regulates cell fate specification of glutamatergic neurons via
FGF-driven Jak2/Stat3 signaling in cortical progenitors
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ABSTRACT

The cell-intrinsic mechanisms underlying the decision of a stem/
progenitor cell to either proliferate or differentiate remain incompletely
understood. Here, we identify the transmembrane protein Lrig1 as a
physiological homeostatic regulator of FGF2-driven proliferation and
self-renewal of neural progenitors at early-to-mid embryonic stages of
cortical development. We show that Lrig1 is expressed in cortical
progenitors (CPs), and its ablation caused expansion and increased
proliferation of radial/apical progenitors and of neurogenic transit-
amplifying Tbr2* intermediate progenitors. Notably, our findings identify
a previously unreported EGF-independent mechanism through which
Lrig1 negatively regulates neural progenitor proliferation by modulating
the FGF2-induced IL6/Jak2/Stat3 pathway, a molecular cascade that
plays a pivotal role in the generation and maintenance of CPs.
Consistently, Lrig1 knockout mice showed a significant increase in the
density of pyramidal glutamatergic neurons placed in superficial layers
2 and 3 of the postnatal neocortex. Together, these results support a
model in which Lrig1 regulates cortical neurogenesis by influencing the
cycling activity of a set of progenitors that are temporally specified to
produce upper layer glutamatergic neurons.

KEY WORDS: Lrig1, IL6/Jak2/Stat3 pathway, Cortical progenitors,
Embryonic cortical development, Glutamatergic neurogenesis

INTRODUCTION

Proper development of the cerebral cortex requires a strict control and
adequate coordination among the processes of cell proliferation,
survival, migration and differentiation. Alterations in the number,
location and subtypes of neurons generated affect functional properties
of the neocortex, and could cause neurological diseases and
neurodevelopmental disorders, such as schizophrenia, autism and
depression (Dwyer et al., 2016). In the neocortex, the vast majority of
neurons are glutamatergic and they are arranged in six horizontally
oriented layers. Although not completely homogeneous, neurons
located in the same layer share characteristics that include similar
patterns of gene expression, morphology and connectivity (Dehay and
Kennedy, 2007). The construction of this highly organized laminar
circuit involves a complex sequence of events in which cortical
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progenitors (CPs) proliferate and differentiate phenotypically to give
rise to the generation of neurons, which in turn migrate radially to their
final position in the cortical circuit (Dehay and Kennedy, 2007). This
process occurs in an inside-out manner, where early born neurons
populate deep layers, and late-born neurons invade upper layers of the
cortex (Molyneaux et al., 2007). Previous studies indicate that cortical
neurogenesis requires the coordinated interaction between extracellular
signals (e.g. trophic factors and mitogenic signals) and intrinsic factors
(e.g. transcriptional factors and endogenous regulators of the trophic
signals), which function in a cell-intrinsic and context-dependent
manner (Bonnefont and Vanderhaeghen, 2021; Borrell and Reillo,
2012; Gaspard et al., 2008; Kam et al., 2014; Toma and Hanashima,
2015). Although many extracellular factors have been identified as
regulators of this process, understanding the intrinsic mechanisms
underlying the decision of a progenitor cell to proliferate or to generate
the neurogenic progeny of a specific cortical layer still requires further
investigation.

Lrig transmembrane proteins (leucine-repeat and immunoglobulin
Ig-like domain proteins), constitute a family of three proteins, Lrigl,
Lrig2 and Lrig3, that are enriched in the nervous system (Chen et al.,
2021). Lrigl, the most studied member of this family, has been
functionally characterized as an endogenous regulator of the activity of
various growth factor and neurotrophic factor receptors (Alsina et al.,
2016; Gur et al., 2004; Hedman and Henriksson, 2007; Laederich
et al., 2004; Ledda et al., 2008; Ledda and Paratcha, 2016; Shattuck
etal., 2007; Wang et al., 2013), and as a tumor suppressor, the deletion
of which leads to proliferative phenotypes in the intestine, skin and
cornea (Neirinckx et al., 2017; Simion et al., 2014). Furthermore,
Lrigl has been identified as an epidermal stem-cell marker, the
function of which is to maintain tissue homeostasis (Jensen et al.,
2009). The loss of Lrigl promotes the proliferation of epidermal and
intestinal stem cells, thus suggesting that Lrigl might contribute to
maintain the quiescence state of these cells (Jensen and Watt, 2006;
Wong et al., 2012). Although it is generally assumed that the
mechanism through which Lrigl regulates stem cell quiescence is by
antagonizing epidermal growth factor receptor (EGFR) activation (Ji
et al., 2022), it has also recently been hypothesized that Lrigl could
regulate stem cell quiescence by promoting BMP signaling
(Herdenberg and Hedman, 2023). Despite all this evidence, little is
known about the biological contribution of Lrigl during embryonic
brain development.

Recently, it has been demonstrated that Lrigl functions as a
marker of long-term neurogenic stem cells in the lateral ventricles of
the adult mouse brain (Nam and Capecchi, 2020). Further evidence
showed that Lrigl acts as an important regulator of neural stem
cell (NSC) exit from postnatal development to adulthood in the
ventricular-subventricular zone (V-SVZ) niche, limiting their
persistent hyperproliferation (Marques-Torrejon et al., 2021; Nam
and Capecchi, 2023). In line with this, Jeong et al. showed that, at
late embryonic and perinatal stages of cortical development, Lrigl
slows the proliferation of radial progenitors as they transit to give rise
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to a group of postnatal NSCs. The authors show that Lrig] mediates
these effects by negatively regulating EGFR signaling (Jeong et al.,
2020).

Intriguingly, Lrigl has also been reported to be expressed earlier
at the ventricular zone (VZ) of the developing cortex (Di Bella et al.,
2021; Jeong et al., 2020; Telley et al., 2016; van Erp et al., 2015), at
stages in which VZ cortical progenitors still did not acquire the
competence to divide in response to EGF (Burrows et al., 1997; Fox
and Kornblum, 2005; Fu et al., 2021; Kilpatrick and Bartlett, 1995;
Kornblum et al., 1997; Lillien and Raphael, 2000). Thus, based on
this evidence, we decided to further explore the contribution of
Lrigl from early-to-mid embryonic stages of cortical proliferation,
as well as its consequences for the postnatal differentiation of layer-
specific glutamatergic cortical neurons.

Here, we show that Lrigl is expressed at early-to-mid stages of
cortical development in neural stem and progenitor cells. Moreover,
we show that Lrig/ deficiency promotes the expansion and
proliferation of radial and apical progenitors, which results in an
increase of Tbr2-positive intermediate progenitors. Our results
indicate that Lrigl mediates these effects by modulating the FGF2
response via interleukin 6 (IL6)/Janus kinase 2 (Jak2)/Stat3 activation
on CPs. The long-lasting effects of Lrig/ deficiency involve a
promotion of the production of upper layer glutamatergic neurons,
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thereby modulating cortical morphogenesis. Together, our results
reveal that Lrig1 functions as a homeostatic regulator of glutamatergic
cortical development.

RESULTS

Lrig1 is highly expressed during early and middle embryonic
cortical development

To explore whether Lrigl could be involved in the control of
embryonic cortical development, we analyzed its mRNA expression
by semi-quantitative and real-time RT-PCR. The highest expression
of Lrigl mRNA was detected on embryonic days (E) 12 and E14,
when the neocortex is composed primarily of actively dividing
neural progenitors, and neurogenesis is ongoing. Lrigl was still
present in the rat cortex at E16 and its expression dropped markedly
after this stage (Fig. 1A). The expression pattern of Fgfir/ mRNA,
which mediates the mitogenic effect of fibroblast growth factor
(FGF) in early precursor cells, follows the same expression pattern
of Lrigl during embryonic development of the neocortex (Fig. 1 A,B).
Consistent with a previous report showing that Lrigl slows EGF-
induced proliferation of radial progenitors at perinatal stages of
cortical development (Jeong et al., 2020), we observed prominent
expression of Egfir mRNA around birth (Fig. 1A). An expanded
analysis of Lrig/ mRNA expression in rat neocortex, including E18,
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Fig. 1. Developmental expression and localization of Lrig1 during cortical development. (A) Analysis of developmental expression of Lrig1, Fgfr1 and
Egfr mRNA by semi-quantitative RT-PCR in rat cortex at the indicated embryonic days (E) and in newborn (P0). (B) Quantitative analysis of developmental
expression of Lrig7 mRNA by real-time qPCR. Data are meanzs.e.m. of n=3 independent samples. Lrig7 mRNA levels were normalized to the expression of
the housekeeping gene Tbp (TATA box-binding protein). (C) Localization by immunofluorescence of Lrig1 in coronal sections of rat E14.5 cortex. CP
indicates the cortical plate. Scale bar: 25 um. (D-F) Co-expression of Lrig1 (red) and nestin (NEST, green) (D), Lrig1 (green) and the neural progenitor marker
Sox2 (red) (E), and Lrig1 (red) and the radial progenitor marker Pax6 (green) (F) is shown in coronal sections of rat E14.5 cortex. LV, lateral ventricle; VZ,
ventricular zone; SVZ, subventricular zone. Arrowheads indicate co-expression. Scale bars: 20 um. (G) Co-expression of Lrig1 (green) and the neural-stem
cell marker nestin (NEST, red) in dissociated primary cortical progenitors. Scale bar: 25 pm. (H) Dissociated cortical progenitor cells immunostained for Lrig1
(green) and the proliferative marker Ki67 (red). Arrowheads indicate non-proliferating (Ki67~) cells expressing high levels of Lrig1. Scale bar: 25 ym. (I) Bar
graph shows the percentage of Ki67* cells (red) expressing low and high levels of Lrig1 (green). High Lrig1 expression inversely correlated with cell

proliferation. *P<0.05, unpaired, two-tailed Student’s t-test.
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when gliogenesis is taking place, showed a marked decrease of
Lrigl at this stage followed by a modest increment at PO (Fig. STA).

To define the localization and cell types expressing Lrigl, we
performed immunofluorescence analysis of E14.5 rat cortical sections.
We found that Lrigl expression heavily overlapped with the neural
stem cell marker nestin and the neural progenitor marker Sox2, which
are placed in the proliferative ventricular (VZ) and subventricular zone
(SVZ) of the developing cortex. Co-expression between Lrigl and the
radial progenitor cell marker Pax6 was also detected in the VZ. Lrigl
immunoreactivity was localized in neural progenitors following a
pattern consistent with plasma membrane localization (Fig. 1C-F). The
expression of Lrigl was additionally confirmed in mouse cortical
sections of E12.5 and E13.5, and the antibody used against Lrig] was
further validated by immunofluorescence in sections of Lrig/ KO mice
(Fig. S1B,C). In support of our findings, a mouse transcriptomic study
of scRNA-seq (Di Bella et al., 2021) also shows that Lrig] is expressed
from early-to-mid stages (E10-E13) of embryonic development of the
mouse neocortex in apical progenitors, followed by a later expression
at postnatal day 1 (P1) and P4 in glial cells (Fig. SID).

Dissociated cultures of CPs also showed expression of Lrigl in
Nestin-positive cells (Fig. 1G). Interestingly, in CP primary cultures,
cells expressing high levels of Lrigl were not proliferative (negative
for the proliferative marker Ki67), whereas cells expressing low
levels of Lrigl were actively cycling (Ki67-positive cells). Thus, this
result revealed that the expression of Lrigl inversely correlated with
cell proliferation, suggesting that Lrigl could be maintaining neural
stem and progenitor cells in a resting state (Fig. 1H,]I).

Lrig1 ablation promotes proliferation and self-renewal of
embryonic cortical progenitors in response to FGF

Based on our observation, indicating that Lrig1 expression inversely
correlates with Ki67 expression (Fig. 1H,I), we decided to analyze
whether Lrigl could be involved in the control of CP cell
proliferation. To this end, we performed a neurosphere assay from
cortices of wild-type and Lrig/-deficient mice at embryonic day (E)
13.5. This assay is a useful technique to evaluate the proliferative
capacity of a cell population, as only highly proliferative progenitors
have the ability to form spheres and grow in suspension in the
presence of mitogenic factors, such as FGF2 and EGF. In this
culture condition, we found that Lrig/ deficiency promotes a
significant increase in the number of neurospheres formed from
E13.5 CPs treated with FGF2 or with FGF2 and EGF, but not from
progenitors cultured with EGF alone (Fig. 2A) (Burrows et al.,
1997), indicating that, at this embryonic stage, Lrigl dampens
proliferation of CPs induced by FGF. In addition, our data showed
that Lrigl deficiency increases not only the number but also the
diameter of the neurospheres formed by FGF (Fig. 2B,C).

We also evaluated by immunofluorescence the proportion of
Ki67-positive cells and the percentage of proliferating precursors
(Ki67 and nestin double-positive cells) in individual spheres grown
in the presence of FGF2. We observed that neurospheres obtained
from LrigI-deficient mice showed an increased proportion of Ki67-
expressing cells and also a higher rate of proliferating precursors
(Fig. 2D-F). Neurospheres have cells at different stages of neuronal
differentiation, and only a small fraction of them maintain the initial
proliferative capacity to re-form spheres, thus giving rise to
secondary spheres (Reynolds and Weiss, 1996). When secondary
neurospheres were obtained from the primary neurospheres, we
observed that the absence of Lrig]1 still generated more spheres than
control spheres. This result indicates that Lrig/ deficiency favors the
expansion of the population of progenitors with proliferative
capacity to generate new secondary neurospheres (Fig. 2G-I).

Thus, the loss of Lrig! confers not only greater proliferation but also
a higher capacity for self-renewal.

To explore whether Lrigl deficiency could affect the cell division
mode of neural stem/progenitor cells, we performed a paired
cell assay (Ahmad et al., 2019). Wild-type and Lrig/-deficient
progenitor cells were seeded at low density in adherent culture
conditions for 20 h with FGF2, and then fixed and stained with Ki67
and DAPI. Cell pairs were scored as having symmetric proliferative
division when both daughter cells were Ki67", pairs were scored
as having asymmetric division when one daughter cell was Ki67"
and the other one was Ki67", and pairs were scored as having
symmetric terminal division when both daughter cells were negative
for Ki67. Lrigl knockout cells had a higher frequency of symmetric
proliferative divisions and a lower proportion of symmetric terminal
divisions compared with controls (Fig. 2J,K). Thus, in the presence
of FGF2, Lrigl ablation increases the proportion of cycling and
self-renewing progenitor cells.

Lrig1 overexpression inhibits FGF2-induced proliferation of
embryonic cortical progenitors

We then performed gain-of-function assays by transducing neural
precursor cell cultures with a retroviral vector expressing Lrigl.
We used either retrovirus control (RV-Control) or retrovirus
overexpressing Flag-Lrigl (RV-Flag-Lrigl) in neurosphere
cultures grown in the presence of FGF2. In this culture system,
we found that Lrigl overexpression significantly inhibited the
number and diameter of FGF2-induced neurospheres (Fig. 3A-D).
We also evaluated by immunofluorescence the proportion of Ki67-
positive cells and the percentage of proliferating precursors (Ki67
and nestin double-positive cells) in individual spheres. We observed
that neurospheres infected with RV-Flag-Lrigl showed lower
proportion of Ki67-positive cells and a decreased rate of Nestin-
positive proliferating precursors (Fig. 3E-G). Thus, all these culture
assays demonstrated that Lrig] is a regulator of CP cell proliferation,
maintaining cells in a resting state.

Lrig1 regulates cell cycle progression by modulating the
expression levels of cyclin D1, Myc and cyclin-dependent
kinase inhibitor p27 in response to FGF2

Neurospheres grown in the presence of FGF2 are characterized by
upregulation of cell cycle promoters such as cyclins and Myc proto-
oncogene, as well as by a decrease in the expression levels of cell
cycle inhibitors (Lukaszewicz et al., 2002; Mira et al., 2010). At this
point, we analyzed by semi-quantitative RT-PCR the expression
levels of cell-cycle regulatory genes such as Ccndl (cyclin D1),
Ccnel (cyclin E), Myc and cyclin-dependent kinase inhibitor p27
(Cdkn1b), in neurospheres derived from wild-type and Lrigl-
deficient mice. From these experiments, we observed that, in
neurospheres derived from Lrig! mutants, the mRNA expression of
Ccendl and Myc increased significantly compared with the levels
detected in wild-type neurospheres grown in the presence of FGF2.
In addition, we observed that neurospheres derived from Lrig! KO
mice also showed a significant downregulation of the levels of
cyclin-dependent kinase inhibitor Cdknib mRNA (Fig. 4A,B).
Thus, this finding indicates that Lrigl deficiency regulates the
cycling activity of neural precursors by controlling the expression
levels of positive and negative regulators of cell cycle progression in
response to FGF2.

To understand how Lrig1 could affect the cell cycle, we performed
proliferation and cell cycle exit assays. To this end, dissociated CPs
from control and Lrig/-deficient mice were cultured in the presence
of FGF2 for 5 DIV. After this, the cells were pulse labeled with BrdU
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Fig. 2. Lrig1 deficiency increases proliferation and self-renewal of embryonic cortical progenitor cells in response to FGF2. (A) Bar graph shows the
quantification of the number of neurospheres obtained from Lrig7 wild-type and Lrig7 KO progenitor cells grown in the presence of FGF2 (10 ng/ml), EGF
(10 ng/ml), or FGF2 and EGF (10 ng/ml of each). Data are meanzts.e.m., n=3 independent assays. ***P<0.005, **P<0.01 by ANOVA followed by Tukey’s
multiple comparison test. (B) Representative images of neurospheres from control and Lrig7-deficient cortical precursor cells grown for 5 DIV in the presence
of FGF2 (10 ng/ml) and stained with DAPI. Scale bars: 200 ym. (C) Bar graphs show the quantification of the diameter of neurospheres from Lrig7 wild-type
and Lrig1 KO progenitor cells grown in the presence of FGF2 (10 ng/ml). Data are meanzs.e.m., n=4 independent assays. *P<0.05, unpaired, two-tailed
Student’s t-test. (D) Images of neurospheres derived from Lrig7 wild-type and Lrig7-deficient cortical precursor cells grown as described in A stained for
nestin (NEST, in red) and Ki67 (green). Scale bar: 50 ym. (E,F) Bar graphs show the quantification of the percentage of Ki67* cells (Ki67*/DAPI) and the

percentage of proliferating precursors (Ki67*nestin*/nestin®) per sphere grown in the presence of FGF2 (10 ng/ml). Data are meants.e.m., n=3 independent
assays (dots represent 40 neurospheres/experimental group). *P<0.05, unpaired, two-tailed Student’s t-test. (G) Representative images of secondary DAPI-
stained neurospheres generated from cortical precursor cells dissociated from primary spheres. Scale bar: 200 ym. (H,l) Bar graphs show the quantification
of the number and diameter of secondary neurospheres from Lrig7 wild-type and Lrig7 KO progenitor cells grown in the presence of FGF2. Data are mean

ts.e.m., n=3 independent assays. *P<0.05, **P<0.01, unpaired, two-tailed Student’s t-test. (J) Paired cell assay showing representative images of Ki67
immunostaining. Scale bar: 5 ym. (K) Bar graph showing the percentage of symmetric proliferative, asymmetric and symmetric terminal divisions of Lrig1
wild-type and Lrig1-deficient cortical progenitors cultured at low density in the presence of FGF2 (25 ng/ml) for 20 h. Data are meants.e.m., n=6 Lrig1 wild-
type and n=5 Lrig7 KO independent cultures. ns, not significant, *P<0.05, unpaired, two-tailed Student's t-test.

for 4 h and maintained additionally for 24 h before fixation. The
fraction of CP cells that left the cell cycle was identified as BrdU™"
and Ki67~. As shown in Fig. 4C, dissociated CPs coming from
LrigI-deficient mice show a significant increase in cell proliferation
while showing a significant reduction in the proportion of cells
exiting the cell cycle when compared with wild-type cells. Thus,
altogether our findings indicate that Lrig/ deficiency increases
proliferation by promoting the continued cycling of embryonic
cortical progenitors rather than their exit from the cell cycle and
differentiation.

Lrig1 regulates FGF2-induced Jak2/Stat3 signaling in
neocortical progenitors

Based on previous evidence showing that Lrigl regulates different
receptor tyrosine kinases (RTKs) and that Lrig3 interacts with

FGFRI1 (Zhao et al., 2008), we examined whether Lrigl could
co-immunoprecipitate with this receptor in lysates prepared from
embryonic cortices. Intriguingly, we were not able to detect
association between Lrigl and FGFR1 in vivo (Fig. S2).

To obtain additional insight into the mechanism through which
Lrigl controls FGF-induced CP cell proliferation, we decided to
evaluate the contribution of the Jak2/Stat3 pathway, which is present
in neural progenitors of the mouse embryonic neocortex, and plays an
essential role in the generation and maintenance of radial glia
progenitors (Hong and Song, 2015). Indeed, the Jak2/Stat3 signaling
cascade is part of a network of pathways activated by FGF2 that is
required for proliferation of progenitor cells (Todd et al., 2016) and for
formation of FGF2-dependent neurospheres (Yoshimatsu et al., 2006).
Furthermore, a negative regulation of the Stat3 pathway by Lrigl has
been demonstrated in corneal epithelial stem cells (Nakamura et al.,
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Fig. 3. Lrig1 overexpression restricts FGF-induced proliferation of embryonic cortical progenitor cells. (A) Representative Flag immunoblot showing
exogenous expression of Flag-tagged Lrig1 in HEK-293 cells transduced with either control or Flag-Lrig1 retrovirus. (B) Representative images of control and
Lrig1-overexpressing (oelLrig1) neurospheres grown for 7 DIV in the presence of FGF2 (15 ng/ml) and stained with DAPI. Scale bar: 200 ym. (C,D) Bar
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cortical precursor cells grown as described in B and stained for nestin (red) and Ki67 (green), and with DAPI. Arrowheads show proliferating Ki67* nestin*
progenitor cells. Scale bar: 50 um. (F,G) Bar graphs show the quantification of the percentage of Ki67* cells (Ki67*/DAPI) and the percentage of proliferating
precursors (Ki67* nestin*/nestin®) per sphere grown in the presence of FGF2 (15 ng/ml). Data are meants.e.m. Individual values represent determinations of
n=16 (Ctrl) and n=18 (oeLrig1) neurospheres from three independent assays. **P<0.01, two-tailed Student’s t-test.

2014). Therefore, all this evidence led us to evaluate whether Lrigl  proliferation in wild-type and Lrig! knockout neurospheres grown for
might be regulating the FGF2-induced Jak2/Stat3 pathway in E13.5 5 days in the presence of FGF2 and then treated, or not, with the Jak2
cortical progenitors. After exploring the co-expression of Lrigl and  kinase inhibitor AG490 (20 pM) for an additional 24 h. We evaluated
Stat3 in embryonic cortical apical progenitors (Fig. S3), we examined by immunofluorescence the relative proportion of proliferating Ki67*
the capacity of Lrigl to regulate FGF2-induced Jak2-mediated cell  cells (Ki67*/DAPI) and the percentage of Ki67* neural progenitor
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Fig. 4. Lrig1 controls cell cycle progression by modulating the expression of cell-cycle regulators in response to FGF2. (A) Semi-quantitative
RT-PCR analysis of Ccnd1? (cyclin D1), Ccne1 (cyclin E), Thp, Myc and cyclin-dependent kinase inhibitor p27 (Cdkn1b) mRNA expression from Lrig1 wild-
type and Lrig7 KO neurospheres cultured in the presence of 10 ng/ml of FGF2. For each molecule, the PCR amplification product size is indicated in base
pairs (bp). (B) Bar graphs showing the levels of cyclin D1, cyclin E, p27 and Myc mRNA levels expressed as arbitrary units (a.u.). The mRNA levels were
normalized to the expression of the housekeeping gene Tbp. Data are meants.e.m. from n=3 independent cultures. *P<0.05, two-tailed Student’s t-test.
(C) Bar graphs show the quantification of the proportion of Lrig7 wild-type and Lrig7 KO cortical progenitor cells that are Ki67* (Ki67*/DAPI) (upper graph)
and (BrdU* Ki67-/BrdU*) (lower graph) cultured in the presence of FGF2 (10 ng/ml). Data are meanzs.e.m. Individual values represent determinations of
n=36 (wild type) and n=36 (KO) fields from three independent assays. **P<0.01, ***P<0.001, two-tailed Student’s t-test.
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cells (Ki67 Nestin/Nestin®) in individual spheres. Interestingly, we
observed that although Lrigi/-deficient neurospheres showed a
significant increase in both the proportion of Ki67" cells and the
percentage of proliferating progenitor cells, the treatment with AG490
blocked both effects, indicating that Lrigl regulates CP cell
proliferation by inhibiting FGF2-driven Jak2 activation (Fig. 5A-C).
Additionally, we ensured that AG490 effectively blocked Jak2/Stat3
activation in our culture conditions (Fig. S4A,B).

activation by Jak2. For this purpose, we grew either control or Lrigl-
overexpressing neurospheres by using retroviral vectors, and then
evaluated by immunofluorescence the relative proportion of pStat3*
cells (pStat3*/DAPI) and the percentage of pStat3” neural
progenitor cells (pStat3™ nestin*/nestin®) in individual spheres.
We observed that neurospheres overexpressing Lrigl (oeLrigl)
showed a significant reduction in both the proportion of Stat3
activated cells and the percentage of neural progenitor cells (NPCs)

This finding led us to evaluate whether Lrigl might be regulating
Stat3 phosphorylation in Tyr’%, an event that correlates with its

expressing Stat3 phosphorylated on Tyr’%® (Fig. 5D-F), indicating
that Lrigl could inhibit FGF2-mediated neurosphere formation by
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Fig. 5. Lrig1 inhibits FGF-induced Jak2/Stat3 signaling in neocortical progenitors. (A) Representative images of Lrig7 wild-type and Lrig7 KO
neurospheres grown for 5 DIV in the presence of FGF2 (10 ng/ml) and then treated with vehicle (DMSO, —AG490) or AG490 (20 uM) for additional 24 h. Cell
proliferation was evaluated in neurospheres stained using the antibodies anti-Ki67 (green) and anti-nestin (red), and with DAPI (blue). Scale bar: 50 pm.
(B,C) Bar graphs show the quantification of (B) the percentage of Ki67* cells (Ki67*/DAPI) and (C) the percentage of Ki67* progenitor cells (Ki67* nestin*/
nestin*) in wild-type and Lrig7-deficient neurospheres cultured as described in A. Data are meants.e.m., n=30 neurospheres per condition were analyzed
from three mice of each genotype. *P<0.05, **P<0.01 and ***P<0.005, two-tailed Student’s t-test. ns, not significant. (D) Representative images of control
and Lrig1-overexpressing (oeLrig1) neurospheres grown for 7 DIV in the presence of FGF2 (15 ng/ml) and stained using the antibodies anti-pStat3 (Tyr 705)
(green) and anti-nestin (red), and with DAPI (blue). Arrowheads indicate pStat3/nestin double-positive cells. Scale bar: 50 um. (E,F) Bar graphs show (E) the
quantification of the percentage of pStat3* cells (pStat3*/DAPI) and (F) the percentage of pStat3* progenitor cells (pStat3* nestin*/nestin*) in neurospheres
transduced with either control or retroviral vector overexpressing Lrig1. Data are meants.e.m., n=15 neurospheres from three independent assays were
analyzed per condition. **P<0.01, two-tailed Student’s t-test. (G) Representative images of Lrig? wild-type and Lrig7 KO neurospheres grown for 5 DIV in the
presence of FGF2 (10 ng/ml) and stained using anti-pStat3 (Tyr 705) (red) and DAPI (blue). Scale bar: 50 um. (H) Bar graph shows the quantification of the
percentage of pStat3* cells (pStat3*/DAPI) in Lrig1 wild-type and Lrig7 KO neurospheres treated with FGF2. Data are meanzs.e.m., n=26 neurospheres from
three independent assays were analyzed per condition. **P<0.001, two-tailed Student’s t-test. (I) Semi-quantitative RT-PCR analysis of Stat3 mRNA
expression from wild-type and Lrig7KO neurospheres cultured in the presence of 10 ng/ml of FGF2. PCR amplification product size is indicated in base pairs
(bp). (J) Bar graph shows the levels of Stat3 mRNA expressed as arbitrary units (a.u.). The mRNA levels were normalized to the expression of the
housekeeping gene Tbp. Data are meants.e.m. from n=3 independent cultures. (K) Representative immunoblot of Stat3 phosphorylated on Tyr’% (pStat3) in
cortical extracts from E13.5 Lrig1 wild-type and Lrig7 KO mice. Dotted line indicates representative bands cut from the same immunoblot image. (L) Bar
graph shows the quantification of Stat3 phosphorylation (pStat3) in cortical lysates isolated from E13.5 Lrig7 wild-type and Lrig7 KO mice. Stat3
phosphorylation was normalized to the signal intensity of tubulin and expressed as arbitrary units (a.u.). Data are meants.e.m. from n=4 Lrig1 wild-type and
n=5 Lrig7 KO mice. *P<0.05, two-tailed Student’s t-test.

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.202879

RESEARCH ARTICLE Development (2024) 151, dev202879. doi:10.1242/dev.202879

restricting the activation of the Jak2/Stat3 signaling pathway. Analysis of the expression of //6 and its receptors, Gp130 (1l6st)
Interestingly, we detected a fraction of pStat3*/nestin™ cells that and //6ra, by RT-PCR in FGF2-induced neurospheres showed that
might represent Tbr2* intermediate progenitor cells, most of they are expressed in our experimental system (Fig. 6A). Moreover,
which have been reported to lack nestin expression (Englund we observed that both IL6 receptor mRNAs are significantly
et al., 2005). Retrovirus-mediated expression of Lrigl in primary induced upon FGF2 treatment of dissociated cortical progenitors,
neurospheres was controlled by immunoblotting (Fig. S5). evidencing a mechanistic link between FGF2 and IL6 signaling in
Likewise, neurospheres derived from Lrig/-deficient mice showed these cells (Fig. 6B-D). This evidence prompted us to analyze
a significant increase in the proportion of pStat3™ cells (Fig. 5G,H).  whether IL6 could be mediating the regulatory role of Lrigl on
Analysis of Stat3 mRNA expression levels in wild-type and Lrigl ~ FGF2-driven Jak2/Stat3 proliferative signaling in embryonic
KO neurospheres did not show differences (Fig. 51,J), indicating cortical progenitors. After confirming that IL6 receptor signaling
that Lrigl regulates the activation of Stat3 without affecting the —immunoreactivity was detectable in Lrigl" cortical apical
expression levels of its mRNA. precursors in vivo by examining Gpl30 levels (Fig. 6E), we

Next, we analyzed by immunoblotting the levels of phosphorylated — performed neurosphere assays to evaluate whether Lrigl could
Stat3 in cortices isolated from E13.5 wild-type and Lrig/ KO mice. modulate Stat3 activation in neurospheres induced with IL6 alone.
This assay revealed that Lrig/ deficiency promotes a significant Asitis shown in Fig. 6F,G, Lrig! deficiency promoted a significant
increase in Stat3 Tyr’% phosphorylation in the neocortex in vivo increase in the proportion of pStat3™ (% pStat3*/DAPI) cells,
(Fig. 5K,L). This finding implies that Lrigl might control CP indicating that Lrigl represents a negative regulator of IL6
proliferation functioning as a negative regulator of the Stat3 pathway proliferative signaling in cortical progenitors.
in the developing neocortex.

Lrig1 deletion enhances proliferation of embryonic cortical

Lrig1 regulates IL6 signaling in embryonic cortical progenitors in vivo
progenitors To determine the physiological relevance of Lrigl for cortical
Based on previous studies showing that IL6 has proliferative effects  progenitor cell proliferation, we first evaluated the relative number
on E12.5 cortical progenitors (Gallagheretal., 2013), and that FGF2  of Sox2-positive radial/apical progenitors and the proportion
induces IL6 secretion (Andoh et al., 2004; Kozawa et al., 1997) and  of apical proliferating progenitors (Ki67"Sox2"/Sox2™) by
gp130 receptor expression (Todd et al., 2016) in different cellular immunofluorescence staining of forebrain sections obtained from
contexts, we decided to analyze the role of this cytokine in Lrigl/  E13.5 wild-type and Lrig/-null mice. In agreement with our in vitro

wild-type and Lrig! KO cortical progenitors. assays, the cortices of the Lrig/ knockout mice showed a significant
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Fig. 6. Lrig1 regulates IL6 signaling in embryonic cortical progenitors. (A) Expression of //6, ll6ra and Gp130 mRNA by semi-quantitative RT-PCR in
FGF2-induced neurospheres. Each pair of bands are from the same gel, and the dotted line indicates where lanes were removed from the gel images.

(B) Expression of IL6 receptors (//6ra and Gp7130 mRNA) by semi-quantitative RT-PCR in cortical progenitors treated or not with FGF2. Each pair of bands is
from the same gel; the dotted line indicates where lanes were removed from the gel images. (C,D) Quantitative analysis of li6ra (C) and Gp730 (D) mRNA by
semi-quantitative RT-PCR. //6ra and Gp7130 mRNA levels were normalized to the expression of the housekeeping gene Tbp (TATA box-binding protein). Data
are meanzts.e.m. of n=3 independent samples. *P<0.05, **P<0.01, two-tailed Student’s t-test. (E) Low-magnification (upper) and high-magnification (lower)
images showing Lrig1 (red) and gp130 (green) immunostaining in the VZ and/or SVZ of rat cortex at E14.5. Scale bars: 30 ym. (F) Representative images of
Lrig1 wild-type and Lrig7 KO neurospheres grown for 5 DIV in the presence of IL6 (100 ng/ml) and stained using anti-pStat3 (Tyr 705) (red) and DAPI (blue).
Scale bar: 25 ym. (G) Bar graph shows the quantification of the percentage of pStat3* cells (pStat3*/DAPI) in Lrig7 wild-type and Lrig7 KO neurospheres
treated with IL6. Data are meants.e.m., n=22 neurospheres from three independent assays were analyzed per condition. **P<0.01, two-tailed Student’s
t-test.
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increase in both density of Sox2" radial/apical progenitors and the
proportion of proliferating progenitors Sox'Ki67* (Fig. 7A-C).
Consistent with this, the thickness of the Sox2* proliferative domain
was also significantly increased in the cortices of Lrig/ knockout
mice. The largest increase in the thickness of the Sox2" layer was
detected at the most ventral level of the VZ (Fig. 7D). In contrast to
what we observed for Sox2" apical progenitors, no significant
difference was observed in the proportion of proliferating Ki67*
Sox2~ progenitor cells located in the SVZ and IZ of Lrig! wild-type
and Lrigl KO cortex at E13.5 (Fig. 7E). This population of
proliferating Ki67* Sox2™ progenitors represents the vast majority of
immunopositive Tbr2" cells, which lack expression of key
transcriptional regulators of apical and/or radial glial cell (RGC)
self-renewal, including Sox2 and Pax6 (Englund et al., 2005; Sessa
et al., 2008). Therefore, these results suggest that Lrigl control the
proliferation of Sox2* apical progenitors but not Sox2" intermediate
progenitors.

As Lrigl deficiency promotes the proliferation of radial and
apical progenitors, we decided to explore whether Lrig/ ablation
could affect the density of intermediate progenitor, characterized by
the expression of Tbr2. Comparatively, the cortices of the Lrigl/
knockout mice showed a significant increase in the total number of

Tbr2" progenitors and a broader distribution in the SVZ (Fig. 7F,G).
Together, these findings demonstrate that Lrigl is a homeostatic
regulator of neural precursor cell proliferation, which is able to
regulate the pool size of apical and intermediate progenitors at mid-
embryonic stages of cortical development.

Lrig1 ablation promotes production of upper-layer
glutamatergic neuron in the postnatal neocortex

Finally, we asked how the increased levels of CPs detected in Lrig!/
knockout mice could affect glutamatergic cortical neurogenesis at
postnatal stages. To assess this, we first conducted immunostaining
for the neuronal marker NeuN to evaluate the proportion of neurons
present in superficial and deep cortical layers of P15 wild-type and
Lrigl-deficient mice. Results from this experiment showed a
significant increase in the density of NeuN" cells in cortical layers
2 and 3, but not in cortical layers 5 and 6 of Lrig/-deficient mice
relative to wild-type littermates (Fig. S6). To further characterize this
result, we then performed layer-specific immunostainings for the
early-born deep layer neuron markers Ctip2 (L5 and L6) and Tbrl
(L6), together with three later-born upper layer markers, Cux1 (L2/3),
Satb2 (L2/3) and CART (L3). We analyzed their distributions in
cortical sections of P15 wild-type and Lrig! knockout mice, when
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Fig. 7. Lrig1 ablation increases proliferation of embryonic cortical progenitors in vivo. (A) Representative immunofluorescence of Sox2 (red) and the
proliferative marker Ki67 (green) in cortical sections from E13.5 Lrig7 wild-type and Lrig7 KO mice. VZ, ventricular zone. Scale bar: 50 um. (B,C) Bar graphs
show quantification of the total number of Sox2-positive cells per area (60,000 um?) (B) and the percentage of Ki67* Sox2* proliferating apical progenitor
cells per area (C). Data are meants.e.m. from n=3 mice from each genotype. **P<0.01, two-tailed Student’s t-test. (D) Bar graph showing Sox2* layer
thickness at the dorsal, lateral and ventral regions of cortical sections from E13.5 Lrig7 wild-type and Lrig7 KO mice. For thickness determinations, the
embryonic neocortex was divided into thirds, dorsal, lateral and ventral areas, as indicated. The ventral area begins at the top of the ganglionic eminence.
The measurements were made in the middle of the indicated areas. In each case the values are relative to the total cortical thickness (VZ-cortical plate
distance). Data are meants.e.m. from n=3 mice from each genotype. *P<0.05, two-tailed Student’s t-test. (E) Bar graph shows quantification of the
percentage of Ki67* Sox2~ intermediate progenitor cells proliferating in SVZ and/or IZ. Data are meanzts.e.m. from n=3 mice from each genotype. ns, not
significant. (F) Cortical sections from E13.5 Lrig1 wild-type and Lrig7 KO mice analyzed for Tbr2 immunoreactivity (red) and counterstained with DAPI. |1Z,
intermediate zone; VZ, ventricular zone; SVZ, subventricular zone; CP, cortical plate. Scale bar: 50 ym. (F',F”) High magnification images taken from Lrig1
wild-type and Lrig7 KO sections as outlined in F. CP indicates cortical plate. Scale bar: 50 ym. (G) Bar graph shows quantification of the total number of
Tbr2-positive cells per area (30,000 um?). Data are meanzs.e.m. from n=3 mice from each genotype. *P<0.05, two-tailed Student’s t-test.
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Fig. 8. Lrig1 regulates cell-fate specification of upper-layer cortical neurons. (A-E) Immunostaining of coronal sections of somatosensorial cortex from
P15 mice with different lower (L5/6 or L6) and upper (L2/3 or L3) layer markers, such as Tbr1 (A), Ctip2 (B), Cux1 (C), Satb2 (D) and CART (E). Scale bars:
50 ym. Bar graphs showing the number of Tbr1* (A), Ctip2* (B), Cux1* (C), Satb2* (D) and CART" (E) glutamatergic neurons per area (100,000 ym?) of
somatosensorial (SS) cortex from P15 Lrig1 wild-type and Lrig1-deficient mice are also shown for each marker. Data are meanzts.e.m., n=3 mice for each
genotype. A total of six cortical sections were measured per mouse. *P<0.05, two-tailed Student’s t-test. Fig. S7 shows the density measurements of Cux1,
Satb2, Ctip2 and Tbr1 glutamatergic markers across all cortical layers. These markers were quantified in other layers besides those upper and lower layers

shown in this figure using the same set of images.

glutamatergic neurons have already arrived at their final cortical
position and the laminar organization of the neocortex is completed
(Kast and Levitt, 2019). Analysis of the wild-type and knockout
cortices did not show differences in either the density of layer 6
neurons stained with Tbrl or the density of deep layer 5 and 6 (LS
and L6) neurons stained with the marker Ctip2 (Fig. 8A,B).
However, knockout cortices showed a significant increase in the
densities of upper-layer glutamatergic neurons positive for the
markers Cuxl, Satb2 and CART (Fig. 8C-E). No changes were
observed in the distribution of these markers in other cortical layers
(Fig. S7). Comparative analysis of the cortices of wild-type and
knockout mice showed no differences in the thickness of any of the
cortical layers stained with these specific markers (Fig. S8). Thus,
these results demonstrate that Lrigl selectively control the number
of upper-layer glutamatergic neurons, without altering the number
of deep cortical layer neurons. Together, our findings suggest that
this increased production of upper-layer glutamatergic neurons
could be caused by the expansion of CPs observed in Lrigl/
knockout mice at mid-embryonic stages of cortical development.
A previous study reported that Lrigl contributes to astrocyte
morphology in the postnatal cortex (Xie et al., 2022). Because of
this, we also decided to evaluate whether Lrig/ deficiency could
affect astrocyte levels at the postnatal cerebral cortex using the
astrocytic marker Sox9 (Sun etal., 2017). As we show in Fig. S9, we

were not able to detect significant differences in the number of
astrocytes placed in the neocortex upon Lrigl elimination. Thus, in
agreement with the decreased expression of Lrigl during the
cortical gliogenic period, our findings indicate that Lrigl
specifically regulates glutamatergic cortical neurogenesis without
affecting astrocyte levels at postnatal day P15 of cortical
development.

DISCUSSION

How neural stem and/or progenitor cells balance proliferation and
self-renewal with differentiation is a crucial question relevant for our
understanding of the neurodevelopmental diseases that result in the
generation of incorrect numbers of neuronal or glial cells. In this
study, we found that Lrigl regulates cortical neurogenesis by
controlling the cycling activity of a group of embryonic progenitors
temporally specified to produce upper-layer glutamatergic neurons
(Fig. 9). Here, we also show that Lrigl, a negative regulator of stem
cell proliferation in different tissues, is expressed in neural stem and/
or progenitor cells at early-to-mid stages of embryonic cortical
development. Moreover, we show that Lrig/ ablation promotes the
expansion and proliferation of Sox2-positive radial and/or apical
progenitors and increases the pool size of Tbr2-positive intermediate
progenitors at embryonic stages of cortical development. In relation
to this, we observed that the loss of Lrig/ increases the expression of
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cyclins and other cell-cycle regulators in FGF2-induced
neurospheres, thereby promoting the continued cycling of CPs
rather than their exit from the cell cycle and differentiation.

Previous findings established that increased numbers of cortical
excitatory neurons and excessive embryonic neurogenesis could
contribute to the etiology of autism (Bruining et al., 2020; Courchesne
etal., 2011; Fameetal.,2011; Lee etal., 2017; Vaccarino et al., 2009;
Wegiel et al., 2010). Indeed, overproduction of excitatory upper-layer
neurons in the neocortex, leading to an excitatory/inhibitory synaptic
imbalance, has been associated with autism-like behaviors (Fang et al.,
2014). Previously, we showed that Lrig/-deficient mice exhibit
deficits in social interaction behavior (Alsina et al., 2016). Thus, it will
be of interest to further explore whether the increased density of upper
layer neurons observed here in the neocortex of Lrig/-deficient mice
results in an excitatory/inhibitory synaptic imbalance associated with
autism-related behaviors.

Lrig1 as a regulator of stem cell proliferation
Lrigl has been involved in the control of cell proliferation of many
cell types by negatively regulating mitogenic signals such as EGFR.
Moreover, it has been suggested that it might also control quiescence
by promoting BMP signaling (Herdenberg and Hedman, 2023;
Herdenberg et al., 2021). Therefore, Lrigl has been described as a
stem cell marker in the intestine and the skin (Page et al., 2013;
Powell et al., 2012), as well as a regulator of cultured skin stem cell
quiescence (Jensen and Watt, 2006). In recent years, Lrigl has been
shown to be a relevant regulator of adult neural stem cell (NSC)
proliferation and a genetic determinant of the adult NSC pool (Nam
and Capecchi, 2020). In this study, Lrig1 is shown to be expressed in
neurogenic stem cells located in the VZ and SVZ of the lateral
ventricle, which generate olfactory bulb interneurons throughout
adult life. In addition, we found that Lrigl is functionally important
to VZ and SVZ neurogenesis given that Lrig/ knockout mice have
increased proliferation of the cells that reside there during adulthood.
Consistent with these observations, Marqués-Torrejon and
collaborators have found that Lrigl is expressed in a subset of
adult NSCs from the SVZ, and that ablation of Lrig/ in these cells
results in their hyperproliferation, whereas overexpression of Lrigl
in NSCs triggered cell cycle exit (Marques-Torrejon et al., 2021).
In the present work, we tested the hypothesis that Lrigl is relevant
for the control of embryonic CP proliferation during early-to-mid
stages of embryonic corticogenesis. We found that Lrigl is

Fig. 9. Model summarizing the role of Lrig1 as a
physiological regulator of glutamatergic cortical
development. Lrig1 is expressed in cortical
progenitors, and its ablation causes expansion and
increases proliferation of radial and/or apical
progenitors, which results in an increase in the
population of neurogenic transit-amplifying
intermediate progenitors at early-to-mid embryonic
stages of cortical development. The long-lasting
effect of Lrig1 deficiency is to promote the
production of upper layer glutamatergic neurons.

(G CART+ (L3)
0Satb2+ (L2/3)

=Ctip2+ (L5/6)
=Tbr1+ (L6)

expressed in radial progenitor cells at E13.5 days of cortical
development. Moreover, Lrigl ablation promotes the expansion
and proliferation of Sox2-positive radial and apical progenitors, and
increases the pool size of Tbr2-positive intermediate progenitors at
embryonic stages of cortical development.

The role of Lrigl at perinatal stages of corticogenesis has been
studied by Jeong et al., who found that Lrigl negatively regulates
proliferation of neural stem cells by negatively modulating EGFR
activity at late embryonic and perinatal stages of corticogenesis (Jeong
et al., 2020), when the neurogenic to gliogenic switch takes place (Fu
et al., 2021; Mukhtar and Taylor, 2018; Ohtsuka and Kageyama,
2019). In the present study, we describe a previously unreported
mechanism through which Lrig] negatively regulates FGF-driven, but
not EGF-induced, neurosphere formation and cortical progenitor cell
proliferation by modulating the Jak2/Stat3 pathway at early-to-mid
embryonic stages, when EGFR is undetectable.

Moreover, the fact that Jak2 inhibition blocks the increased
proliferation observed in Lrigl-deficient progenitors of E13.5 also
suggest that this regulation occurs through an EGF-independent
mechanism, as it has been described that activation of Stat3 by EGF
requires intrinsic EGFR/Src kinase activity, but not Jak2 (Chen
et al., 2011; Ma et al., 2020; Wendt et al., 2014).

Negative regulation of Jak2/Stat3 activation by Lrig1

How does Lrigl control cortical progenitor cell proliferation at
embryonic stages of cortical development? Although Lrigl restricts
the formation of neurospheres in response to FGF, intriguingly, we
have not been able to detect co-immunoprecipitation between Lrigl
and FGFRI1 in cell extracts prepared from embryonic cerebral cortex.
However, it has been established that indirect activation of Jak2/Stat3
by FGF2 is required for the maintenance of mouse embryonic
neocortical stem/progenitor cells. Conditional deletion of Stas3 in
neural progenitors reduces their capacity to form neurospheres in vitro
in response to FGF2 (Yoshimatsu et al., 2006). Importantly, we
observed by RT-PCR that Lrigl displays developmental expression
patterns similar to those reported for Stat3 during the embryonic
development of the neocortex (Hong and Song, 2015). Furthermore,
we observed co-expression of Lrigl and Stat3 in embryonic cortical
apical progenitors by immunofluorescence (Fig. S3). Interestingly,
similarities between the roles played by Stat3 and Lrigl during
embryonic development of the neocortex have been reported. For
example, Stat3 is expressed in embryonic radial progenitors, and its
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elevated activity drives their symmetric division. For this reason, Stat3
is a major determinant of the generation and maintenance of RGCs.
Finally, Stat3 controls the production of neurons that constitute the
upper cortical layers without affecting the early-born neurons. Thus,
like Lrigl, the contribution of Stat3 to cortical neurogenesis is also
layer specific (Hong and Song, 2015). In line with this evidence, we
observed that FGF2-induced neurospheres overexpressing Lrigl/
showed a reduced in the proportion of pStat3™ nestin” progenitors
compared with control spheres. Conversely, tissue extracts of
neocortex prepared from E13.5 Lrig/-deficient mice presented a
significant increase in the levels of pStat3 compared with wild-type
animals. Moreover, our data show that Lrigl dampens CP proliferation
by inhibiting the activation of Jak2 induced by FGF2 (Fig. 5A-C).
Hence, our findings suggest that Lrig] could inhibit neural progenitor
cell proliferation by acting as a negative regulator of upstream
activators of the Jak2/Stat3 signaling pathway. As it has been
described that FGF2 induces the expression of interleukin 6 (IL6) and
its receptors (Bohrer et al., 2014; Todd et al., 2016), which could
contribute, through an autocrine/paracrine mechanism, to activation of
Jak?2/Stat3-dependent proliferation of CP cells, we analyzed the role of
Lrigl as a modulator of IL6 signaling. Our findings indicate that FGF2
treatment of CPs promotes a significant increase in the expression of
IL6 receptor mRNAs. Moreover, our findings demonstrate that Lrigl
regulates Stat3 activity in neurospheres treated with IL6.

Interestingly, our results are in line with previous work suggesting
that Lrig1 and Stat3 might be functionally related to each other, as both
Lrigl KO mice and transgenic animals overexpressing a constitutively
active form of Stat3 in keratinocytes develop skin lesions that closely
resemble psoriasis (Sano et al., 2005; Suzuki et al., 2002). Our finding
showing that Lrig1 inhibits pStat3 is in agreement with these previous
studies and with other work showing that Lrig] negatively regulates
the Stat3-dependent inflammatory pathway to maintain corneal
homeostasis (Nakamura et al., 2014). Notably, by using a Stat3
luciferase  reporter assay, these authors showed elevated
responsiveness to IL6 upon loss of Lrig/ in mouse conjunctival
fibroblasts and keratinocytes (Nakamura et al., 2014). More recently, it
has also been reported that microRNA-dependent downregulation of
Lrigl promotes the survival of leukemia stem cells by activating the
Stat3 pathway (Chen et al., 2021). Thus, all this evidence shows that
inhibition of Stat3 activation by Lrigl contributes to maintaining
tissue homeostasis and controlling biological processes such as
survival and proliferation. Although the exact molecular mechanism
through which Lrigl regulates Stat3 signaling is still unknown,
previous evidence suggests that Lrigl could control IL6 receptor
signaling by acting at the level of cytokine binding, regulating IL6
receptor trafficking and/or degradation. For this reason, further
analysis will be required to understand the mechanism by which
Lrigl regulates the IL6/Jak2/Stat3 signaling pathway in our system
and in other biological systems.

Role of Lrig1 and Stat3 in cortical progenitors generating
upper-layer neurons

Finally, a question that arises from our results is how the control of IL6/
Stat3 proliferative signaling by Lrigl regulates cell fate specification
of upper-layer glutamatergic neurons. A detailed spatio-temporal
analysis of Stat3 expression and activity during embryonic cortical
development establishes that Stat3 activity influences proliferation and
maintenance of a specific pool of Sox2-positive progenitors (Hong and
Song, 2015). This study also demonstrates that Stat3 is expressed in
RGCs at early-to-mid neurogenesis and is enriched in symmetrically
dividing apical RGCs mainly destined to become upper-layer neurons.
Moreover, the production of deep-layer neurons was normal in Stat3

mutant mice, supporting the idea that Stat3 acts selectively on the
actively dividing RG cells that produce upper-layer neurons (Hong and
Song, 2015).

Interestingly, all this evidence is in agreement with the role
described here for Lrig/ mutant mice during cortical development.
Thus, our results suggest that the increased production of upper-layer
neurons observed in Lrig! KO mice could be due to the higher activity
of Stat3 involved in the proliferation and maintenance of a subset of
progenitors developmentally specified to produce upper-layer neurons.

Together, our results provide new insights into the role of Lrigl asa
homeostatic regulator of glutamatergic cortical neurogenesis.
Additionally, our findings support a model in which Lrigl
regulates cortical neurogenesis by controlling FGF-driven 1L6/Jak2/
Stat3 proliferative signaling in cortical progenitors that are
developmentally specified to give rise upper-layer projecting neurons.

MATERIALS AND METHODS

Lrig1 mutant mice

The Lrig]l mutant mice have been previously described (Alsina et al., 2016;
Mao et al., 2018). The colony was maintained in heterozygosis and the
tested mice were littermate progeny of matings between heterozygous Lrig
knockout mice. Animal experiments were carried out in accordance with the
institutional animal care and ethics committee of the School of Medicine
(CICUAL-UBA). Ethical permit number: 4094/2019.

RT-PCR and qRT-PCR

The expression of Lrigl, Fgfrl, Egfr and TATA box-binding protein (7bp)
mRNAs was analyzed by semi-quantitative RT-PCR from embryonic cortex
at different developmental stages. Additionally, the ontogenic expression of
Lrigl and Thp mRNAs was measured by qRT-PCR from these embryonic
cortical samples. The expression of Ccndl (cyclin D1), Cenel (cyclin E),
Cdknlb (p27), Myc, Stat3, 116, Il6st (Gp130), ll6ra and Thp mRNAs were
analyzed by semi-quantitative PCR from total RNA isolated from
neurospheres prepared from wild-type and Lrig/ knockout mice, and from
cortical progenitors grown in the presence of FGF2. In all cases, RNA was
isolated using RNA-easy columns (Qiagen). cDNA was synthesized using
multiscribe reverse transcriptase and random hexamers (Applied
Biosystems). The cDNA was amplified using the following primer sets:
Thp, forward 5'-GGGGAGCTGTGATGTGAAGT-3" and reverse 5'-CC-
AGGAAATAATTCTGGCTCA-3'; Lrigl, forward 5'-CTGCGTGTAAG-
GGAACTCAAC-3’ and reverse 5'-GATAGACCATCAAACGCTCCA-3';
Fgfrl, forward 5'-AGAAAGAGACAGACAACACCAAA-3’ and reverse
5'-GAATTCCTTGCCGTTTTTCA-3'; Egfi, forward 5'-AAATGCAACA-
TCCTGGAGGGGGAA-3" and reverse 5'-AGGTGGCAGACATTATT-
GGCA TC-3'; Cendl, forward 5-TGCAAATGGAACTGCTTCTG-3’
and reverse 5'-CTGGCATTTTGGAGAGGAAG-3’; Ccnel, forward
5’-CCTCCAAAGTTGCACCAGTT-3’" and reverse 5-CCACTTAAGG-
GCCTTCATCA-3"; Cdknlb, forward 5-GCGACCTGCGGCAGAA-
GATTC-3" and reverse 5'-CTCCACAGTGCCAGCATTCG-3'; Myc,
forward 5'-CCAGATCCCTGAATTGGAAA-3’ and reverse 5'-TCGTCT-
GCTTGAATGGACAG-3'; Stat3, forward 5'-GAAAAGGACATCAGT-
GGCAAG-3" and reverse 5-ACCAGGATGTTGGTCGCATC-3'; 116,
forward 5'- CAAAGCCAGAGTCCTTCAGAG-3' and reverse 5'-GTCCT-
TAGCCACTCCTTCTG-3'; Il6ra, forward 5'-CCACGAGGATCAGTAC-
GAAAG-3" and reverse 5'-TCGTCTTGCTTTCCTTCTCAG-3'; and /l6st,
forward 5'-GTACCTCAAACAAGCCGCTCCT-3" and reverse 5'-TGTG-
AGAAGAATCCACATGCAC-3'.

Real-time PCR was performed using the SYBR Green qPCR SuperMix
(Invitrogen) in an ABI7500 Sequence Detection System (Applied Biosystems),
according to the manufacturer’s instructions. For semi-quantitative PCR, gel
bands were quantified using Gel-Pro Analyzer software.

Cell transfection and recombinant proteins

HEK293 T (from American type culture collection, ATCC) is an
immortalized cell line derived from human embryonic kidney. This cell
line was grown in Dulbecco’s modified Eagle’s medium (DMEM) with high
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glucose (Invitrogen), supplemented with 10% fetal bovine serum
(Invitrogen). MN1 is an immortalized mouse-derived motor neuron cell
line that was cultured in DMEM supplemented with 7.5% FBS and HEPES
(10 mM, Invitrogen) as previously described (De Vincenti et al., 2021;
Salazar-Grueso et al., 1991). Recombinant FGF2 and EGF were obtained
from R&D Systems and IL6 was purchased from Preprotech.

Primary cultures of cortical progenitors and paired cell assay
Cortical progenitors were cultured as previously described (Bonafina et al.,
2018). Precursors were isolated from E14.5 rats and E13.5 mice. Cortices
were mechanically dissociated and cells were plated at a density of 80,000
cells per well of 24-well plated in glass coverslips coated with Poly-D-lysine
(10 wml, from Sigma) in Neurobasal medium supplemented with 2% B27
(Invitrogen), 2mM glutamine (Glutamax, from Gibco), penicillin/
streptomycin (1.2 U/mi, from Sigma) and FGF2.

For paired cell assays, dissociated progenitor cells were plated at low density
(~1000 cells/ml) in cortical progenitor cell media on dishes coated with Poly-
D-lysine (Sigma). After 20 h, cells were fixed in 4% paraformaldehyde (PFA)
and immunostained for Ki67 and with DAPIL Cell pairs were scored as
symmetric proliferative division if both daughter nuclei were Ki67", as
symmetric differentiative division if both were Ki67~, and as asymmetric
division if one nucleus was Ki67" and the other was Ki67™.

Neurosphere assays

For neurosphere assays, dissociated cortical progenitor cells were seeded in 24-
well plates at densities of 30,000-60,000 cells/well in 500 ul of DMEM:F12
(Invitrogen) supplemented with 2% B27 (Invitrogen), 2 mM glutamine
(Glutamax, Gibco), 5 mM Hepes (Gibco), penicillin/streptomycin (1.2 U/ml,
Sigma) and FGF2 (10-15 ng/ml), EGF (10 ng/ml) (R&D Systems) or IL6
(100 ng/ml) (Preprotech), as indicated in each figure legend. Cultures were
allowed to grow in suspension for 5-7 days. For self-renewal analysis, primary
neurospheres of ~100 um of diameter were dissociated, passaged at a cell
density of 50 cell/ul and maintained in the presence of 10-15 ng/ml of FGF2 in
DMEM:F12 medium supplemented with 2% B27, 2 mM glutamine, Hepes
and antibiotics. The percentage of proliferating precursors was determined as a
percentage of KI67"/DAPI cells and the percentage of proliferating apical
precursors as percentage of KI67" nestin/total nestin cells.

Pharmacological inhibition of JAK2 kinase activity was carried out on
neurospheres grown for 5 days in the presence of FGF2 (10 ng/ml). Once
formed, the spheres were treated or not treated with the Jak2 inhibitor
AG490 (20 pM; Sigma-Aldrich) for an additional 24 h, and then fixed at
DIV6 with 4% PFA.

Retrovirus production

A replication-deficient retroviral vector based on the Moloney murine
leukemia virus was used to specifically transduce cortical stem and
progenitor cells. Retroviral particles were assembled using three separate
plasmids containing the capside (CMV-vsvg), viral proteins (CMV-gag/
pol) and the transgenes retroviral plasmid containing GFP and mouse Lrigl-
Flag retroviral vector (Cellogenetics) (Alsina et al., 2016).

Plasmids were transfected onto HEK293 T cells using polyethylenimine
(PEI from Polyscience) as previously described (Ledda et al., 2008). Virus-
containing supernatant was harvested 48 h after transfection and
concentrated by two rounds of ultracentrifugation.

Western blotting of pStat3

Cortices were lysed at 4°C in lysis buffer containing 0.5% Triton X-100,
0.1% SDS plus protease and phosphatase inhibitors. Protein lysates were
clarified by centrifugation and analyzed by immunoblotting as previously
described (De Vincenti et al., 2021). The blots were scanned in a Storm 845
Phosphorlmager (GE Healthcare Life Sciences). The following antibodies
were used: anti-pStat3 (Tyr 705) (9135, clone 58E12, Cell Signaling,
1/1000) and anti-a-tubulin (T9026, Sigma, 1/6000).

BrdU labeling
For BrdU labeling, dissociated cortical progenitors from wild-type and
Lrigl-deficient mice were cultured in the presence of FGF2 (10 ng/ml) for 5

DIV. After this, the cells were pulse labeled with BrdU (10 pM, from Sigma)
for 4 h and maintained additionally for 24 h before fixation. Cells were
pretreated with 1 N HCI for 40 min at room temperature, followed by
neutralization in 0.1 M borate buffer (pH 8.5) for 30 min and blocked with
10% normal donkey serum for 1h at room temperature, after which
immunostaining was performed using a mouse anti-BrdU antibody
(Millipore, MAB3424, 1/300) and rabbit anti-Ki67 antibody (Abcam,
ABI15580, 1/600).

Immunofluorescence and microscopy

Primary cortical progenitor cells or neurospheres were washed, fixed with
4% paraformaldehyde (PFA) in PBS, permeabilized with 0.3% Triton
X-100, blocked with 10% normal donkey serum (Jackson ImmunoResearch)
in PBS and then incubated overnight at 4°C with primary antibodies.

Rat and mouse brains were isolated from animals fixed with 4% PFA for
4 h, maintained in 30% sucrose in PBS overnight and then embedded in
OCT (Tissue-Tek) and sectioned at 25 um. Cryostat sections were
permeabilized with 0.1% Triton X-100, blocked with 10% normal donkey
serum and incubated overnight at 4°C with primary antibodies.

P15 mice of selected genotypes were euthanized, perfused transcardially
with 4% paraformaldehyde (PFA) in PBS under deep anesthesia. The brains
were dissected and post-fixed overnight. Serial cryosections (50 um) were
made using a Leica CM 1850 cryostat and processed for immunofluorescence.

The following antibodies and dilutions were used for immunofluorescence:
goat polyclonal anti-Lrigl (R&D Systems, AF3688, 1/500) (Alsina et al.,
2016), rabbit polyclonal anti-Lrigl extracellular domain was a gift from Dr
Satoshi Itami (University of Osaka, Osaka, Japan; 1/1000) (De Vincenti et al.,
2021; Suzuki et al., 2002), anti-nestin (Millipore, MAB353, 1/200), anti-KI167
(Abcam, ab15580, 1/500), anti-NeuN (Millipore, MAB377, 1/600), anti-Tbrl
(Abcam, ab31940, 1/600), anti-Tbr2 (Abcam, ab23345, 1/200); anti-Sox2
(SCBT, sc-17320, 1/500), anti-Pax6 (Biolegend, PRB-278P, 1/500), anti-
CART (R&D Systems, AF163, 1/100), anti-Cuxl (Millipore, ABE217,
1/300), anti-Ctip2 (Abcam, ab18465, 1/600), anti-Satb2 (Abcam, ab51502,
1/300), anti Sox9 (R&D Systems, AF3075, 1/500), anti-BrdU (Millipore,
MAB3424, 1/300), anti-Stat3 (Abcam, ab119352, 1/200) and anti-gp130
(SCBT, E-8 s¢-376280, 1/50).

The nuclear marker DAPI (1/10,000, Sigma) was used to stain cells in
culture and tissue sections. The secondary antibodies were from Jackson
ImmunoResearch. Images were acquired using an Olympus IX81, an
Olympus IX83 DSU confocal microscope and a LSM 880 with Ayrscan,
using identical settings between control and experimental images.

For neurosphere assays (number and size), images were obtained using an
Olympus IX-81 inverted microscope. For colocalization using specific
markers, images of neurospheres derived from wild-type and deficient mice
were obtained using an Olympus IX83 DSU confocal microscope (40%
objective). Each image corresponds to an 8 um merged stack composed of
optical sections of 1 um each. Images from neurospheres grown in the
presence of retroviral particles were obtained using an LSM 880 with
Ayrscan. Images were acquired by taking z stacks including five to eight
optical slices at 1.5 um intervals.

For embryonic tissue colocalization and quantification assays, images
were obtained using an Olympus 1X83 DSU confocal microscope, using a
60x or 20x objective with no saturation, no bleed through and minimized
noise at a resolution of 2048%2048 pixels (16 bit). Each image corresponds
to 12 or 9 pm merged stack composed of optical sections of 1 um each.

For quantification of number and thickness of postnatal cortical layers,
images were obtained using an Olympus IX83 DSU 20x objective. Each
image corresponds to a merge of 16 optical sections of 1.5 um each. All
image analysis was carried out using ImagelJ software.

Statistical analysis

Data are reported as means.e.m., and significance was accepted at P<0.05.
The number of independent experiments or the number of mice used in each
experimental condition are described in figure legends. No statistical
method was used to predetermine sample sizes, but our sample sizes are
similar to those generally used in the field. For animal studies, the handling
of the data was performed blind. Statistical analyses were performed in
GraphPad Prism 8.0. The normal distribution of the data was evaluated with
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the Shapiro-Wilk test or the Kolmogorov—Smirnov test. Normality was
assumed for only small datasets . In each case, a two-tailed Student’s 7-test or
one-way ANOVA analysis followed by a respective post-hoc test is
indicated in figure legends.
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