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D E V E L O P M E N T A L  N E U R O S C I E N C E

BRN2 as a key gene drives the early primate 
telencephalon development
Xiaoqing Zhu1,2†, Yicheng Guo3†, Chu Chu1†, Dahai Liu4†, Kui Duan1,2, Yu Yin1,2, Chenyang Si1,2, 
Yu Kang1,2, Junjun Yao1, Xuewei Du1, Junliang Li1, Shumei Zhao1, Zongyong Ai1, Qingyuan Zhu1, 
Weizhi Ji1,2*, Yuyu Niu1,2*, Tianqing Li1,2*

Evolutionary mutations in primate-specific genes drove primate cortex expansion. However, whether conserved 
genes with previously unidentified functions also play a key role in primate brain expansion remains unknown. 
Here, we focus on BRN2 (POU3F2), a gene encoding a neural transcription factor commonly expressed in both 
primates and mice. Compared to the limited effects on mouse brain development, BRN2 biallelic knockout in 
cynomolgus monkeys (Macaca fascicularis) is lethal before midgestation. Histology analysis and single-cell 
transcriptome show that BRN2 deficiency decreases RGC expansion, induces precocious differentiation, and alters 
the trajectory of neurogenesis in the telencephalon. BRN2, serving as an upstream factor, controls specification 
and differentiation of ganglionic eminences. In addition, we identified the conserved function of BRN2 in cynomolgus 
monkeys to human RGCs. BRN2 may function by directly regulating SOX2 and STAT3 and maintaining HOPX. Our 
findings reveal a previously unknown mechanism that BRN2, a conserved gene, drives early primate telencephalon 
development by gaining novel mechanistic functions.

INTRODUCTION
A challenge in brain development is to understand how extant 
mammals, such as monkeys and mice, use a similar number of 
genes yet have obviously more complex brain structure and func-
tions (1), especially in the cortex. Cortical expansion in primate is 
characterized by a prolonged and increased proliferation of radial 
glial cells (RGCs) in the ventricular zone (VZ) of the telencephalon, 
with RGCs then expanding into the subventricular zone (SVZ) 
(2–5). In primates, RGCs are more abundant than that in mice and 
form a more extended SVZ, or the outer SVZ, which is driven by 
“basal” RGCs (bRGCs) (6). Nevertheless, the molecular mechanisms 
responsible for such expansion of primate RGCs remain largely 
unknown. One theory suggests that these adaptations evolved through 
gene expression changes (7–9). Identifying the genetic elements 
that endow RGCs with proliferation-promoting properties unique 
to primates is integral to elucidating primate-specific aspects of 
cortical expansion. One approach requires identifying which genes, 
genomic regulatory sequences, or signaling pathways exhibit primate-
specific expression patterns with unique functions to RGCs.

Comparative analyses of mammalian genomes or gene expres-
sions led to the identification of some primate-specific signatures of 
divergence that critically underlies the cortical expansion in pri-
mates. One driver of phenotypic evolution relates to changes in 
gene expression patterns, such as Osteocrin (1); extracellular matrix 
including collagens, laminins, proteoglycans, and integrins (10); ASPM 
(11); and platelet-derived growth factor D (PDGFD)–PDGF receptor 
 (PDGFR) signaling pathways (12). The second evolutionary driver 

is the emergence of primate-specific or novel genes, such as specific 
long noncoding RNA (13) and microRNA (14), TMEM14B (15), 
TBC1D3 (16), NOTCH2NL (17,  18), and ARHGAP11B (19,  20). 
Functional acquisitions of the two types of genes are mainly caused 
by evolutionary mutations of existing genes, including the acquisi-
tion of DNA regulatory elements, amino acid substitutions, and 
gene duplication. The third possible evolutionary driver implicates 
conserved genes among nonprimate and primate species that gain 
novel functions in primates. Identifying the third category of genes 
poses challenges, since the functions of these conserved genes are 
generally inaccessible for evaluation in rodent models.

In our preliminary study on the histological changes in cyno-
molgus monkey telencephalic development, we unexpectedly found 
that BRN2, a conserved and genuine proneural transcriptional 
factor (TF), was strongly expressed in the early RGCs of VZ at 
embryonic day 36 (E36) (fig. S1) but marks late RGC and upper-layer 
cortical neurons in mice (21–23). These results indicate that the 
expression of BRN2 is substantial earlier during the telencephalic 
development of monkeys than that in mice. Hence, we hypothe-
sized that BRN2 plays a critical role during telencephalon develop-
ment in monkeys, in contrast to its limited functions during the 
early development of mice. To test this hypothesis, we generated 
BRN2-knockout monkeys. Using histological analysis and single-cell 
sequencing, we investigated the following questions: (i) What are the 
spatiotemporal distribution differences of BRN2 between mouse and 
monkey cortices, (ii) what is the function of BRN2 on early primate 
telencephalon development, and (iii) what is the possible mecha-
nism of BRN2 regulating primate telencephalon development.

RESULTS
BRN2 marks early RGCs in the developing cynomolgus 
monkey telencephalon
To screen key genes that exist in nonprimate species but trigger 
novel functions in primates, we investigated cell developmental axis 
and expression patterns of genes specific for cynomolgus monkey 
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(Macaca fascicularis) embryonic brains. To do this, we first analyzed 
neural progenitor–specific marker expressions over cortical develop-
ment by immunostaining. Human neuroepithelium cells (NEPCs) 
display specific molecular characteristics, such as high positivity of 
PAX6 and delayed expression of SOX1 (24). We observed that 
monkey neural cells at E29 were constituted by NEPCs with multi-
ple pseudostratified layers (fig. S1A) like mouse E9.5 NEPCs (24). 
Specifically, we found ubiquitous expression of PAX6 but the 
absence of SOX1, EOMES [an intermediate progenitor (IP) marker], 
and NEUROD2 (a neuron marker), and asymmetrical distribution 
of ZO-1 (a marker of NEPCs for N-Cad–mediated adherens junc-
tions) in the apical side (fig. S1A) (14). In contrast, the expression of 
SOX1, EOMES, and NEUROD2 at E36 indicated that the NEPCs 
have transitioned into RGCs (fig. S1B), equivalent to RGCs in the 
developing E10.5 mouse cortex (24). The gene expression pat-
terns at E49 and E72 (fig. S1, C and D) remained in line with 
developmental cortices in E12.5 and E14.5 mouse (fig. S1, F and G), 
respectively, as summarized by Smart et al. (25) and Jiang and 
Nardelli (26).

Next, we examined the expression of general TFs specific for 
corticogenesis, including EOMES (an IP marker), NEUROD2, SATB2 
(a cortical neuron marker), FOXP2 (a deep-layer neuron marker), 
and CUX1 and BRN2 (upper-layer neuron markers) (fig. S1, A to G). 
Obvious productions of SATB2+ cortical neurons and EOMES+ 
IPs were initiated from E36 SVZ cortical plates (CPs) (fig. S1B) and 
FOXP2+ deep-layer neurons from E49 CPs. CUX1+ upper-layer 
neurons were detected in E72 CPs (fig. S1D). Unexpectedly, BRN2 
as an upper-layer neuron marker was strongly expressed not only in 
the E72 CPs but also in the RGCs of VZ and SVZ beginning from 
E30 (Fig. 1, A and B, and fig. S1, B to D). By comparing mouse 
cortical neurogenesis (26), we concluded that the cortical neuro-
genesis stages and expression patterns of genes, except BRN2 in E29 
to E72 monkey cortices, resemble those in E9.5 to E14.5 mouse 
cortices (Fig. 1A to C and fig. S1, A to G) (25).

Spatiotemporal distribution differences of BRN2 in mouse 
and monkey cortices
BRN2 expression in early RGCs (fig. S1B) revealed that BRN2 may 
contribute to the unique aspects of primate cortical development at 
the early stage, prompting us to further examine its spatiotemporal 
distributions in monkey embryonic cortices from early (E29) to 
midgestation (E72) (25). Because of high conservation and mutual 
compensatory effects between BRN2 and BRN1 in mouse (22), we 
used a BRN2 monoclonal antibody that specifically recognizes the 
N-terminal peptide of BRN2 that is absent in BRN1 according to 
the manufacturer. Immunostaining showed that BRN2 was initially 
expressed in lateral NEPCs at E30, gradually extending along the 
VZ (PAX6-expressing cells) in the lateral-to-medial and ventral-to-
dorsal directions by E40 (Fig. 1, A and B, and figs. S1, A to D, and 
S2, A to C). This distribution encompassed the entire cortical 
VZ/SVZ by E49 and spread across the entire cortex, including 
cortical upper layers, by E72 (fig. S2, B and C). Compared to PAX6+ 
cells specially locating in VZ/SVZ, BRN2+ cells gradually migrated 
toward the cortex over development and reached the CP at E72 
(Fig. 1, A and B, and figs. S1, A to D, and S2, A to C). These results 
demonstrated that BRN2+ cortical neurons are produced at E72. In 
contrast, we did not observe Brn2 expression in the mouse E9.5 
cortex (fig. S1E). We first detected it in the E12.5 ganglionic eminence 
(GE) but not in the cortical VZ region (Fig. 1C and fig. S2D). BRN2 

was widely expressed in the E14.5 telencephalon, including the VZ 
and CP (fig. S2D). The expression patterns of BRN2 are in line 
with previous findings (21–23). These data showed that BRN2 ex-
pression during development begins earlier in the monkey cortex 
than in the mouse cortex.

To further validate the expression differences of BRN2 in primate 
and nonprimate species, we induced mouse and monkey embryonic 
stem cells (ESCs) into the neuroectoderm using a reported differen-
tiation system [basic fibroblast growth factor (bFGF) induction] 
that enabled ESCs to spontaneously differentiate into general 
neuroepithelial stem cells (NESCs) (fig. S2E) (27). We found that 
BRN2 expression was initially detected in monkey-differentiated 
NESCs at day 6 postdifferentiation (pdD6) before SOX1 and SOX1 
expression (fig. S2, F and G), whereas Brn2 first appeared in mouse 
pdD15 ESC-derived cells that lacked the expression of Sox1 (fig. S2, H 
and I). Thus, BRN2 expression pattern during in vitro neural differ-
entiation is consistent with that in vivo.

Next, we examined the relationship of BRN2 expression with 
RGC proliferation and VZ expansion. By selecting the E40 cortex 
with asymmetrical distributions of BRN2 along the lateral-medial/
dorsal VZ regions (Fig. 1D), we could evaluate the correlation of 
RGC expansion with BRN2 expression. Compared to the zone that 
is not expressed by BRN2 (BRN2− zone), we observed an increase at 
the VZ/SVZ in the BRN2-expressing zone (BRN2+ zone) (Fig. 1E). 
Double staining and quantification of BRN2 and PAX6  in the 
BRN2− and BRN2+ zones also supported this result (Fig. 1F). In 
addition, quantification of proliferation ratios in apical surface RGCs 
by P-Vimentin (PVI) and KI67 immunostaining showed an increase 
in the frequency of proliferative cells in the BRN2+ zone (Fig. 1G), 
implying that BRN2 expression correlates with RGC proliferation. 
The cell layer thickness showing BRN2 positivity is highly correlated 
with cortical thickness (Fig. 1, H and I). This result suggests that the 
onset and course of BRN2 expression are timed in precise concor-
dance with the expansion of the VZ and cortex. Together, the spatial 
and temporal distribution differences in BRN2 between rodents 
and primates raise an intriguing possibility that BRN2 may play a 
critical role in primate RGC proliferation, SVZ expansion, and 
telencephalon development.

BRN2-knockout monkey fetuses are lethal before 
midgestation stage
Brn2 mutation fails to induce mouse neocortical deficits due to the 
compensatory effects of Brn1 (22, 28, 29). There are no significant 
differences in the number of RGCs before E14.5 and in the genera-
tion and migration of cortical interneurons in the Brn1/Brn2 double-
mutant telencephalon (22). To investigate the functions of BRN2 in 
developing primate brains, we generated a biallelic BRN2-null cyn
omolgus monkey model using a CRISPR-Cas9 system (Fig. 2A) 
(30). We screened out two pairs of single-guide RNAs (sgRNAs) 
(type 1: sgRNA-A+B, 1-kb deletion; type 2: sgRNA-A+C, 0.5-kb 
deletion) that target the exon of the monkey BRN2 gene (Fig. 2B). 
Since using 0.5- and 1-kb deletions may be more beneficial to a 
functional knockout than using an sgRNA, we injected type 1 or 2 
with sgRNA-Cas9 nuclease complex [ribonucleoprotein (RNP)] 
into 19 and 12 cynomolgus embryos, respectively. Polymerase chain 
reaction (PCR) and sequencing showed that 95% (19 of 20) of type 
1–treated embryos were edited successfully at the BRN2 locus, among 
which 70% (14 of 20) of embryos displayed a 1-kb large-fragment 
deletion (fig. S3, A and B). All type 2–treated embryos (12 of 12) 
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were successfully edited with 66.67% (8 of 12) 0.5-kb fragment 
deletion (fig. S3, A and B). Hence, we transferred 11 type 1–treated 
embryos and 67 type 2–treated embryos into 6 and 23 surrogate 
recipients, respectively. Eight embryos (10.25%, 1 and 7 for type 
1– and type 2–treated embryos, respectively) were successfully 
implanted, but 2 embryos miscarried at 4 to 5 weeks (Fig. 2C), 

although the implantation and development efficiency of the control 
embryos was 26.92% (7 of 26 embryos) within this period. These 
results imply that the BRN2 mutation could affect embryo survival.

On the basis of the development axis of monkey brain and tem-
poral expression of BRN2 (fig. S1), we first collected E29 and E36 
fetuses by caesarean for genotyping, transcription, and histology 

Fig. 1. The spatiotemporal distribution of BRN2 coordinates with RGC expansion in the developing cynomolgus monkey cortex. (A and B) Dynamic expressions 
of PAX6 and BRN2 during the monkey cortical expansion through brain coronal sections of the primary visual cortex. BRN2 was initially expressed in NEPCs at embryonic 
day 30 (E30) (A) and gradually extended along the VZ spread to SVZ at E49 (B). Cortical layers were identified by staining of 4′,6-diamidino-2-phenylindole (DAPI) and 
PAX6. (C) Immunohistochemical analyses for Brn2 and Pax6 were performed in E9.5 (top) and E12.5 (bottom) mouse neocortices. (D) Images showing the expression 
patterns of BRN2 in E40 monkey coronal brain sections of the primary visual cortex. (E) Double staining of BRN2 and PAX6 in the E40 VZ and SVZ of BRN2-expressing 
(BRN2+) or BRN2-absent (BRN2−) zones, respectively. An obvious SVZ was formed in the BRN2+ zone but not in the BRN2− zone. (F) Quantification of BRN2 and PAX6 
expression in the BRN2+ and BRN2− zones, respectively. Data are presented as means ± SEM (n = 3 slices); >300 cells per group were counted. (G) Expressions of p-VIMENTIN 
(PVI) and KI67 in the E40 VZ and SVZ of BRN2+ or BRN2− zones, respectively. The quantification data were only from the cells in the apical regions where cell division occurs. 
Data are presented as means ± SEM, n = 3 slices; >400 cells per group were counted. Arrowheads indicate positive cells. (a to d) Areas in rectangles are shown with higher 
magnification. (H) The left panel is a cortical graph at E40, and the right panel is the schematic diagram for measuring the thicknesses of whole-cortex and BRN2-expressing 
cells in monkey fetal brain. (I) Coordinating BRN2 distribution with the thicknesses of the cortex in E40 monkey neocortex, relative to (H). Start and lateral sites in (H) 
correspond to those in (I). Blue, DAPI, nuclear staining. Scale bars, 100 m.
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Fig. 2. Generation of BRN2-knockout (BRN2−/−) monkeys using a CRISPR-Cas9 system. (A) Workflow of generation and analysis of BRN2-KO monkeys. RNP, gRNA-Cas9 
nuclease complex. (B) Schematic diagram of target gene editing. Triangles with different colors show the different locations where the sgRNAs target. Two pairs of sgRNA 
(A+B or A+C) in principle induced type I [with about 1091–base pair (bp) deletion] and type II (with near-488-bp deletion) gene mutations, respectively. (C) Detailed 
information of all fetuses in this study. Two fetuses (080460 and 081012) were miscarried during gestation, and we failed to collect their tissues for further analysis. 
(D) Representative images of wild-type (WT; BRN2+/+) and BRN2-knockout (KO, BRN2−/−) fetus at E29, E36, and E49. Inserts are magnifications of monkey brains, showing 
abnormal cerebrovascular development in the BRN2−/− E36 and E49 fetuses. Scale bars, 3.7 mm. NA, non-examination. (E) Agarose gel electrophoresis of the PCR products 
from all knockout monkey samples. BRN2+/+ sample (123044-1#) is shown as a negative control of the target gene editing. P, placenta; B, brain cells. (F) Immunostainings 
of BRN2 and SOX1 in the BRN2+/+ and BRN2−/− monkey fetal cortex, confirming BRN2 deletion in the BRN2−/− cortex. Blue, DAPI, nuclear staining. Scale bars, 100 m. IHC, 
immunohistochemistry.
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analysis (Fig. 2, C to F). No BRN2-knockout monkey fetus developed 
up to midgestation stage, equivalent to beyond the E12 stage in 
mouse. We detected a severe edema at E49 by ultrasonography and 
terminated the pregnancy. We observed clear abnormities of cerebro-
vascular development in E36 and E49 BRN2−/− fetuses (Fig. 2D). 
Together, these results showed that BRN2 knockout is lethal to 
monkey fetuses before midgestation. PCR and Sanger sequencing 
results showed that all gene-edited fetuses were successfully edited 
and carried the biallelic mutation (Fig. 2E and fig. S3C), which was 
further verified by BRN2 protein immunostaining (Fig. 2F).

Using two different guide RNA pairs guards against the possibility 
that the observed phenotypes arise from off-target mutations. Next, 
we further evaluated whether the CRISPR-Cas9 system caused other 
mutagenesis in the gene-modified monkeys by performing genomic 
DNA PCR and sequencing. Twenty high-potential off-target sites 
were analyzed (table S1). DNA sequencing confirmed the precise 
targeting of the BRN2 locus in all monkey fetuses without detectable 
off-target effects (table S1). On the basis of these results, we con-
cluded that the BRN2 gene was successfully knocked out in these 
monkeys.

BRN2 deletion induces abnormal development 
of monkey cortices
Given that BRN2 is expressed in early RGCs, we evaluated the 
phenotypes of RGCs using RGC markers. We observed normal 
telencephalic development in the BRN2−/− E36 fetus, suggesting that 
BRN2 deletion did not affect the initial formation of telencephalon 
(fig. S4A). Immunostaining of E36 fetus showed that SOX2 loss was 
obviously detected in BRN2−/− GEs but not in the cortex, although 
there were no obvious differences about PAX6 expression and RGC 
proliferation between the BRN2−/− and BRN2+/+ (wild-type) telen-
cephalons (fig. S4A). The SOX2 loss in BRN2−/− GEs concords with 
the initial expression of BRN2 in the GE region of early telen-
cephalon (fig. S2, B and C). SOX2 expression was completely lost in 
the BRN2−/− whole-telencephalon RGCs at E49 (Fig. 3A), showing 
that the roles of BRN2 deletion on RGCs became obvious over 
development. SOX2 requires the coordination of BRN2 as a partner 
factor to function in neural specification and NP maintenance (31), 
implying that BRN2 functions in primate RGCs may specifically 
contribute to maintain SOX2. During early human brain develop-
ment (before gestation week 10), most RGC divisions are vertically 
oriented (32, 33), so altered regulation of mitotic spindle orientation 
changes RGC cell numbers and neuronal numbers (34). Compared 
to the BRN2+/+ cortex, RGCs in BRN2−/− cortical VZ decreased the 
vertical RGC divisions with a coordinated increase in oblique divi-
sions by KI67 and PVI staining (Fig. 3, B and B′) (34). The results 
indicate that BRN2 deletion decreases proliferation of RGCs by 
changing mitotic spindle orientation. In addition, activation of the 
neuron marker TUJ1 and NEURORD2 in VZ/SVZ RGCs in situ and 
increased production of SATB2+ neurons (Fig. 3C and fig. S4B) showed 
the neuron precocious differentiation of RGCs in BRN2−/− cortex. 
These data, together with no change in IP marker EOMES (fig. S4B), 
indicated that this precocious neuron production resulted from the 
direct neurogenesis of RGCs and not through IP. Since BRN2 ex-
pression correlated with the formation and expansion of the cortex 
(Fig. 1, H and I), we examined the expression of HOPX, an important 
transcription factor that reflects the abundance of bRGC abundance 
during primate oSVZ expansion (14, 35, 36). HOPX expression in 
primates occurred early in fetal VZ/SVZ but predominated expression 

in bRGCs of oSVZ at middle stages of corticogenesis (fig. S4C). 
BRN2 deficiency resulted in HOPX loss in VZ/SVZ (Fig. 3, D and D′). 
This result implies that BRN2 may contribute to RGC migration by 
activating HOPX. Overall, these findings revealed that BRN2 is 
crucial for RGC maintenance in primates, which differs from those 
in mouse. In mouse, knockout of both Brn1 and Brn2 inhibits 
neurogenesis and migration from the VZ at E12.5, while early over-
expression of Brn2 promotes aberrant fate switching of RGC to 
upper-layer neurons in situ (21).

To further delineate the effects of BRN2 on cortical cell type 
composition and transcriptional profiles, we generated single-cell 
atlases for BRN2+/+ and BRN2−/− telencephalon at E29, E36, and 
E49 stages using a droplet-forming microfluidic device (10X 
Genomics platform) (Fig. 2A and fig. S2A). After quality control 
and filtration, we obtained 93,018 final cells for subsequent analyses 
(fig. S4D). Given the limited monkey resources to procure additional 
BRN2−/− fetuses, we first analyzed two E29 brains and observed a 
similar cell type composition between the two samples (fig. S4, E 
and F, and table S2). These results imply that the high-throughput 
technology is reproducible for constructing telencephalon atlases. 
Next, we integrated BRN2−/− and BRN2+/+ cells together across the 
three different stage samples (E29, E36, and E49) and annotated all 
cell types based on the expression levels of canonical cell type–
specific markers (fig. S4, G to I, and table S2).

The mammalian neocortex contains two main neuron sub-
populations: excitatory neurons (ExNs) and inhibitory interneurons. 
ExNs constitute 80% of neurons and originate from RGCs or IPs in 
the cortical VZ/SVZ. Thus, we first selected and integrated all RGC, 
IP, and ExN single cells sampled from BRN2+/+ and BRN2−/− 
cells across three stages to trace their development trajectories 
(Fig. 3, E and F). On the basis of classical markers and differentially 
expressed genes (DEGs), we categorized these cell populations into 
RGC (eight clusters), IP (one cluster), and ExN (four clusters) 
(Fig. 3, E to G; fig. S5, A and B; and table S3). By comparison, we did 
not observe obvious differences in cell type and proportion between 
BRN2+/+ and BRN2−/− cortices at E29 or E36, respectively (Fig. 3H). 
However, compared to the BRN2+/+ monkey, the RGC proportion 
exhibited a remarkable decrease in conjunction with an obvious 
increase in IPs and ExNs in E49 BRN2−/− cortex (Fig. 3H and table S3), 
which is consistent with our histology analysis.

By analyzing cell trajectory and pseudotime, we found that 
BRN2 deficiency changed the trajectory and direction of RGC 
development and neurogenesis (Fig. 3I and fig. S5C). In the BRN2+/+ 
cortex, RGC development followed two trajectories (R1 or R2 direc-
tion) from the start point independent of development stages 
(Fig. 3I and fig. S5C). However, the developmental trajectory for 
both the E36 and E49 BRN2−/− cortex was broken due to the loss of one 
population in cluster 4 (Fig. 3I and fig. S5C). In the BRN2+/+ cortex, 
neurogenesis followed the direct path [RGC-to-neuron (RG-N)] and 
indirect path [RGC-IP-to-neuron (RG-IP-N)] at E29, but the indirect 
path primarily predominated at E36 and E49 (Fig. 3I). As expected, 
since BRN2 is initially expressed after E29, BRN2−/− and BRN2+/+ 
cortical cells at E29 shared a similar trajectory of RGC development 
and neurogenesis (Fig. 3I). However, the direct path mainly con-
tributed to neurogenesis of BRN2−/− cortical cells at E36 and domi-
nated the process at E49 (Fig. 3I). Furthermore, pseudotime results 
confirmed the early initiation of the differentiation program for 
BRN2-deficient RGCs (fig. S5C). These results together with the 
histology analysis (Fig. 3, A  to C, and fig. S4B) demonstrated the 
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Fig. 3. BRN2 deletion results in abnormal development of monkey cortex. (A to D) The coronal sections from the same region of primary somatosensory cortices were 
used to perform comparison analysis between E49 BRN2+/+ and BRN2−/− telencephalon (see Materials and Methods). (A) SOX2 and PAX6 expressions in the BRN2−/− and 
BRN2+/+ cortex, respectively. (B and B′) Representative staining images (B) and quantification (B′) of PVI, KI67, and DAPI in BRN2−/− and BRN2+/+ cortical cells. DAPI staining 
was used to identify cell division orientation. Quantification data of division orientations of RGCs are presented as means ± SEM (n = 6 representative images; >100 cells 
per group were counted, *P < 0.01). (C) Representative staining images of TUJ1 and SOX1 in BRN2−/− and BRN2+/+ cortical cells, respectively. (D and D′) HOPX and SOX1 
expressions in the BRN2−/− and BRN2+/+ cortex, respectively. Right images are higher magnifications of left images. (D′) Quantification of HOPX cell migration into the SVZ 
region from VZ region (means ± SEM, n = 4 representative images; >500 cells per group were counted, *P < 0.01). Scale bars, 100 m. (E and F) Visualization of major 
classes of neural cells from BRN2+/+ and BRN2−/− single cells across three different stages by Uniform Manifold Approximation and Projection (UMAP) analysis. (G) Plots of 
classical markers representing RGC (SOX2), intermediate progenitor (IP) (EOMES), and excitatory neuron (ExN) (STMN2), respectively. (H) Proportion dynamic of each cell 
type over cortical development. (I) Developmental trajectory of cortical cells across three different stages. RG-IP-N (RGC-IP-to-neuron) is the indirect way, while RG-N 
(RGC-to-neuron) is the direct way. The dotted lines show developmental trajectories of RGCs. The arrowheads show the directions of these trajectories. (J) DEGs between 
the BRN2−/− and BRN2+/+ cortex (see table S3). Representative transcription factors (TFs), gene ontology (GO) terms, and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways are shown. Blue, DAPI, nuclear staining.
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precocious and in situ neuron differentiation of RGCs. From E36 to 
E49, BRN2 deletion gradually induced abnormal development of 
the monkey cortex, in accord with BRN2 temporal expression 
patterns in the cortex. These results further demonstrated that BRN2 
deletion drove these RGC phenotypes.

To characterize the molecular mechanisms and downstream 
genes including TFs of BRN2, we analyzed DEGs between BRN2+/+ 
and BRN2−/− cortex (Fig. 3J and table S3). The down-regulated tran-
scription factors were related to neural progenitors, including HES1, 
HOPX, and SOX2, whereas up-regulated transcription factors mainly 
associated with neurogenic factors in BRN2−/− cells, such as TBR1 
and SATB2, consistent with our immunohistochemical observations 
(Fig. 3J and fig. S5, D to H). In particular, HES1, an important effector 
of the Notch pathway that promotes cortical progenitor self-renewal 
(17, 37), showed a marked reduction in the E49 BRN2−/− cortex, 
especially in cluster 4 (fig. S5E). This result is contrary to the role of 
Brn2 in mice, which has minimal effect on HES1 (21). Consistent with 
the staining results (Fig. 3, A and D, and fig. S4A), HOPX and SOX2 
expression patterns exhibited a marked decline in the E36 BRN2−/− 
cortex and differed significantly at E49  in the BRN2−/− cortex 
(fig. S5, D and F). Together, our results revealed that BRN2 regulates 
RGC maintenance and SVZ formation through multiple mechanisms.

Abnormal interneuron development in the BRN2−/− monkey
Cortical inhibitory interneurons have crucial roles in cortical develop-
ment and function. Primate interneurons mostly originate from 
three distinct molecular and morphological regions: the medial, 
lateral, and caudal GEs (MGE, LGE, and CGE, respectively) (38). 
We observed strong expression of BRN2 in the whole developing 
monkey GEs (Fig. 4A and fig. S6A), which led us to hypothesize 
that BRN2 may function in interneuron development. We used 
COUP-TFII (NR2F2, a marker of CGE or LGE) and NKX2-1 [a marker 
of MGE (38)] to distinguish LGE/CGE and MGE by immunostaining 
(Fig. 4B and fig. S6D). Compared to the clear boundary of LGE and 
MGE in BRN2+/+ telencephalon, hematoxylin and eosin staining 
indicated that the BRN2−/− LGE and MGE were difficult to distin-
guish at E49 because of the absence of a distinct boundary between 
them (fig. S6, B and C). In contrast to the special distribution in 
BRN2+/+ CGE or LGE, COUP-TFII and NKX2.1 were widely 
activated in the entire BRN2−/− GEs, including MGE (Fig. 4B and 
fig. S6D). The data showed that the separation of MGE from CGE/
LGE was impaired in the BRN2−/− GEs. To reveal the potential 
phenotypes and molecular characteristics, we analyzed the single-cell 
RNA sequencing (scRNA-seq) transcriptome of BRN2+/+ and BRN2−/− 
interneurons. We categorized these interneurons into 10 clusters, 
which highlighted interneuron progenitors (iNPs; clusters 3, 5, and 8) 
and differentiated interneurons (other 7 clusters) based on DEGs 
and classical markers (Fig. 4C; fig. S6, E and F; and table S4). As 
expected, the proportion of iNPs in the BRN2−/− GEs compared to 
that in BRN2+/+ GEs markedly decreased along with a distinct 
increase of differentiated interneurons (fig. S6G). Cell trajectory 
and pseudotime analysis showed that the BRN2 mutation changed 
the interneuron differentiation trajectory and maturation pathway 
(Fig. 4D and fig. S6H).

By comparative analysis, we identified DEGs and transcription 
factors, including HOPX, SOX2, and HES1, which were significantly 
down-regulated in the BRN2−/− GEs (Fig. 4E and table S4). Significantly 
down-regulated genes in BRN2−/− interneurons aligned with cell 
division and proliferation, whereas activated genes were enriched 

in axon guidance and neurogenesis (Fig. 4E). To further understand 
the phenotype, we examined cluster change and observed that one 
cell population [cluster 3 (C3)] was markedly absent in BRN2−/− 
interneurons (Fig. 4C and fig. S6G). Notably, some genes, such as 
HOPX and HES1, were specifically expressed in the C3 population 
of BRN2+/+ cells at E49 (Fig. 4E and fig. S6I), which implied that 
BRN2 could regulate these genes. Immunostaining on GEs showed 
that HOPX was expressed in an interneuron migration stream of 
BRN2+/+ MGE (Fig. 4F), whereas BRN2 null resulted in HOPX loss 
in the region (Fig. 4G). These data showed that C3 arises from these 
HOPX+ cells in the migration stream. Similar to that in the cortex, 
SOX2 expression in GEs was also markedly inhibited by BRN2 defi-
ciency (Fig. 4H and fig. S6I). Together, these results showed that 
BRN2 is required for iNP maintenance, whereas its deficiency 
promotes the precocious production of interneurons.

Given that most primate neocortical gamma-aminobutyric 
acid-ergic (GABAergic) interneurons originate from MGE or LGE/
CGE (38), we examined the interneuron genesis of the two regions. 
In the MGE, two main pathways control general aspects in inter-
neuron development (39). NR2F1, an MGE marker, was markedly 
activated in BRN2−/− cells (fig. S7A), which prompted further evalu-
ation of the changes in the two pathways. The first pathway was a 
NKX2-1/LHX6-SOX6/SATB1 transcriptional cascade that is crucial 
for MGE interneuron production (40). As expected, these gene 
expression patterns exhibited a marked up-regulation in BRN2−/− 
cells (fig. S7B), which implied pathway activation. The other path-
way was the DLX family of homeodomain TFs that is regarded as 
the core on the gene regulatory network of interneuron develop-
ment (40). We observed that BRN2 deficiency clearly activated the 
DLX gene network and promoted interneuron differentiation in-
cluding somatostatin (SST) (Fig. 4I and fig. S7C).

Next, we investigated interneuron genesis in LGE/CGE. In 
primates, most CR (calretinin) neurons originated from the LGE 
and CGE, while LGE- and CGE-derived interneurons preferentially 
occupied the superficial cortical layers (38). In the LGE, BRN2 and 
NR2F2 (COUP-TFII) showed exclusive expression (Fig. 4A), while 
the expression of COUP-TFII markedly increased in BRN2−/− cortex, 
suggesting that BRN2 may restrict NR2F2 expression by maintain-
ing RGCs. BRN2 deficiency activated CGE markers, including 
NR2F2 (41), NFIB, and APIS2 (42) (Fig. 4B and fig. S7D), and sub-
sequently promoted differentiation, migration toward superficial 
cortical layers, and neocortical distribution of CR interneurons (Fig. 4J 
and fig. S7E). Furthermore, interneuron development abnormality 
caused by BRN2 deficiency was increasingly obvious over telen-
cephalon development. Thus, BRN2 as an upstream factor controls 
interneuron genesis throughout the primate GEs.

BRN2 exhibits a conserved function for human RGCs
To investigate whether BRN2 function is conserved for human RGCs, 
we analyzed the temporal expression of BRN2 during human neural 
induction. As expected, BRN2 expressed in the human early NESCs 
and its expression pattern was highly consistent with that of pri-
mates (fig. S8A). We then generated one BRN2−/− human ESC derived 
from two different colonies by gene editing (Fig. 5A) and differentiated 
these cells into NESCs following the protocol (43) for generating 
cortical organoids (Fig. 5B). BRN2 deficiency failed to affect the 
generation of human NESCs and the formation of the typical two-layer 
neuroectoderm structures (43) (Fig. 5B and fig. S8, B to D), implying 
that BRN2 is not required for human neuroectoderm production, 
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Fig. 4. BRN2 loss produced abnormities of monkey interneuron development. (A) BRN2 and COUP-TFII staining showed the wide distribution of BRN2 in the telencephalic 
ganglionic eminences (GEs). PSB, pallial-subpallial boundary. (B) NKX2-1 and COUP-TFII expression in BRN2+/+ and BRN2−/− GEs, showing that COUP-TFII was specifically 
expressed in BRN2+/+ CGE/LGE, whereas it was obviously activated in the whole BRN2−/− GEs (including both LGE/CGE and MGE). The sections of BRN2+/+ and BRN2−/− 
were from equivalent coronal levels (details are in Materials and Methods). (C) Visualization of major classes of interneuron and interneuron progenitor (iNP) by UMAP 
analysis. (D) Developmental trajectory of interneurons and iNPs showing that BRN2 loss changed interneuron development trajectory. Cells in cluster 3 were markedly 
decreased in BRN2−/− monkeys. (E) DEGs between BRN2+/+ and BRN2−/− interneurons and iNPs (table S4). Representative transcription factors (TFs), GO terms, and KEGG 
pathways are shown. (F and G) The sections of BRN2+/+ and BRN2−/− telencephalon were from equivalent coronal levels. (F and G) Representative staining images of HOPX 
and SOX1 in BRN2+/+ (F) and BRN2−/− (G) GEs. F1 and G1 are magnifications of the squares in (F) and (G). (H) PAX6 and SOX2 expression in BRN2+/+ and BRN2−/− GEs. (I) SST 
and NKX2-1 expression in BRN2+/+ and BRN2−/− GEs, respectively. (J) CALRETININ (CR) expression in BRN2+/+ and BRN2−/− telencephalon. Arrows indicate the migration 
orientations of CR interneurons. All images of immunofluorescence were from coronal sections spanning the rostral-caudal extent of the telencephalon. Scale bars, 500 m. 
Blue, DAPI, nuclear staining.
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consistent with the function of BRN2 in monkey. After 20 days of 
culture and induction, BRN2+/+ NESCs further self-organized into 
cortical organoids, 94% of which exhibited a VZ-like structure, 
expressing typical NP-specific markers and forming NESC polarity 
in accord with the polarized distribution of N-CADHERIN and 
ZO-1 (Fig. 5, B and C, and fig. S8, B to D) (43). In contrast, almost 
all organoids derived from BRN2−/− NESCs lost NESC polarity 
and identity, and subsequently failed to generate cortical organoids 
(Fig. 5, B, C, and G, and fig. S8D).

We also observed that BRN2 loss induced a reduction in RGC 
proliferation and decreased the vertical RGC divisions with a 
coordinated increase in oblique divisions by KI67 and PVI stain-
ing (Fig. 5, D and E) (34). Differentiation assays showed that 
BRN2 deletion promoted early generation of deep-layer neurons 
(Fig. 5, F and G, and fig. S8D). Thus, BRN2 is required for human 
RGC maintenance.

Mechanism of BRN2 regulating primate  
telencephalon development
Since Brn1 can compensate for Brn2 functions in mouse neocortex 
when Brn2 is deleted (22, 28, 29), we analyzed BRN1 expression and 
did not observe any up-regulation of BRN1 in BRN2−/− human 
ESC–derived cortical organoids or monkey fetal cortical cells 
(Fig. 6, A and B). These results indicate that BRN2 deletions were 
unable to change BRN1 expression in primates and humans. These 
results revealed that a notable decrease of SOX2 was first detected in 
the E36 BRN2−/− monkey cortex (fig. S4A). Thus, we speculated that 
BRN2 could regulate the RGC expansion by directly activating 
SOX2. Using genome-wide chromatin immunoprecipitation se-
quencing (ChIP-seq) of developing human cortex and human ESC–
derived NESCs (43, 44), we identified direct targets of BRN2 (fig. 
S9A). We found a significant enrichment of BRN2 in the promoter 
region of SOX2 (Fig. 6C, fig. S9B, and table S5), a crucial gene that 

Fig. 5. BRN2 function on monkey RGCs is conserved for human RGCs. (A) Schematic of generating BRN2-knockout (BRN2−/−) human embryonic stem cells (ESCs) by 
CRISPR-Cas9 gene editing. (B) Generation of cortical organoids using human wild-type (BRN2+/+) and BRN2−/− ESCs, respectively, showing that BRN2−/− ESCs lost the 
ability to generate cortical organoids. The top panel shows the diagram of cortical organoid generation. (C) Expression of representative neuroepithelium markers in 
cortical organoids from BRN2+/+ and BRN2−/− ESCs. (D) Comparison of proliferation markers KI67 and PVI in BRN2+/+ or BRN2−/− cortical organoids. DAPI staining was used 
to identify cell division orientation. (E) Quantifications of cell division orientation in BRN2+/+ and BRN2−/− cells of cortical organoids (means ± SEM, n = 4 independent 
experiments; >200 cells per group were counted), respectively. (F) Comparison of CUX1 (an upper-layer neuron marker) and FOXP2 (a deep-layer neuron marker) expressions 
between BRN2+/+ and BRN2−/− cortical organoids, respectively. (G) Quantification of SOX2-, PAX6-, CUX1-, and FOXP2-positive cells in BRN2+/+ and BRN2−/− cortical organoids, 
respectively. Data are presented as means ± SEM, n = 3 slices; >300 cells per group were counted. *P < 0.05. Scale bars, 100 m.
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maintains RGC identity. This result suggests that BRN2 may main-
tain RGC identity through direct regulation of SOX2 expression. In 
addition, HOPX, a key marker of bRGCs (14, 35, 36), was complete-
ly lost in the BRN2-knockout monkey telencephalon. However, we 
did not detect direct binding of BRN2 on HOPX (table S5), implying 
that BRN2 may regulate HOPX expression indirectly. We noted 
that BRN2 can bind to the promoter region of STAT3 (Fig. 6D and 

fig. S9C). STAT3 is crucial for bRGC maintenance in the human 
brain (35, 45) and may be an upstream factor regulating HOPX 
(35, 45, 46). Furthermore, single-cell data showed that STAT3 expres-
sion was significantly inhibited in the BRN2−/− cortex (Fig. 6E). In 
conclusion, BRN2 may function as a key factor of early stages of 
neural development in primates through multiple potential mecha-
nisms (Fig. 6F).

Fig. 6. The regulatory mechanisms of BRN2 on primate telencephalon development. (A and B) Comparison of BRN1 expressions between BRN2+/+ and BRN2−/− 
human ESC–derived cortical organoids (A) and between BRN2+/+ and BRN2−/− monkey cortical cells (B). Data are presented as means ± SEM (n = 3). NS, no significance, 
P > 0.05. (C) Gene plots show densities of BRN2, polymerase II (Pol II), and control (IgG) at the SOX2 promoter in human developing cortex, indicating that BRN2 binds to 
the promoter region of SOX2. (D) Gene plots show densities of BRN2, Pol II, and control (IgG) at the STAT3 promoter in human developing cortex, indicating that BRN2 
regulates STAT3 expression by directly binding to the promoter region of STAT3. (E) Comparison of STAT3 expressions in the BRN2+/+ and BRN2−/− cortex, which exhibited 
a significant down-regulation in the BRN2−/− cortex. **P < 0.01. (F) Summary of BRN2 regulatory mechanisms on monkey telencephalon development. aRGC, apical 
RGC. The thickness and fineness of the line represent the strong and weak activity, respectively. Arrows indicate the activation, and trident lines indicate the repression.
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DISCUSSION
Using monkey knockout models and human organoid assays, the 
spatiotemporal expression and function of BRN2 during telencephalon 
development exhibit obvious differences between primate and mouse. 
BRN2 is expressed by RGCs of the VZ/SVZ in early fetal monkey 
neocortex and GEs, earlier than the RGCs in mouse (Fig. 1, A to C, 
and figs. S1, A to G, and S2, A to D) (21). Mutated BRN2 is lethal in 
monkey fetuses before midgestation, causes abnormal development 
of neocortex and GEs by decreasing RGC proliferation, and pro-
motes precocious genesis of ExNs and interneurons. In contrast, 
Brn2 knockout mice do not induce lethality of mouse fetuses or 
neuronal loss in the cortex before birth (22, 29). Furthermore, we 
uncovered the predominant underlying molecular and cellular mecha-
nisms by which BRN2 regulates primate neocortical development 
(Fig. 6). Overall, we demonstrated that BRN2, a conserved transcription 
factor, gains novel and more critical functions in monkeys compared 
to mice. Our study found previously unidentified critical functions of 
BRN2 for the developing primate telencephalon, which likely reveals 
a previously unknown mechanism of primate early telencephalon 
development.

Although BRN2 contributes to neural development in both 
primates and mice, its functions are markedly different between the 
species. In mice, Brn2 deficiency shows abnormalities only in limited 
brain regions, primarily in the hypothalamic supraoptic and para-
ventricular nuclei (22,  29), while BRN2 deficiency in primates 
induces abnormalities of the cortex and GEs. In Brn2-knockout 
mice, cells in the hypothalamic supraoptic and paraventricular 
nuclei also fail to differentiate into mature neurons, which leads to 
mortality within 10 days after birth (47). In contrast, mutated BRN2 
causes lethality of monkey fetuses before midgestation, causes early 
abnormal development of neocortex and GEs by decreasing 
RGC proliferation, and promotes precocious genesis of ExNs and 
interneurons.

Elucidating the cellular and molecular architecture of the primate 
cerebral cortex is central to understanding our cognitive abilities 
and susceptibility to disease. Despite some success, we are only 
beginning to elucidate the genetic changes that occurred during 
evolution that define the primate brain (7). The evolutionary changes 
that expanded the neocortex likely used multiple processes at differ-
ent levels (48), including changes in gene regulatory elements and 
changes in the genome that ranged from point mutations to entire 
gene duplications. These changes incorporated alterations in gene 
expression, produced genes with novel functional roles (9), and led 
to the emergence of primate-specific genes (1, 15, 17–20). Relevant 
changes in evolutionary functions likely arose from acquiring ge-
netic mutations that induce altered or novel functions in the same 
cells (9). In the study, we noted that the regulatory mechanism of 
BRN2 for primate brain development differs from these reported 
mechanisms. BRN2 protein is highly conserved across species 
(fig. S9D), which implies that the differences in the spatiotemporal 
distribution of BRN2 between mouse and monkey cortex do not 
arise from the evolution of BRN2 protein sequence. Our results 
support the idea that diverse spatiotemporal distributions of genes 
play important roles in driving the telencephalon expansion during 
primate evolution. We posit that such distributions enable the 
emergence of previously unknown gene functions. Thus, our find-
ings reveal a previously unidentified evolutionary mechanism in 
primate telencephalon development. In addition, differences in 
BRN2 expression patterns and functions between mouse and 

primate imply that primate brain development is poorly recapitulated 
in the mouse. Our findings underscore using species-specific genetic 
models to understand primate brain development.

Cortical neurons are produced via direct or indirect neurogenesis, 
either from RGCs or through RGCs-IPs, respectively. In primate 
cortices, indirect neurogenesis (RGCs-IPs-neurons) contributes most 
of the neurons. We found that BRN2 deletion induced differentia-
tion of VZ RGCs in situ and switched the indirect neurogenesis to 
the direct neurogenesis (RGCs-neurons). We speculate that several 
possible mechanisms regulate these phenotypes (Fig. 6F). First, 
interactions between SOX and POU factors are conserved in all 
metazoans and play key roles in embryonic development. In this 
study, we noted that SOX2, but not SOX1, was significantly inhibited 
in BRN2−/− monkey RGCs, and BRN2 directly binds SOX2 promoter 
(Fig. 6C and fig. S9B). These findings, together with BRN2 expres-
sion in RGCs after E30, imply that BRN2 acts partially by retaining 
SOX2 expression to determine monkey RGC fate. Second, HOPX, a 
key marker of primate bRGCs (35, 36, 49), is absent in the E49 
BRN2−/− cortex. Our findings revealed that BRN2 deficiency–
induced HOPX loss subsequently inhibited RGC detachment from 
the VZ. HOPX+ RGCs in primate neocortex are significantly more 
abundant compared to their low abundance in the developing 
mouse neocortex (36, 50). In addition, our ChIP-seq data from the 
developing human cortex and human NESCs showed that BRN2 
binds STAT3. STAT3 is reportedly a key determinant for RGC 
expansion accompanied by increasing the number of RGCs in 
the human brain (35). However, these findings require additional 
detailed mechanistic insight.

Abnormal interneuron development was detected in BRN2−/− 
monkeys. Our knowledge of cortical interneuron development 
primarily derives from mouse studies. Interneuron development is 
remarkably similar between mouse and primate, but there are 
important differences in the morphology, gene expression, and 
proportions of specific interneuron subsets (32, 33). Cortical inter-
neurons mainly originate from the MGE, LGE, and CGE, respec-
tively. Although some developmental and functional diversification 
of cortical interneurons and downstream factors that mark the 
MGE and LGE/CGE regions exists in primates (32, 38), the upstream 
regulators controlling MGE and LGE/CGE specification and sepa-
ration remain unknown. Our findings showed that BRN2 deficiency 
significantly up-regulated COUP-TFII expression in the total GEs 
including MGE, which makes LGE and MGE undistinguishable. 
This result indicates that BRN2 is required for MGE and LGE/CGE 
specification, in contrast to having no effect on GEs in mouse. To 
our knowledge, we now revealed that BRN2 acts as an upstream 
factor that controls MGE and LGE/CGE specification in primates. 
Thus, we provide an example to emphasize the importance of 
directly studying the primate brain to further elucidate primate 
cortical interneuron development.

The data presented here provide crucial insights into the evolu-
tion of BRN2-induced telencephalic cortical development. These 
studies lay the foundation to uncover the mechanisms governing 
primate RGC proliferation and interneuron development. However, 
the regulatory elements governing the spatiotemporal distribution 
or downstream signaling of BRN2 still require further study as we 
unfortunately failed to uncover BRN2 functions for monkey neural 
development after midgestation lethality. Future work should 
develop inducible BRN2 conditional-knockout monkeys to resolve 
these issues.
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MATERIALS AND METHODS
Animal ethics statement
Female cynomolgus monkeys (M. fascicularis), ranging in age from 
5 to 8 years with body weights of 4 to 6 kg, were used in this study. 
All animals were housed at Yunnan Key Laboratory of Primate 
Biomedical Research (LPBR) and individually bred in an American 
standard cage at a light/dark cycle of 12 hours/12 hours. All animal 
procedures were approved in advance by the Institutional Animal 
Care and Use Committee of Yunnan Key LPBR and were performed 
in accordance with the Association for Assessment and Accreditation 
of Laboratory Animal Care International for the ethical treatment 
of primates.

Caesarian section and fetus collection
Fetuses from six prenatal developmental stages (gestation periods 
of 29, 30, 36, 49, 55, and 72 days) of cynomolgus monkeys were 
collected by caesarian section as previously described (51).

Tissue processing and immunohistochemistry
After fetuses were collected, brain tissues were fixed; sequentially 
infiltrated with a series of 10, 20, and 30% (w/v) sucrose solutions; 
embedded in OCT (optimal cutting temperature compound; Sakura, 
4583); and sectioned at the thickness of 10 to 15 m on a Leica 
cryostat. For samples of E29, E30, and E36, the forebrain prominence 
was isolated from embryonic monkeys and sectioned at 10 m 
thickness spanning the rostral-caudal extent of the brain. For 
samples of E40, E49, E55, and E72, the right embryonic hemispheres 
were isolated and sectioned at 15 m thickness spanning the rostral-
caudal extent of the brain (fig. S2A). For immunohistochemistry, 
sectioned tissues on slides were washed twice in phosphate-buffered 
saline (PBS), treated with 0.2% Triton X-100 (Gibco, 85112) over-
night, washed three times in PBS, and blocked for 1 hour at room 
temperature with 3% bovine serum albumin (BSA; Solarbio, A8020). 
Slides were incubated with primary antibodies overnight, washed in 
PBS, and incubated for 2 hours at room temperature in blocking 
buffer containing Alexa Fluor 488–, 594–, or 647–conjugated 
secondary antibodies (1:600; Invitrogen). The following primary 
antibodies were used at 1:200 to 1:2000: SOX1, goat (AF3369, R&D 
Systems); DCX, mouse (MABN707, Millipore); TBR1, rabbit (AB10554, 
Millipore); TUJ1, mouse (MAB1637, Millipore); NESTIN, mouse 
(MAB5326, Millipore); TBR2, rabbit (ab23345, Abcam); N-Cadherin, 
rabbit (GTX127345, GeneTex); PAX6, rabbit (901301, BioLegend 
Covance); IBAL1, rabbit (019-19741, Wako); COUP-TFII, mouse 
(PP-H7147-00, R&D Systems); HOPX, rabbit (HPA030180, Sigma-
Aldrich); NeuroD2, rabbit (ab104430, Abcam); GFAP, rabbit 
(z033429-2, Dako); SST, mouse (sc-55565, Santa Cruz Biotechnology); 
GAD65, mouse (ab26113, Abcam); BRN2, rabbit (12137S, Cell 
Signaling Technology); NKX2.1, rabbit (AB76013, Abcam); Vimentin, 
rabbit (14-9897, eBioscience); ZO-1, mouse (01-107, Invitrogen); 
PVI, mouse (D076-3S, MBL International); CUX1, rabbit (SC13042, 
Santa Cruz Biotechnology); FOXP2, rabbit (ab16046, Abcam); SATB2, 
mouse (ab51502, Abcam); Calretinin, mouse (AB5054, Millipore); 
SOX2, rabbit (AB5603, Millipore); and KI-67, rabbit (PA5-19462, 
Invitrogen).

For immunohistochemistry, whole brain was used for 10- to 
15-m coronal serial sections. To ensure that the sections of BRN2+/+ 
and BRN2−/− were from equivalent coronal levels, we used the 
following method. First, sections of the whole brain were numbered 
in positional order and then evenly categorized into three parts: the 

anterior, the middle, and the caudal part according to their positions. 
Second, two slides in the median of each part were chosen for simul-
taneous staining. The staining of the middle part is shown in Fig. 4B and 
fig. S6 (B and C), while the caudal part staining is shown in fig. S6D.

Preparation of gRNA
sgRNAs that target the BRN2 exon were designed by the CHOPCHOP 
online software in the website https://portals.broadinstitute.org/
gpp/public/analysis-tools/sgrna-design. The top five with high scores 
were selected (table S1), and sgRNA oligos were amplified and tran-
scribed in vitro using the GeneArt Precision gRNA Synthesis Kit 
(Invitrogen, A29377). Efficiency of these five sgRNAs was first verified 
on fibroblasts by electrotransfection, and the three of them with 
high efficiency were chosen for embryo editing.

Oocyte collection and in vitro fertilization
Oocyte collection and fertilization were performed as previously 
described (52). In brief, 10 healthy female cynomolgus monkeys 
aged 5 to 8 years with regular menstrual cycles were selected as 
oocyte donors for superovulation, which were performed by intra-
muscular injection with rhFSH (recombinant human follitropin 
alpha, GONAL-F, Merck Serono) for 8 days and rhCG (recombinant 
human chorionic gonadotropin alpha, OVIDREL, Merck Serono) 
on day 9. Oocytes were collected by laparoscopic follicular aspira-
tion 32 to 35 hours after rhCG administration. Follicular contents 
were placed in Hepes-buffered Tyrode’s albumin lactate pyruvate 
(TALP) medium (Caisson Labs, IVL01) containing 0.3% BSA at 
37°C. Oocytes were stripped of cumulus cells by pipetting after brief 
exposure (<1 min) to hyaluronidase (0.5 mg/ml) in TALP-Hepes to 
allow visual selection of nuclear maturity metaphase II (MII; first 
polar body present) oocytes.

RNP injection, in vitro fertilization, embryo culture, 
and transfer
Mature oocytes were subjected to intracytoplasmic sperm injection 
(ICSI) immediately and then cultured in CMRL-1066 containing 
10% fetal bovine serum (FBS; Invitrogen, 16140071) at 37°C in 
5% CO2. Fertilization was confirmed by the presence of a second 
polar body and two pronuclei. To produce BRN2-knockout embryos, 
we injected a mixture of sgRNA pair (2500 ng/l, 1250 ng/l for each 
sgRNA) and Cas9 nuclease (5000 ng/l; Invitrogen, A36499) with a 
total volume of 5 pl into each oocyte before ICSI. Microinjections 
were performed in the cytoplasm of oocytes using a microinjection 
system under standard conditions. Zygotes (wild-type and BRN2 
RNP-treated) were then cultured in chemically defined hamster 
embryo culture medium-9 (HECM-9) containing 10% FBS (Gibco, 
16140071) at 37°C in 5% CO2 to allow embryo development. The 
culture medium was replaced every other day until the blastocyst 
stage. The cleaved embryos with high quality at the two-cell to 
blastocyst stage were transferred into the oviduct of the matched 
recipient mother monkeys. Thirty-eight monkeys were used as surro-
gate recipients. The earliest pregnancy diagnosis was performed by 
ultrasonography about 20 days after the embryo transfer. Both clinical 
pregnancy and number of fetuses were confirmed by fetal cardiac 
activity and the presence of a yolk sac as detected by ultrasonography.

Genomic DNA extraction and genotyping
Genomic DNA from tissues of mutant and wild-type fetuses was 
extracted by using the Wizard Genomic DNA Purification Kit 

https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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(Promega, #A1125) according to the manufacturer’s instructions. 
Embryo genomes were amplified by the REPLI-g Single Cell Kit 
(QIAGEN, 150345). PCR was performed at 95°C for 5 min; 35 
cycles at 95°C for 30 s, 64°C (drop down to 0.2°C per cycle) for 30 s, 
and 72°C for 2.5 min; and 72°C for 10 min for type I samples or 
95°C for 5 min; 35 cycles at 95°C for 30 s, 59.5°C for 30 s, and 72°C 
for 1 min, and 72°C for 10 min for type II samples. Primers were as 
follows (BRN2-L-F/R and BRN2-F/R for type I and II samples, 
respectively): BRN2-L-F, 5′-CAGCAGTAATAGCAGGAGC-3′; 
BRN2-L-R, 5′-TTGGATAAAGCGGGTAGA-3′; BRN2-F, 5′-TG-
GCGACCGCAGCGTCTAAC-3′; BRN2-R, 5′-TTGCCATACAGAGT-
GCCCAGAG-3′. PCR products were conducted with Sanger 
sequencing and then analyzed. To identify whether chimeras exist, 
PCR products were further cloned into the vector Topo-clone 
(TSINGKE, 007VS) before sequencing.

Off-target analysis
We searched potential off-target sites and sequences by the online 
tool Cas-OFFinder (53) [www.rgenome.net/cas-offinder/; Macaca 
fascicularis (5.0) was chosen as Organism Type and Genomes]. Under 
the condition that the mismatch number is equal to or less than 3 and 
the DNA/RNA bulge size is equal to or less than 2387 and 516, 
potential target sites were provided (table S1). Twenty sites with 
high potential of off-targeting were selected for PCR amplification 
(product code of PCR enzyme is TSE004 from TSINGKE; primers 
are detailed in table S1) and sequencing. Those sites were selected 
as the principles as follows. Related reports showed that (i) proto-
spacer adjacent motif (PAM)-proximal mismatches are less tolerated 
than PAM-distal mismatches; (ii) the sequence located at +4 to +7 
position upstream of PAM is highly sensitive to target mismatch; 
(iii) Cas9 tolerates DNA bulges in three target sites: seven bases 
from PAM, the 5′ end (PAM-distal), and the 3′ end (PAM-proximal); 
and (iv) sgRNA bulges close to the PAM tend to prohibit cleav-
age (54, 55).

Single-cell suspension preparation
Single-cell isolation was performed primarily as previously described 
(56). Briefly, the telencephalon from monkey fetus (the whole 
forebrain prominence was collected at E29 and E36, and the left 
hemispheres were collected at E49) was dissected in Hibernate E 
medium (Invitrogen, A1247601) with deoxyribonuclease I (10 U/l) 
(10 mg/ml; Roche, 11284932001), collagenase IV (2 mg/ml; Gibco, 
17104-019), and papain (10 mg/ml; Worthington, LS003118). The 
cell suspension was vortexed and kept at 37°C for 10 min and then 
centrifuged at 140g for 5 min to obtain a cell pellet. Last, the cell 
pellet was resuspended in 500 l of PBS and kept on ice.

10X RNA library preparation for high-throughput 
sequencing
High-throughput scRNA-seq was conducted following the instruc-
tion manual of 10X Genomics. Single cells were resuspended to a 
concentration of 1 million cells/ml in PBS supplemented with 
0.04% BSA, and 16.7 l of the suspension was then loaded into each 
10X Chromium lane. 10X Chromium lane v2 was used for WT-E36 
and WT-E49, while 10X Chromium lane v3 was used for the other 
samples instead, because the kit of v2 was not available after the 
kit update. The complementary DNA (cDNA) library was checked 
with a bioanalyzer (Agilent 2100 Bioanalyzer) for quality control. 
Following the library preparation, the sample was sequenced by 

NovaSeq S6000. Libraries were sequenced to an average depth of 
25,000 to 50,000 reads per cell.

Single-cell bioinformatic analysis
Sequencing reads were aligned and annotated with the M. fascicularis 
(version 5.0) reference genome by using Cell Ranger (version 3.0.2) 
(57) and count pipeline that was provided by10X Genomics with 
default parameters. Cells with fewer than 500 unique molecular 
identifiers (UMIs), more than 4500 UMIs, or expression mitochondria 
gene fraction of more than 5% were discarded in the following anal-
ysis. The UMI counts were normalized to 10,000 counts per cell 
and converted to log scale (Seurat function NormalizeData). The 
batch, condition, and personal identifying information were 
added as metadata to the final Seurat object; nUMI and batch were 
regressed out using the ScaleData function. Cell doublets were re-
moved by DoubletFinder V2.0 (58) assuming 10% doublets in our 
data, and other parameters were principal components (PCs) = 1:30 
and the parameter selection for numbers of artificial doublets  
(pN) = 0.25. The parameter of PC space neighborhood size (PK) 
value of each sample was estimated independently by find.pk func-
tion. Standard integration analysis was then performed by com-
bining wild-type (57) and knockout brain samples in E29, E36, and 
E49, respectively, with dim = 1:30 and anchor.features set to 6000 in 
FindIntegrationAnchors function. Highly variable genes in the 
integrated dataset were computed and used as input for principal 
components analysis. Significant principal components were used 
for downstream graph-based, semi-unsupervised clustering into 
distinct populations (FindClusters function), and Uniform Manifold 
Approximation and Projection (UMAP) dimensionality reduction 
was then used to project these populations in two dimensions. For 
clustering, the resolution parameter, which indirectly controls the 
number of clusters, was approximated on the basis of the number of cells 
according to Seurat guidelines; a vector of resolution parameters was 
passed to the FindClusters function, and the optimal resolution that 
established discernible clusters with distinct marker gene expression 
was selected (59). To identify marker genes, the clusters were com-
pared pairwise for differential gene expression using the Wilcoxon 
rank sum test for single-cell gene expression (FindAllMarkers function, 
min.pct = 0.4, min.diff.pct = 0.3, and false discovery rate < 0.05). To 
assign identities to these subpopulations, we cross-referenced their 
marker genes with known brain cell subtype markers from the litera-
ture, PAX6 for neural progenitor cell, STMN2 for neuron, etc. The 
cluster data of the neurons/RG (radial glia), interneuron, and 
microglial/endothelium cells were picked out from each time point, 
and then data of the same cell types were integrated together for all 
time points. The clustering approach was then repeated for the 
remaining cells. Reclustering analysis was performed as described 
above. For the DEG analysis in BRN2-knockout groups, the 
FindMarkers function was used on both wild-type and BRN2-
knockout cells with the following parameters: Wilcoxon rank sum 
test, min.pct = 0.25, and logFC.threshold = 1. An additional adjusted 
P value (Bonferroni correction) cutoff of <1 × 10−10 was used to 
identify DEGs.

Regarding the concern about the different kit for E36 and E49, 
V2 and V3 were used in the study because of product upgrade, and 
their differences caused by V2 and V3 kit can be removed by the 
improvement of our analysis method. To minimize the batch effects 
of different kits, we analyzed our single-cell expression data by 
using scRNA-seq integration method in Seurat. This pipeline could 

http://www.rgenome.net/cas-offinder/


Zhu et al., Sci. Adv. 8, eabl7263 (2022)     4 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 16

identify cross-dataset pairs of cells that are in a matched biological 
state (“anchors”) and can be used both to correct technical differences 
between datasets (i.e., batch effect correction) and to perform 
comparative scRNA-seq analysis across experimental conditions. 
We also analyzed the RGs and interneurons independently from 
the other cells to reduce the potential batch effects.

Cell trajectory analysis
Pseudotime and trajectory analyses were performed using the Monocle3-
alpha package, as described in the tutorials (http://cole-trapnell-lab.
github.io/monocle-release/monocle3). UMAP projection data from 
Seurat output were transferred to monocle for cell visualization.

Establishment of the BRN2 gene-knockout ES cell line
For BG02 ES BRN2 knockout, sgRNAs were designed to target 
BRN2 exon (Fig. 5A), with the design of sgRNA using the online 
CRISPR design tool (https://zlab.bio/guide-design-resources), and 
cloned into the Pgl3-U6-2sgRNA-ccdB-EF1a-Cas9ZF-IRES (Addgene, 
115519) vector. The sgRNA sequences of F-5′-ACCGGGCATG-
CAGCAGGGCGCGGG and R-5′-AAACCCCGCGCCCTGCT-
GCATGCC were used for cloning into this vector. Then, the sgRNA 
vector was electroporated into BG02 ESCs. Twelve hours after 
electroporation, the media were removed, and fresh primate ES cell 
medium with 3 M Y-27632 (Selleck, S1049) was added. Two days 
later, cells were incubated transiently with puromycin (1 g/ml; 
Meilun, MB2005) for 48 hours. Surviving colonies were picked out 
1 week after puromycin selection.

Neural induction and organoid generation
Primate ESCs (including human BG02 and monkey CES1) were 
cultured on CF-1 mouse embryonic fibroblasts (MEFs) in medium as 
previously described (60). Mouse cell line C57 ESC was maintained 
on MEFs with the medium containing knockout Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, 10829-018) with 15% FBS (Gibco), 
1% nonessential amino acids (NEAA) (Sigma-Aldrich, 11140050), 
1% Glutamax (Sigma-Aldrich, 25030081), LIF (1000 U/ml; PeproTech), and 
0.01 ß-mercaptoethanol (Invitrogen, 21985023).

For neural induction, two systems were used in the study. First, 
we followed the previously established protocol (43). Briefly, ESCs 
were digested into small clumps, transferred into a low–cell adhesion 
six-well plate with the reported neural induction medium including 
Neurobasal (Gibco, 21103-049)/DMEM/F12 (Gibco, 10565-018) = 
1:1, 1× B27 (Gibco, 17504-044), 1× NEAA, 1% Glutamax, 3 mM 
CHIR99021 (Selleck, S2924), 5 mM SB431542 (Cellagentec, C7243), 
vitamin C (50 mg/ml; Merck Serono, A8960), bFGF (10 ng/ml; 
Millipore, GF003AF), 0.2 mM compound E (Millipore, 565790), 
and 0.1 mM LDN193189 (Cellagen Technology, S2618). For the 
second system, neural induction of ESCs was performed according 
to the published protocol (27).

Cortical organoids were generated as follows. Human BG02 ESCs 
were dissociated into single cells with TrypLE (Gibco, 12604021) 
and then transferred into low–cell adhesion 96-well plates at a 
density of 5000 cells per well, with a total of 150 l of neural induc-
tion medium from day 0 to day 6. These cells were immediately 
reaggregated and formed neurospheres. On day 6, the aggregates 
were transferred to ultralow-adhesion six-well plates with NSC 
culture medium [Neurobasal medium surplus with B27, N2, 
and NEAA; 1% Glutamax; 3 mM CHIR99021; 5 mM SB431542; 
bFGF (10 ng/ml); and hLIF (1000 U/ml)]. The medium was changed 

every 2 to 3 days. On day 20, differentiation media were replaced 
with Neurobasal medium supplemented with 1× N2, 1× B27, 1× 
NEAA, and 1% Glutamax, and the medium was changed every 3 days.

Cell immunocytochemistry
Cells were fixed with 4% paraformaldehyde for 30 min, washed 
three times with PBS, then treated with 0.2% Triton X-100 for 20 min, 
washed three times with PBS again, and incubated in blocking 
buffer 3% BSA for 30 min at room temperature. The cells were 
incubated with a primary antibody overnight at 4°C. The next day, 
the cells were washed with PBS and incubated with Alexa Fluor 
488–, 594–, or 647–conjugated secondary antibodies.

mRNA extraction and qRT-PCR
For quantitative reverse transcription PCR (qRT-PCR), total RNA was 
isolated from different samples using TRIzol (Invitrogen, 15596026), 
and the cDNA was reserved with a PrimeScript first strand cDNA 
Synthesis kit (Takara) according to the manufacturer’s protocol and 
prepared for later qRT-PCR (Bio-Rad, CFX Connect Real-Time 
System) using SYBR Green PCR Supermixes (Bio-Rad). The primers 
used for semiquantitative PCR are listed as follows. The housekeeping 
gene -actin was amplified as an internal control in gene expression 
analysis. Gene primers are as follows: -ACTIN, F-CTTAGTTGC-
GTTACACCCTTTC; R-ACCTTCACCGTTCCAGTTTT; BRN1, 
F-ACGTCTACTCGCAGGTGGG; R-CTGCGCCCTGGCTTCACT.

ChIP sequencing
BRN2 cDNA was amplified from monkey embryonic brain and 
then cloned into pMXs-IRES-GFP retroviral vectors (Addgene, 72876). 
The primers used in amplification are as follows: BRN2 F, 5′-CGC-
GGATCCATGGCGACCGC-3′; BRN2 R, 5′-CCGCTCGAGT-
CACTGGACGG-3′. The viruses including BRN2 were produced in 
293T cells and infected NESCs derived from BG02 ESCs with the 
previously reported protocol (61).

ChIP-seq for NESCs and human developing cortex at gestational 
week 9 from aborted embryos was performed as described previously 
(62). Briefly, approximately 100,000 cells were collected and processed 
for library preparation by using TruePrep Index Kit V2 for Illumina 
(Vazyme, TD202) according to the manufacturer’s protocol.

ChIP-seq analysis
Galaxy web server was used to analyze our ChIP-seq data (62). Both 
BRN2 ChIP-seq and IgG control data were aligned to the built-in 
human hg38 genome using bowtie2 with default settings. After 
mapping, BRN2 binding peaks were called by MACS2 callpeak 
software. These peaks were annotated by PAVIS online server (63).

Statistical analysis
Quantification data were expressed as means ± SD using GraphPad 
Prism. Three independent experiments were used for statistics, and 
the details were performed as stated in the legends and Materials 
and Methods. The significant difference between two samples was 
evaluated by a t test. P < 0.05 was considered as the significantly 
statistical difference.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7263

View/request a protocol for this paper from Bio-protocol.
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