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Abstract
The neocortex represents the brain region that has undergone a major increase in its relative size
during the course of mammalian evolution. The larger cortex results from a corresponding
increase in progenitor cell number. The progenitors giving rise to neocortex are located in the
ventricular zone of the dorsal telencephalon and highly express Lhx2, a LIM-homeodomain
transcription factor. The neocortex fails to form in the Lhx2 constitutive knockout, indicating a
role for Lhx2 in corticogenesis, but this outcome, and mid-embryonic lethality, requires use of
conditional strategies for further study. Therefore, to explore Lhx2 function in neocortical
progenitors, we generated mice with Lhx2 conditionally deleted from cortical progenitors at the
onset of neurogenesis. We find that Lhx2 is critical for maintaining the proliferative state of
neocortical progenitors during corticogenesis. In the conditional knockouts, the neocortex is
formed but is significantly smaller than wild type. We find that deletion of Lhx2 leads to
significantly decreased numbers of cortical progenitors and premature neuronal differentiation. A
likely mechanism is indicated by our findings that Lhx2 is required for the expression of Hes1 in
cortical progenitors, a key effector in the Notch signaling pathway that maintains the proliferative
progenitor state. We conclude that Lhx2 regulates the balance between proliferation and
differentiation in cortical progenitors and through this mechanism controls cortical size.
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Introduction
The neocortex is the largest region of the mammalian cerebral cortex and is responsible for
sensory perception, cognition and control of movements. The multilayered and
interconnected neurons in the neocortex are formed through a tightly regulated series of cell
divisions and migration (Aboitiz et al., 2001; Fish et al., 2008; Nadarajah and Parnavelas,
2002). All neocortical neurons are generated from progenitor cells located in the
neuroepithelium lining the lateral ventricle. During development, these neural progenitor
cells undergo both symmetric and asymmetric types of division (Noctor et al., 2004; Noctor
et al., 2008). Cortical neural progenitors change their competency over time, giving rise to
distinct types of progenitors or neurons dependent on developmental stage (Alvarez-Buylla
et al., 2001; Fishell and Kriegstein, 2003; Gotz and Huttner, 2005; Miller and Gauthier,
2007). Before the onset of neurogenesis the early primary neural progenitor cells,
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neuroepithelial cells, expand the cortex via symmetric divisions to exponentially generate
more progenitors. Around the onset of neurogenesis, the neuroepithelial cells differentiate
into radial glia cells (RGCs), which are elongated progenitor cells. RGCs mainly divide
asymmetrically to maintain the neural progenitor population while also producing daughter
cells that will become either neurons or more restricted progenitors, the basal progenitors (or
intermediate progenitors) (Gotz and Huttner, 2005; Kriegstein et al., 2006; Miyata et al.,
2010; Noctor et al., 2008).

The precise regulation of cortical progenitor number is critical for determining the number
of cortical neurons and cortical size. However, the molecular mechanisms underlying the
determination of cortical size are largely unknown. The Notch signaling pathway was shown
to play an important role in maintaining cortical neural progenitors in the proliferative state.
The deletion of Hes1 and Hes5, two downstream effectors for Notch signaling pathway,
leads to premature neurogenesis (Hatakeyama and Kageyama, 2006; Imayoshi et al., 2008;
Ishibashi et al., 1995; Kageyama et al., 2008a; Kageyama et al., 2008b; Ross et al., 2003)
and ectopic overexpression of Hes genes prevents neurogenesis (Nakamura et al., 2000;
Ohtsuka et al., 1999; Ohtsuka et al., 2001). Thus, Hes proteins sustain progenitors in a
proliferative state and inhibit differentiation.

We studied the role for LHX2, a LIM-homeodomain transcription factor, in the regulation of
neocortical progenitor proliferation. Within the neocortex, Lhx2 is expressed throughout
cortical neurogenesis by neocortical progenitors within the ventricular zone (VZ) of the
dorsal telencephalon (dTel). It was previously shown that LHX2 is required for
determination of cortical cell fate, as Lhx2 constitutive null mutants display an extremely
diminished dTel with an expansion of the cortical hem (Bulchand et al., 2001; Porter et al.,
1997). To study the function of Lhx2 in cortical progenitors after the cortex is determined,
we generated an Lhx2 floxed line with LoxP sites flanking exons 1 to 3 of Lhx2. We
reported previously that when Lhx2 is eliminated in dTel by Emx1-Cre at E10.5, the cortical
hem does not expand and the neocortex forms (Chou et al., 2009; Mangale et al., 2008).
With this conditional deletion at E10.5, the neocortex is disorganized and significantly
smaller than WT neocortex, and the fate of progenitors of lateral neocortex is altered and
they instead generate an ectopic olfactory cortex (Chou et al., 2009). Although in both the
Lhx2 constitutive and Emx1-Cre conditional knockout models the size of the cortex is
dramatically reduced, the altered fate of cortical progenitors in both models makes it
difficult to determine the role of Lhx2 in regulation of cortical size.”

We found when Lhx2 is deleted by Nestin-Cre at E11.5, the fate of cortical progenitors is
not changed (Chou et al., 2009). Using this conditional mutant, we demonstrate here that
Lhx2 is required for maintaining cortical progenitors in the proliferative state. When Lhx2 is
deleted by Nestin-Cre, the neocortex is reduced to less than 50% of the wild type (WT) size.
The decreased cortical size is due to dTel neural progenitors exiting the cell cycle and
generating neurons prematurely. We find that the deletion of Lhx2 results in a down-
regulation of Hes1 expression, which likely contributes to the premature neurogenesis
phenotype. Therefore, we have identified a novel molecular mechanism for maintaining
cortical progenitors.

Results
Lhx2 controls cortical size

In the Lhx2 constitutive knockout animals, the cortical hem is expanded at the expense of
cortical progenitors in the dTel VZ (Bulchand et al., 2001). The lack of neocortical
progenitors in the Lhx2 null embryos makes it impossible to study the function of Lhx2 in
these progenitors in dTel VZ. We therefore generated mice with an Lhx2 floxed allele (Lhx2
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f/f) to enable deletion of Lhx2 after neocortical progenitors in dTel are specified (Chou et
al., 2009). In this study, we crossed Lhx2 f/f mice with Nestin-Cre to delete Lhx2 in all
neural progenitors (Tronche et al., 1999). In these Lhx2 cKO (Lhx2 f/f; Nestin-Cre), Lhx2 is
deleted in dTel from E11.5 (Figure 1A, A′ and Chou et al., 2009). The cortical hem, marked
by the expression of Wnt3a, is not expanded in the Lhx2 cKO (Figure 1B, B′). At P7, the
size of the cortex in the Lhx2 cKO is significantly reduced to less than 50% of the WT size
(Figure 1C, C′ and D, n=4; P<0.001), and both the length (Figure 1D′, n=4; P<0.005) and
the width (Figure 1D″, n=4; P<0.001) of the cKO cortex are significantly decreased.

To determine if the six layers of neurons are formed properly in the small cortex of Lhx2
cKO, we performed a molecular analysis using layer-specific markers: Cux2, RORβ, Er81
and Tbr1 for layers 2/3, 4, 5 and 6 respectively (Hevner et al., 2003; Hevner et al., 2001;
Nakagawa and O’Leary, 2003; Zimmer et al., 2004). The early born neurons, including
theTbr1 expressing layer 6 and Er81 expressing layer 5 neurons, are slightly reduced in layer
thickness in Lhx2 cKO (Figure 1G, G′, H, H′). However, the late born neurons, including
the RORβ expressing layer 4 and Cux2 expressing layer 2/3 neurons are dramatically
diminished in both their expression levels and the number of expressing neurons in Lhx2
cKO (Figure 1E, E′, F, F′).

These findings suggest that Lhx2 is a critical transcription factor regulating the size of
cortex. Deleting Lhx2 using Nestin-Cre leads to a mutant cortex that is significantly smaller
than the WT cortex. Yet, cortical neurons are generated in this Lhx2 cKO, unlike in Lhx2
null brains, though the number of superficial, late born neurons is considerably diminished.

To further investigate the role of Lhx2 in controlling cortical size, we examined when during
development the difference of cortical size is detectable. We find that the cKO cortex is
notably smaller than the WT cortex from E13.5 (Figure 2). On Nissl stained coronal sections
of WT and cKO brains from E11.5 to P0, we measured the size of the cortex by determining
the length along the dTel VZ from hem to the pallium-subpallium boundary (PSB) (L, as
indicated in Figure 2B) and the thickness of the cortex by measuring the length across dTel
from the ventricle to pia (T, as indicated in Figure 2C). At E11.5, when Lhx2 is just deleted
in the cKO dTel (Chou et al., 2009), both the size and the thickness of the cortex are
indistinguishable between WT and cKO cortex (Figure 2). Starting from E13.5, the
tangential extent of cKO cortex is significantly smaller than WT (Figure 2B, n=3, p<0.05).
Remarkably, at E13.5 the cKO cortex is transiently thicker than WT (* in Figure 2C, n=3,
p<0.001). By P7, as shown in Figure 1D–G, the WT cortex is thicker than the cKO cortex.
The progression of these differences in cortical size and thickness suggest that the deletion
of Lhx2 leads to premature neurogenesis and a concomitant depletion of neural progenitors.

Depletion of cortical progenitors in Lhx2 cKO
To investigate the reason for the decrease in cortex size in the Lhx2 cKO we analyzed cell
cycle kinetics in the dTel VZ. We used BrdU to label dividing progenitors at E13.5 and
analyzed the number of cells labeled in the cortical VZ one hour after BrdU exposure
(Figure 3A and data not shown). Counts of BrdU labeled cells showed a significant 30%
decrease in the number of dividing progenitors in cKO mice compared to their WT
littermates at E13.5 (Figure 3A, A′, A″; n=9 for WT and n=6 for cKO, P<0.001). To confirm
the loss of progenitors in the Lhx2 cKO cortex, we performed immunostaining to label
mitotic cells with the phosphorylated histone 3 (pH3) antibody at E13.5 (Figure 3B, B′). We
counted both the pH3 positive cells along the ventricle (the apical pH3 positive progenitors,
A) as well as the ones located in the subventricular zone (the basal pH3 positive progenitors,
B). We found that the apical pH3 positive progenitor cells were significantly diminished in
the Lhx2 cKO at E13.5 (Figure 3B, B′, B″; n=9 for WT and n=6 for cKO, P<0.01) while the
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number of basal located pH3 positive progenitors was not significantly different between
WT and cKO (Figure 3B″).

Basal progenitors reside in the SVZ, express Tbr2 exclusively, and are secondary cortical
progenitors; they are exclusively neurogenic, and have limited self-renewal capacity
(Englund et al., 2005; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). The
number of Tbr2 expressing cells is similar between cKO and WT at E11.5 (data not shown),
but is increased significantly in the cKO at E13.5 (Figure 3C, C′ and C″, n=3 for WT and
cKO, P<0.001). However, the number of Tbr2 positive cells in the cKO is decreased
significantly by E15.5 (Figure 3D, D′, D″, n=4 for WT; n=5 for cKO, P<0.001).

Furthermore, we used the TUNEL assay to observe apoptotic cell death at E11.5, E13.5 and
E15.5 and find no evidence of increased cell death in the Lhx2 cKO dTel (data not shown).
In summary, we observe a significantly decreased number of proliferating progenitors in the
dTel of Lhx2 cKO. Moreover, we find that the deletion of Lhx2 leads to more neurogenic
basal progenitors at E13.5. However, the depletion of neural progenitors leads to a decreased
number of basal progenitors at E15.5. These results suggest that the deletion of Lhx2 leads
to a premature differentiation of neural progenitors.

Premature neuronal differentiation in Lhx2 cKO
To address whether the premature thickening of the Lhx2 cKO dTel and loss of proliferating
progenitors in Lhx2 cKO are due to changes in the mode of cell differentiation, we
examined the ratio of cells that exit or reenter the cell cycle during neurogenesis. We labeled
proliferating cells by a pulse of BrdU at E13.5 and collected the embryos 24 hr later at
E14.5. We used antibodies against BrdU and Ki67 to mark cells proliferating at E13.5 and
actively proliferating cells at E14.5, respectively. Cells that are labeled with BrdU but are
not Ki67 positive have exited the cell cycle over the previous 24 hr period whereas those
that are double labeled with BrdU and Ki67 have re-entered the cell cycle. In WT, fewer
than 20% of the BrdU positive cells exit the cell cycle and are Ki67 negative. In the cKO,
about 35% of the BrdU positive cells are Ki67 negative, a significant increase in the number
of cortical progenitors exiting the cell cycle (Figure 4; n=3 for WT and n=5 for cKO,
p<0.001).

We further examined the expression of the neuronal marker TuJ1, which labels the neurons
forming the cortical plate, in WT and cKO brains from E11.5 to E13.5. At E11.5, when
early born neurons start to be formed outside the VZ, the TuJ1 positive region is similar in
the WT and the cKO (Figure 5A, A′). The TuJ1 positive developing cortical plate is thicker
in the cKO compared to WT by E12.5 (Figure 5B, B′), and this increase is more pronounced
at E13.5 (Figure 5C, C′). These results confirm that the lack of Lhx2 results in a premature
neurogenesis, leading to an overproduction of cortical neurons at the expense of progenitor
expansion. Therefore, Lhx2 is required for the maintenance of neural progenitors in their
proliferative state.

Lhx2 regulates the expression of Hes1
To understand the molecular mechanisms for Lhx2 to regulate cortical neurogenesis, we use
a candidate approach to search for Lhx2 downstream factors. Apterous, the Lhx2 ortholog in
Drosophila, was shown to interact with components in the Notch signaling pathway in wing
disc (Milan and Cohen, 2000). Therefore, we examined the expression of Hes genes in Lhx2
cKO by in situ hybridization as they were shown to be Notch downstream factors critical for
regulating neuron differentiation (Corbin et al., 2008; Kageyama et al., 2009).

We found that the expression of both Hes1 and Hey1 was dramatically down-regulated in
the forebrain of Lhx2 cKO at E13.5 (Figure 6A, A′ and 6B, B′), while the expression of
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Hes5 did not show a noticeable difference (Figure 6C, C′). Notch1 is expressed in WT dTel
VZ in a high-medial to low-lateral gradient (Figure 6D). The expression level of Notch1 in
the medial cortex in the cKO was also decreased, leading to a flattened Notch1 expression
across the dTel VZ (Figue 6D′).

The relative Hes1 expression level in E13.5 WT and Lhx2 cKO dTel was further examined
by quantitative PCR, using cyclophilin as well as mAct as internal controls. We confirmed
that the expression of both Lhx2 and Pax6 is significantly down-regulated in Lhx2 cKO
(Figure 6E; n=4; p<0.001) as we have shown previously (Chou et al., 2009). We found that
the expression of Hes1 is also significantly down-regulated in the Lhx2 cKO (n=4;
p<0.001).

The down-regulation of Hes1 has been shown to accelerate neurogenesis by up-regulating
proneural genes, such as Ngn2 (Hatakeyama and Kageyama, 2006; Ishibashi et al., 1995).
We further investigated the expression of Ngn2 in Lhx2 cKO. Ngn2 is expressed in the VZ
of dTel in a high-lateral to low-medial graded fashion, complementary to the expression
gradient of Lhx2 and Hes1. We find at E11.5, when Lhx2 is deleted in the cKO dTel, Hes1
expression is down-regulated and the expression of Ngn2 in dTel of the cKO is up-
regulated, especially in the medial dTel, resulting in a flattening of the Ngn2 expression
gradient across the dTel VZ (Figure 7). This up-regulation of Ngn2 expression is consistent
with the premature neurogenesis phenotype we observe in Lhx2 cKO.

To further investigate if Lhx2 regulates transcription activity of the Hes1 gene, we first
examined Hes1 promoter activity in Lhx2 cKO dTel. Using in utero electroporation, we
transfected into E12.5 WT and cKO brains a GFP reporter construct driven by a 500-bp
Hes1 promoter (Jarriault et al., 1995) and a RFP reporter construct driven by a constitutively
active CAG promoter (Figure 8A). We visualized expression of GFP and RFP in the
transfected brains analyzed 24 hrs after electroporation at E13.5. In both WT and cKO,
strong RFP expressing cells are detected, while the GFP expression is prominent in the VZ
in WT but sparse in the cKO (Figure 8A″, A‴, n=5 for WT and n=3 for cKO). We observed
a significant decrease of the ratio of GFP positive cells (Hes1-expressing cells) and the RFP
positive cells (all transfected cells) in cKO (Figure 8A′, p<0.001). This suggests that Lhx2 is
an upstream regulator to promote Hes1 gene expression in the developing dTel.

In N2A cells, a neuroblastoma cell line, we confirmed the role of Lhx2 in regulating Hes1
promoter activity. We find Lhx2 can increase Hes1 promoter activity about 5 fold (Figure
8B). The intracellular domain (ICD) of Notch1 was shown to be able to activate the Hes1
promoter (Jarriault et al., 1995). We find that when Lhx2 is co-transfected with Notch1-ICD,
the activity of the Hes1 promoter can be further activated (Figure 8C), suggesting that Lhx2
can cooperate with the Notch signaling pathway in regulating Hes1 expression. Therefore,
we conclude that Lhx2 is an important regulator for Hes1 expression.

Discussion
In this study, we show that Lhx2 is critical for the determination of the size of cortical
progenitor pools and number of cortical neurons, thereby ultimately regulating cortical size.
Lhx2 belongs to the LIM homeodomain (LIM-HD) transcription factor (TF) family. It is
known that LIM-HD TFs play important roles in many aspects of development, such as
interneuron and motor neuron specification in spinal cord (reviewed by (Hunter and Rhodes,
2005)).

Lhx2 has been shown to play important roles in specifying neocortical progenitors. Lhx2 is
strongly expressed in the neocortical progenitors in dTel VZ during corticogenesis. To
determine the function of Lhx2 in these progenitors, we previously generated an Lhx2
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floxed line with LoxP sites flanking exons 1 to 3 of Lhx2 and crossed it with several Cre-
lines to conditionally delete Lhx2 from cortical cells at various developmental stages (Chou
et al., 2009). We found that Lhx2 has distinct, stage-specific critical roles in corticogenesis
throughout embryonic development. In contrast to the constitutive null, where the cortex is
not formed due to the expansion of the cortical hem at the expense of cortical progenitors
(Bulchand et al., 2001; Porter et al., 1997), when Lhx2 is eliminated in dTel by Emx1-Cre at
E10.5, the cortical hem does not expand and the neocortex forms (Chou et al., 2009;
Mangale et al., 2008). With this conditional deletion at E10.5, the neocortex is disorganized
and significantly smaller than WT neocortex; moreover, the fate of lateral neocortex
progenitors is altered, and they instead generate an ectopic olfactory cortex. However, Lhx2
deletion one day later, at E11.5 by Nestin-Cre, does not result in a re-fating of lateral
neocortical progenitors, but results in a neocortex that is significantly smaller than WT
(Chou et al., 2009). Therefore, we concluded that Lhx2 plays a crucial role in specifying
neocortical progenitors in a narrow time window around E10.5.

In this study, we focused on the roles of Lhx2 in the neocortical progenitors after their
neocortical fate is specified; we studied the defects in the mutant brains where Lhx2 is
deleted by Nestin-Cre. In the dTel in the Nestin-Cre cKO, we find that the deletion of Lhx2
leads to decreased progenitor proliferation and increased neurogenesis and therefore, results
in a dramatically smaller cortex. Due to the progressive diminishment of cortical
progenitors, the later born cortical neurons in the layer 2/3 and 4 are more affected in Lhx2
cKO brains. We further demonstrate that Lhx2 regulates the proliferation of cortical
progenitors, at least partly, through the regulation of Hes1, an important regulator for neural
progenitors. Thus, we have identified a novel role for Lhx2 as a key regulator for the
balance between proliferation and differentiation of neocortical progenitors.

Regulation of neurogenesis through Hes1
Hes1 is one of the Hes genes, mammalian homologues of Drosophila Hairy and Enhancer of
Split. Hes genes are repressor-type basic helix-loop-helix (bHLH) genes and negatively
regulate neurogenesis by antagonizing proneural genes such as the achaete-scute complex
(Akazawa et al., 1992; Sasai et al., 1992). In mouse neural progenitor cells, the expression of
the Hes1 oscillates and is required for maintenance of neural progenitors in the embryonic
cortex (Kageyama et al., 2008a). Inactivation of Hes1 up-regulates expression of proneural
genes, such as Ngn2, and accelerates neuronal differentiation (Hatakeyama and Kageyama,
2006; Imayoshi et al., 2008; Ishibashi et al., 1995; Kageyama et al., 2008a; Kageyama et al.,
2008b; Ross et al., 2003), while misexpression of Hes1 inhibits neuronal differentiation
(Ohtsuka et al., 2001). The down-regulation of Hes1 expression in the Lhx2 cKO explains
the premature neurogenesis phenotype. However, in Hes1 mutants, the neurogenesis
phenotype is relatively minor (Hatakeyama et al., 2004). Therefore, Lhx2 may regulate
additional factors that are involved in cortical progenitor maintenance.

We find Hes1 expression is down-regulated in the Lhx2 cKO, but the expression of Hes5 is
not changed. Previous studies have suggested that the expression of Hes1 and Hes5 might be
differently regulated. Although Notch signaling regulates both Hes1 and Hes5 expression,
the initial expression of Hes1 occurs in neuroepithelial cells in dTel before Notch signaling
components are expressed, while Hes5 expression starts later and occurs together with the
expression of Notch signaling components (Hatakeyama et al., 2004). This indicates that the
initiation of Hes1 expression is independent of Notch signaling and the initiation of Hes5
expression may be dependent on Notch signaling. Lhx2 is expressed in the dTel
neuroepithelial cells very early on (Nakagawa et al., 1999; Rincon-Limas et al., 1999). Our
results suggest that Lhx2 is likely to regulate the pattern of Hes1 expression, which is
different from Hes5.
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Though it is well established that the expression of Hes1 is critical for neural progenitor
proliferation, the mechanism by which the expression of Hes1 is regulated is still unclear.
Recent studies have indicated that Gli2 and Nfia regulates Hes1 activity within neural
progenitors (Piper et al., 2011; Wall et al., 2009), Hes1 also negatively regulates its own
gene expression (Takebayashi et al., 1994) and the inhibitor of differentiation (Id) genes
release Hes1 from autoregulatory inhibition (Bai et al., 2007). Moreover, it has been shown
that the expression of Hes1 can be regulated by signaling pathways other than Notch. For
example, the expression of Hes1 gene can be up-regulated by FGFs (Ogata et al., 2011;
Shimizu et al., 2008; Tsai and Kim, 2005), Wnts (Shimizu et al., 2008) and Shh (Dave et al.,
2011; Ingram et al., 2008) signaling pathways in neural progenitors.

Recently, it was shown that Lhx2 interacts with the Notch-Nfia signaling pathway to
regulate astrogliogenesis in the developing hippocampus (Subramanian et al., 2011). Nfia is
not expressed in the dTel VZ during early corticogenesis when we observe the phenotype in
cKO cortex at E13.5 (Plachez et al., 2008). Therefore, in this study, we present a novel
mechanism, which is independent of Nfia, for Lhx2 to regulate Hes1 expression and the
Notch signaling pathway.

Multiple roles of Lhx2
We demonstrate an important role for Lhx2 in cortical neurogenesis. We find that Lhx2 is
required for the maintenance of Hes1 expression. The diminished Hes1 expression in Lhx2
cKO dTel may contribute to the premature neurogenesis and the depletion of neural
progenitors, leading to a dramatically smaller cortex.

Lhx2 is expressed in a graded fashion in dTel VZ, high medial to low lateral (Nakagawa et
al., 1999). Hes1 and Notch1 expression show a similar high-medial to low-lateral gradient as
Lhx2, while Ngn2 has a complimentary expression gradient as Lhx2, with high-lateral to
low-medial. In the lateral dTel, with lower Lhx2 expression and higher Ngn2 expression
among the progenitors in dTel VZ, neurogenesis starts early, while in the medial dTel VZ,
where higher Lhx2 and lower Ngn2 are expressed, neurogenesis starts late. When Lhx2 is
deleted, we find Hes1 is down-regulated, and the down-regulation of Hes1 in Lhx2 cKO is
associated with flattened expression patterns of Ngn2 and Notch1. These results suggest that
the graded expression pattern of Lhx2 may be an important factor for regulating the timing
of neurogenesis among dTel progenitors.

Our and other studies have shown that Lhx2 regulates multiple events during cortical
development. First, Lhx2 regulates the fate choice between neocortical and cortical hem fate
(Bulchand et al., 2001); later, Lhx2 regulates the fate between lateral neocortex and piriform
cortex (Chou et al., 2009). Here, we demonstrate that Lhx2 further regulates the proliferation
and differentiation of neural progenitors. Much remains to be understood about the
biochemical mechanisms that underlie these different Lhx2 actions. LIM-HD proteins have
been demonstrated to recognize AT-rich DNA sequences, and promote (or repress) the
expression of downstream genes. Interactions with partner proteins may modulate
transcriptional activity of LIM-HD proteins (Matthews and Visvader, 2003). Furthermore,
the post-translational modification of LIM-HD proteins or their interacting proteins may
further influence their transcriptional activity or their subcellular locations (Ma et al., 2008;
Petit et al., 2003). To achieve its diverse functions during cortical development, Lhx2 may
regulate a variety of downstream genes, in part by interacting with different cofactors
specific to each role for Lhx2 in corticogenesis.
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Experimental methods
Animals

Lhx2 f/f, Nestin-Cre and Lhx2 f/+, Nestin-Cre mice are maintained in C56BL6 background.
The day of insemination and the day of birth are designated as embryonic day 0.5 (E0.5) and
postnatal day 0 (P0). All control animals used in our experiments were the littermates of the
corresponding mutant mice. Mice were used in accordance with institution guidelines.

In Situ Hybridization
In situ hybridization was done using digoxigenin (DIG)-labeled riboprobes for Cux1, Er81,
RORβ, and Tbr1, on whole brains or 20 μm cryostat sections as described previously. In situ
hybridization was done as described previously.

Plasmids
The 500-bp Hes1 promoter was generated by PCR with C56BL6 genomic DNA. The Hes1
promoter was cloned into pGL3basic (Promega), a GFP reporter construct. Lhx2 cDNA and
ICD of Notch1 were cloned into the CAG expression vector.

Quantitative PCR
Total RNA from dTel of E13.5 WT and cKO brains was extracted using Trizol (Invitrogen).
Reverse transcription was performed using Superscript III (Invitrogen). 0.5 μg of total RNA
was reverse transcribed with random hexamers. Quantitative PCRs (qPCRs) were performed
using the SYBR Green PCR Master Mix (Invitrogen). When quantifying the mRNA
expression levels, the housekeeping gene cyclophilin and actin was used as a relative
standard. All the samples were tested in triplicate. For all qPCR analyses, RNA from three
independent replicates for both wild-type and cKO mice were examined. Statistical analyses
were performed using a two-tailed unpaired t test. Error bars represent the standard error of
the mean. Primers used in the qPCR analyses:

Actin: 5′-GCCCTGAGGCTCTTTTTCC-3′ and 5′-TGCCACAGGATTCCATACCC-3′;
Cyclophilin: 5′-TGTCTTTGGAACTTTGTCTGCAAAT-3′ and 5′-
GGCCGATGACGAGCCC-3′; Lhx2: 5′-AAGCTCAACCTGGAGTCGGAA-3′ and 5′-
TGAGGTGATAAACCAAGTCCCG-3′; Pax6: 5′-
GCCCTTCCATCTTTGCTTGGGAAA-3′ and 5′-
TAGCCAGGTTGCGAAGAACTCTGT-3′; Hes1: 5′-CAACACGACACCGGACAAAC-3′
and 5′-TCTTCTCCATGATAGGCTTTGATG-3′

In Utero Electroporation
Pregnant females were anesthetized with isoflurane, their uterine horns were exposed, and
the lateral ventricles of embryos were injected through the uterus wall using pulled
capillaries filled with DNA (0.75 μg/μl, expression constructs of Hes1-EGFP, and 0.25 μg/
μl CAG-RFP) diluted in PBS and colored with 0.5% Fast Green (Sigma-Aldrich). DNA-
injected embryos were electroporated using a 35–V/50 ms/950 ms/five pulse program (Nepa
Gene). Embryos were collected 24 h after electroporation.

Histochemistry
For immunostaining on sections, brains were fixed in 4% PFA in PBS, cryoprotected in 20%
sucrose/PBS, cut at 20 μm, and immunostained as described previously. The following
antibodies were used: rat anti-BrdU (Accurate), rabbit anti-Ki67 (Vector), rabbit anti-Tbr2
(Chemicon), rabbit anti-phospho-Histone3 (Millipore) and mouse anti-TuJ1 (Covance). The
size and the thickness of cortex were measured by NIH image J software.
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Proliferation marker analyses
Pregnant females were sacrificed 60 minutes after injection with 10 μl/g body weight of 10
mg/ml bromodeoxyuridine (BrdU; Sigma). Coronal sections of embryonic brains were
immunostained with anti-BrdU, anti-phosphoHistone3 and anti-Tbr2 antibodies. Cells were
counted in 100-μm-wide sampling boxes along the ventricular zone of the dorsal
telencephalon.

Cell culture and transfection
Neuro2A cells were cotransfected (Fugene; Roche) with the indicated plasmids at 1 μg/μl
and incubated for 48 h.
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Figure 1. Conditional deletion of Lhx2 from progenitors at onset of neurogenesis with Nestin-Cre
leads to a significantly smaller cortex
(A) In situ hybridization with Lhx2 probe on coronal sections of E11.5 WT (A, Lhx2f/+)
and Lhx2 conditional knockout (cKO) (A′, Lhx2f/f, Nestin-Cre) brains. Expression of Lhx2
is diminished in the ventricular zone (VZ) of telencephalon in the cKO (B) In situ
hybridization with Wnt3a probe on coronal sections of E13.5 WT and cKO brains. Wnt3a
labels cortical hem (arrowheads). The Wnt3a expression domain is similar between WT and
cKO. (C) Dorsal view of P7 WT and cKO brains. (D) Histogram of relative surface area of
the cerebral cortical hemisphere. The mean of the surface area of the WT cortex is set as
100. Compared with WT (mean ± SEM of 100±6.3, n=4), the surface area of the cKO cortex
(46.4 ±1.4, n=4) is significantly decreased (P< 0.001 by unpaired Student’s t test). (D′)
Histogram of relative length of the neocortex (Nctx; length from the rostral pole to the
occipital pole). The mean of the length of WT neocortex is set as 100. Compared with WT
(100±2.9, n=4), the length of the cKO neocortex (76.6±1.5, n=4) is significantly decreased
(P<0.001). (D″) Histogram of relative width of the neocortex (length from the midline to the
lateral side). The mean of the width of WT neocortex is set as 100. Compared with WT
(100±2.6, n=4), the width of the cKO neocortex (62.6±2.2, n=4) is significantly decreased
(P<0.001). (E–H) In situ hybridization with Cux2 (E, E′), RORβ (F. F′), Er81 (G, G′) and
Tbr1 (H, H′) probes on saggital sections of P7 WT and Lhx2 cKO brains. The expression of
RORb and Cux2 is greatly reduced in Lhx2 cKO brains. Scale bars: 0.2 mm. A, anterior;
dTel, dorsal telencephalon; GE, ganglionic eminence; OB, olfactory bulb; P, posterior.
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Figure 2. Changes over embryonic corticogenesis in tangential extent and radial thickness of
cortex following conditional deletion of Lhx2 from progenitors
(A) Nissl stained coronal sections of E11.5, E13.5, E15.5 and P0 WT (Lhx2f/+) and Lhx2
cKO (A′, Lhx2f/f, Nestin-Cre) brains. (B) Histogram of size of the dTel. The size of the
dTel is measured as L, the length between the cortical hem and the PSB. Compared with
WT, the size of the cKO dTel is smaller from E13.5. (C) Histogram of thickness of dTel.
The thickness of the dTel is measured as the length between the ventricle and the pia
surface. Compared with WT, the thickness of the cKO dTel is transiently thicker at E13.5.
Scale bars: 0.2 mm. A, anterior; dTel, dorsal telencephalon; GE, ganglionic eminence; OB,
olfactory bulb; P, posterior; PSB, pallium-subpallium boundary.
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Figure 3. The numbers of actively proliferating progenitors are decreased in Lhx2 cKO
(A) Coronal sections of WT (A, Lhx2fl/+) and cKO (A′ Lhx2fl/f; Nestin-Cre) at E13.5
immunostained with anti-BrdU antibody. BrdU was administered at E13.5, 1hr before the
brains were collected. (A″) Histogram of number of BrdU positive cells in 100-μm-wide
sampling boxes of dTel. Compared with WT (33.3±5.2, n=9), the number of BrdU positive
cells in the cKO (21.2±3.9, n=6) is significantly decreased (P<0.001). (B) Coronal sections
of WT (B) and cKO (B′) at E13.5 immunostained with anti-phospho Histone3 (pH3)
antibody. The two populations of pH3 positive cells, including that located along the
ventricle (apical, A) and that in the subventricular zone (SVZ) (basal, B) are counted
separately. (B″) Histogram of number of pH3 positive cells in 100-μm-wide sampling boxes
of dTel. Compared with WT (4.2±0.9, n=9), the number of apical pH3 positive cells in the
cKO (2.7±0.8, n=6) is significantly decreased (P<0.01). The basally located pH3 positive
cells are not significantly different between WT and cKO (WT, 2.6±1.6; cKO, 2.0±0.6). (C)
Coronal sections of WT (C) and cKO (C′) at E13.5 immunostained with anti-Tbr2 antibody
(C″) Histogram of number of Tbr2 positive cells in 100-μm-wide sampling boxes of dTel.
Compared with WT (82.3±2.5, n=3), the number of Tbr2 positive cells in the cKO
(120.0±6.1, n=3) is significantly increased (P<0.001). (D) Coronal sections of WT (D) and
cKO (D′) at E15.5 immunostained with anti-Tbr2 antibody (D″) Histogram of number of
Tbr2 positive cells in 100 μm2 of dTel. Compared with WT (113.5±9.9, n=4), the number of
BrdU positive cells in the cKO (59.6±12.4, n=5) is significantly decreased (P<0.001). Scale
bar: 200 μm.
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Figure 4. Aberrant early exit of cells from cell cycle in dTel of Lhx2 cKO
(A) Coronal sections of WT (A) and cKO (A′) at E14.5 immunostained with anti-BrdU and
anti-Ki67 antibodies. BrdU was administered at E13.5, 24hr before the brains were
collected. The cells re-entering cell cycle are positive for both BrdU and Ki67, while the
cells exiting cell cycle are positive for BrdU but negative for Ki67. (A″) Histogram of the
ratio of number of BrdU positive but Ki67 negative cells and total BrdU positive cells in
100-μm-wide sampling boxes of dTel. Compared with WT (0.18±0.01, n=3), the number of
BrdU positive cells in the cKO (0.37±0.06, n=5) is significantly increased (P<0.001). Scare
bar: 200um.
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Figure 5. Precocious neurogenesis in cortex of Lhx2 cKO
Coronal sections of WT (A, B, C) and cKO (A′, B′, C′) at E11.5 (A, A′), E12.5 (B, B′) and
E13.5 (C, C′) immunostained with anti-TuJ1 antibody. TuJ1 labels differentiated neurons.
At E11.5, the WT and cKO have similar level of TuJ1 positive neurons. At E12.5, and more
dramatically at E13.5, more TuJ1 neurons are generated in the cKO dTel when compared
with WT. VZ, ventricular zone. Scare bar: 200 um.
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Figure 6. Expression of components of Notch signaling pathway is differentially affected in dTel
ventricular zone by Lhx2 deletion from progenitors
(A–D) In situ hybridization with Hes1, Hey1, Notch1 and Hes5 probes on coronal sections
of E13.5 WT (A–D) and cKO (A′–D′) brains. In WT dTel, Hes1, Hey1, Notch1 and Hes5
are expressed in the VZ. The expression of Hes1 and Hey1 is decreased in cKO while the
expression of Hes5 and Notch1 is maintained, although the medial-high to lateral-low
expression of Notch1 appears flattened. (E) Quantitative PCR with Actin as internal control;
the expression level of Lhx2, Pax6 and Hes1 is significantly decreased in cKO dTel relative
to WT (n=3; p<0.001).
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Figure 7. Ngn2 expression is up-regulated in a pattern that parallels down-regulation of Hes1
expression in dTel of Lhx2 cKO
In situ hybridization with Hes1 and Ngn2 probes on coronal sections of E12.5 WT and cKO
brains. The expression of Hes1 is substantially down-regulated in the cKO brains compared
to WT but maintains its high medial to low lateral graded expression, while the expression
of Ngn2 is up-regulated in the cKO brains, being especially elevated more medially in
mutant dTel compared to WT (arrowheads), leading to an overall more flattened expression
relative to the high lateral to low medial expression observed in WT. dTel, dorsal
telencephalon; GE, ganglionic eminence; VZ, ventricular zone. Scale bar: 200 um.
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Figure 8. Lhx2 directly regulates Hes1 promoter activity
(A) Reporter constructs, CAG-RFP and Hes1-GFP, are cotransfected into developing dTel at
E12.5 by in utero electroporation. The expression of RFP and GFP are visualized by E13.5.
The ratio of GFP positive (Hes1 expressing) cells to RFP positive (transfected) cells is
significantly decreased in cKO (A′; WT, 53.0±5.4%, cKO, 23.9±6.6%, P<0.001). When the
numbers of cells expressing RFP are similar between WT and cKO, many GFP labeled cells
are detected in WT dTel VZ (A″), while very few GFP positive cells are detected in cKO
dTel (A‴). (B) Luciferase activity was measured 48hrs after reporter constructs transfected
to N2A cells. The co-transfection of Lhx2 expression vector increases the Hes1 promoter
activity. (C) The intracellular domain of Notch1 (ICD) activates Hes1 promoter activity and
the co-transfection of Lhx2 and ICD can further activate Hes1 promoter activity.
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